Bioprinting 28 (2022) e00232

Contents lists available at ScienceDirect

Bioprinting

journal homepage: www.sciencedirect.com/journal/bioprinting

ELSEVIER

Check for

3D bioprinted silk-reinforced Alginate-Gellan Gum constructs for | e
cartilage regeneration

Juhi Chakraborty, Nilotpal Majumder, Aarushi Sharma, Sukanya Prasad, Sourabh Ghosh

Department of Textile and Fibre Engineering, Indian Institute of Technology Delhi, New Delhi, 110016, India

ARTICLE INFO ABSTRACT

Keywords: Even though a substantial amount of research has been undertaken in the domains of bioprinting over the last
Alginate few years, various challenges exist concerning printability. One of the grave challenges in developing a bioink
Gellan gum with superior printability is the constraint of material availability, cross-linking, and other processing parameters
[S:eli(n?;r:;zj::;les that should warrant adequate functioning post bioprinting. This study demonstrates the development of a
3D bioprinting multicomponent shear-thinning bioink comprising Alginate and Gellan Gum with good mechanical, biological,
Printability and adequate printing properties. The addition of two types of silk nanoparticles (SNP), native and regenerated,

acted as a reinforcement to the bioink, enhancing its printability. Additionally, silk fibroin solution was added to
the bioink that served as a control apart from SNP. The addition of cationic SNP (native) to the anionic polymer
mixture of Alginate-Gellan Gum exhibited a remarkable increase in the viscosity, storage modulus and me-
chanical property compared to the other experimental sets. Molecular characterization studies involving Real-
Time PCR, gene expression, immunofluorescence, and histology analysis depicted enhanced chondrogenesis in
the bioprinted construct containing the silk fibroin solution. The incorporated SNPs resulted in extracellular
matrix secretion towards chondrogenesis of articular cartilage. Taken together, the method’s broad applicability

is likely to propel the field closer to the goal of precision bioprinting.

1. Introduction

Over the last couple of years, a remarkable volume of research has
been directed in the domains of bioprinting. However, various chal-
lenges exist concerning the printability of bioink [1,2]. One of the grave
challenges in developing a bioink with superior printability is the
constraint of material availability, rheology, cross-linking, and other
processing parameters that should warrant adequate functioning post
bioprinting. In extrusion-based bioprinting, achieving good printability,
precise printing fidelity, and mechanical stability is still cumbersome.
The bioink material should maintain the imparted shape and uniformly
protrude through the nozzle during extrusion. However, sometimes they
deform or start flowing during extrusion, indicating nonuniformity in
printability.

A printable polymeric system can be determined by the rheological
assessment of the biomaterial in terms of its shear-thinning behavior and
shear recovery. An ink with high viscosity can be extruded easily from
the nozzle if it has a high shear-thinning property which warrants post-
printing cell viability. On the contrary, high shear recovery rate plus
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yield stress permits it to keep hold and retrieve its shape post extrusion
phase, ensuring shape fidelity of the printed structure [3]. One of the
major problems often encountered using hydrogel material is the
shrinkage of the scaffold post-printing, which should be maintained to
achieve shape fidelity [4]. This further gets aggravated due to weak
printing accuracy and poor mechanical properties. This makes it chal-
lenging to process them into structural materials further and makes
them vulnerable to collapse [5,6]. Along these lines, several attempts
have been carried out to regulate the rheological characteristics of the
hydrogel-based bioinks and maintain their shape fidelity post-printing.
Developing a composite material scaffold by combining the polymer
bioink with fillers or reinforcements can potentially solve this problem.

Hydrogel-based bioinks exhibit excessive fluidity before cross-
linking, which may hinder achieving a good shape fidelity. The prin-
ted cell-laden scaffolds are expected to have the least volume shrinkage
and should provide adequate mechanical properties post crosslinking
[7]. However, achieving these requirements simultaneously by a single
component hydrogel is cumbersome. For instance, Alginate (Alg),
polysaccharide-derived brown algae, has been long utilized for tissue
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engineering purposes [8]. Alg can be cross-linked with multivalent
cations [9]. Although sodium alginate can result in a mechanically du-
rable scaffold by undergoing rapid gelation with Ca2™, it cannot over-
come the problem of substantial volume shrinkage at the time of
gelation, resulting in a scaffold with inadequate scaffold stiffness. On the
contrary, Gellan Gum (GG), an anionic polysaccharide produced by the
bacteria Sphingomonas paucimobilis displays insignificant deformation
during gelation since the hydrogel formed has adequate stiffness but
lacks toughness [10]. When combined, GG reduces the deformation of
the construct due to its stiff network, whereas Alg maintains the
toughness of the structure and prevents the construct from any
breakage. In addition, the cell culture media enable further cross-linking
of GG, which decelerates the degradation rate of the printed construct
when placed in cell culture media [11]. Akkineni et al. reported 3D
printed Alg-GG constructs with increased printability and structural
stability [12]. In another study, Alg and GG-based bioink were used
where GG imparted the essential shear thinning and the recovery
properties crucial to printing due to its cooling-induced physical gela-
tion property [13]. This study added commercially available Bio-
Cartilage particles (cartilage ECM particles) to the Alg-GG bioink. A
comparison was made by adding hydroxyapatite to exhibit printability
independent of particle type. The bioink with the commercial ECM
particles aided in chondrocyte proliferation and enhanced deposition of
cartilage matrix proteins in the presence of transforming growth factor
B-3. This study manifested that the ECM particles can be restored to
some extent to de novo bioprinted cartilaginous structure. In a follow-up
study, Lee et al. added cationic-modified silica nanoparticles (NPs) in the
Alg-GG bioink, which resulted in high printability and 3D printing fi-
delity [14]. There was a significant improvement in shear-thinning
properties, zero-shear viscosity, storage modulus, and mechanical
strength as silica NPs could reversibly cross-link both anionic poly-
saccharides, Alg and GG. Mechanical enhancement was also achieved
that was dependent on size, concentration, and surface chemistry.
Keeping this in mind, in the current study, we attempted to develop a
functionalized, reinforced Alg-GG bioink to enhance the chondrogenic
potential of the bone marrow-derived Mesenchymal stem cells (MSCs).

Many organic/inorganic composite materials, such as fumed silica'®
and laponite!® combined with polymeric solutions, improved the bio-
ink’s shear-thinning property and provided zero shear viscosity. Milled
silk particles have been explored to reinforce scaffolds, considering their
exceptional properties and cytocompatibility [15]. For example, Vyas
et al. incorporated silk microparticles into polycaprolactone scaffolds
that imparted potent mechanical reinforcement and enhanced the
degradation rate and cell proliferation, displaying a high prospective for
bone tissue engineering applications. Furthermore, the rheological
analysis showed that the incorporation of silk microparticles improved
the shear-thinning property and storage modulus of the material [16].
Thus, it can be inferred that the NP part of the ink plays a crucial role in
regulating the mechanical properties and printability of such formulated
nanocomposite bioinks. Considering these properties, our question is, if
we use silk nanoparticles (SNPs) from Bombyx mori as reinforcements,
would it be able to modulate the printability? To a large extent, the
structure of the SNPs depends on their processing method. However, the
influence of the processing method on NP fabrication, characteristics,
and its secondary structure constitution is mainly unknown. Normal silk
fibers that are directly cryomilled give rise to native SNPs, whereas the
extensive processing steps such as degumming, dissolution, etc., render
regenerated SNPs [17]. It is reported that, apart from the surrounding
environment, pH, and salt concentration, the secondary conformation
structures of native SNPs are strongly influenced by the mechanics such
as drying and shear stress [18]. Adding these SNPs to a bioink can have a
contrasting effect on the secondary conformation and surface charge.
These factors may vary when silk fibroin (SF) solution is added instead
of SNPs. Depending upon the processing conditions, particularly pH
values, zeta potential measurements of silk particles produced from re-
generated solution were found to vary from 26.3 mV (pH 4) to 46.0 mV
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(pH 9) [19]. Hence, we thought to utilize the ability of developed
charged SNPs to impart functionality to the bioink. It would be fasci-
nating to determine how the zeta potential value of various SNPs
modulates the printability, using the SF solution as a control.

In this study, we report the development of a multicomponent shear-
thinning bioink comprising Alg and GG with good mechanical, biolog-
ical, and adequate printing properties. Further, we added two types of
SNPs, native and regenerated, which act as a reinforcement to the Alg-
GG bioink. Additionally, SF solution was added to the bioink that
served as a control apart from SNP. This is, to our knowledge, the first
study of its kind elucidating the amalgamation of different SNPs and SF
solutions with a multicomponent bioink toward chondrogenic differ-
entiation of MSCs. Precisely we would like to focus on the following
questions in our study:

1. Will there be any difference in crystallinity, and particle size, if silk
fibers are directly cryomilled (native silk) instead of dissolution and
aggregation (regenerated silk), followed by cryomilling? Besides,
how would these changes modulate the SF secondary conformations
and surface charge properties?

2. If we can incorporate SNPs from native silk or regenerated silk,
within the Alg-GG bioink, what will be its impact on the rheology
and printability?

3. If we then encapsulate stem cells (MSCs) within the Alg-GG ink with
native, regenerated SNPs and SF solution, how will these conditions
affect the gene expression or protein production pattern?

2. Materials and methods
2.1. Preparation of SF nanoparticles and the solution

Bombyx mori cocoons were benevolently provided by Central Silk
Technological Research Institute (Central Silk Board), Bangalore, Min-
istry of Textiles, Government of India. Briefly, 5 gm of silk cocoons were
chopped into small pieces and boiled twice for about 20 min in 0.02 M
NayCOs3 to remove sericin. This was followed by rinsing 7-8 times in
deionized water to remove the alkali from the degummed fibers. The
fibers were dried overnight in an incubator at 37 °C [20,21]. After
drying, the fibers were (i) directly cryomilled (Retsch GmbH, Germany)
to obtain native SNPs (ii) dissolved in 9.3 M LiBr solution (SRL Pvt. Ltd.,
India) for 4 h at 60 °C. The resultant SF solution (hereafter termed Silk
sol.) was dialyzed against deionized water using a Slide-a-Lyzer dialysis
cassette (MWCO 3500, Pierce) for 48 h to remove the lithium bromide.
The fibroin polymers crystallized inside the cassette were cryomilled to
obtain regenerated SNPs, whereas (iii) the dialyzed solution without
crystallization resulted in 5% w/v of SF aqueous solution [22].

2.2. SF cryogenic grinding

The cryogenic grinding was done using a cryomill (Retsch,
Switzerland, 25 ml grinding jar, 15 mm @ grinding balls) which con-
sisted of several cycles, (i) the precycle that allowed the sample to reach
the temperature of the liquid nitrogen injected into the CryoMill’s
chamber i.e., —196 °C, (ii) the grinding cycle, the step during which the
container was agitated. The sample was placed in the container with
several stainless steel (or tungsten carbide) grinding balls. They were
milled between the wall and the steel spheres or several spheres (iii)The
intermediate cycle ensures that the sample returns to the liquid nitro-
gen’s temperature regularly. The container was shaken but not as strong
as during the grinding cycle.

The frequency of agitation was as follows, Precycle: 10 min; grinding
cycles (*3): 30 Hz, 5 min; Intermediate cycles (*2): 5 Hz, 3 min.
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2.3. Characterization of particles

2.3.1. Zeta potential and dynamic light scattering

The surface zeta potential and average particle size of both the native
and regenerated SNPs were determined by dynamic light scattering
(DLS) Zetasizer Nano ZS, 90 (Malvern, UK) instruments. The samples
were prepared in deionized water, and the concentration of the colloidal
solution was 0.5 mg/ml, which was ultrasonicated for 30 min amplitude
with an on and off pulse rate of 5 min, resulting in a uniformly dispersed
solution. The obtained equi-dispersed solution was then used to deter-
mine surface zeta potential and particle size.

2.3.2. Attenuated total reflectance-fourier transform infrared spectroscopy
(ATR-FTIR)

The ATR-FTIR spectra of native and regenerated SNPs were calcu-
lated using an Alpha-P spectroscope (Bruker, USA) in absorbance mode,
with a spectral resolution of 4 cm™!, 50 scans, and then the spectra were
compared. All scans were performed in the same location on the same
piece of material for each sample. To prevent overlapping the spectrum,
FTIR spectra of the materials were produced in absorbance mode from
1200 to 1750 cm ™! wavenumbers with an offset value of 0.10.6 (a.u.).
OriginPro 8.5 (OriginLab Corporation, Northampton, MA, USA) was
used to generate Fourier self-deconvolution (FSD) spectra described
elsewhere [23]. In the amide I region between 1595 and 1705 cm’l,
Gaussian profiles were used to fit the FSD FTIR spectra. The amide I
range is divided into different secondary conformations, such as
1616-1637 cm ™+ and 1695-1705 cm ™! for p-sheet, 1638-1655 cm ™! for
random coil, 1656-1663 em~! for a-helices, and 1663-1695 cm~! for
B-turns. The frequency ranges of the silk f-sheet fraction, determined by
the integral of Gaussian profiles (termed "bands") [24], are divided by
the frequency ranges of the silk p-sheet. The ratio of these bands to the
total amide I bands [25] was used to calculate the secondary confor-
mation fractions.

2.4. Preparation of the acellular bioinks and their cross-linking

All the different types of inks were prepared in a solution involving
300 mM glucose (Sigma-Aldrich) and 20 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES, Sigma-Aldrich) at pH 7.4. The
control ink was prepared by adding Alg- 1% (w/v) and GG- 1% (w/v) to
the above-prepared solution and kept in the magnetic stirrer at 90 °C
and 300 rpm for 1 h. The resultant mixture was then strongly mixed with
a spatula until it cooled down to room temperature. The post-processing
step involved passing the ink through two plastic syringes (Medmix
Systems AG, Risch-Rotkreuz, Switzerland) for 5 min, connected via a
lure connector to remove agglomerations. Inks containing SNPs were
prepared by mixing 15 mg/ml of the SNPs (native and regenerated)
powder with the control Alg-GG hydrogel via the connector. Lastly, an
equivalent amount of silk solution was added to the control ink. Finally,
the ink was centrifuged at around 100 rcf for 3-5 min to remove air
bubbles from the gel. Post-printing stabilization of the Alg-GG structures
was achieved by cross-linking with 100 mM CaCl, (Sigma Aldrich) so-
lution for 30 min [26].

2.5. Rheological characterization of the bioink

The shear-thinning behavior of the developed ink, i.e., Alg-GG ink
containing native, regenerated SNP, and Silk sol., was assessed using a
rotational Rheometer (MCR 302, Anton Paar) by applying a shear rate
sweep using a plate-plate configuration at 25 °C. The diameter of the
zone of the measuring tool in contact with the sample was 25 mm, and
the gap between the two plates was set at 0.5 mm, defining a volume of
sample to be inserted of 200 pl. The inks were freshly synthesized and
directly used for the experiment. The samples being tested are GG, Alg,
Alg-GG, Alg-GG-Silk sol., Alg-GG-15 N SNP, Alg-GG-30 N SNP, Alg-GG-
45 N SNP, Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-Gg-45R SNP, (where,
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R SNP-regenerated SNPs and N SNP- native SNPs). The flow behavior
was evaluated in the shear rate range of 0.1-1000 s~! to analyze the
effect of shear on different inks at 22 °C. The detailed composition of the
inks is mentioned in Table 1.

The dynamic storage (G') and loss modulus (G”) of all the blends
were measured in oscillatory mode at 25 °C. In the amplitude sweep
measurement, the materials were tested for strain values of 0.1-100% by
keeping the frequency constant at 1 Hz. In the frequency sweep mea-
surement, materials were tested from 0.1 to 100 Hz frequency range by
keeping the strain constant at 2%.

2.5.1. Yield stress and shear recovery

The yield stress was calculated by plotting the viscosity vs. shear
stress curve in Origin 2021.

The shear recovery of the multicomponent Alg-GG biomaterial with
the chosen concentration of regenerated and native SNPs was carried
out at a fixed frequency of 1 Hz and 25 °C temperature. The material was
subjected to a shear rate of 0.001 s~ ! for 2 min (before extrusion), fol-
lowed by a shear rate of 200 s~! for 1 min (during extrusion), and finally,
a shear rate of 0.001 s ! (post extrusion). The shear viscosity vs. time
graph was plotted in Origin 2021 to calculate the percentage recovery.

2.6. Mechanical testing of the hydrogels

2.6.1. Tensile testing

The tensile property of the material was evaluated using a Tinus
Olsen Universal Testing Machine. The Alg-GG films incorporated with
SNPs and Silk sol. were cut into equal dimensions of 40 mm x 10 mm
with a thickness of 0.42 mm (Alg-GG-15R SNP), 0.13 mm (Alg-GG-15 N
SNP), and 0.15 mm (Alg-GG-Silk sol.) respectively. The test was carried
out at a 10 mm/min speed with a load of 10 N. The modulus was
calculated from the slope of the stress-strain curve, whereas the tensile
strength was evaluated at the fracture point (n = 3).

2.6.2. Compression testing

The compression property of the hydrogel was determined using an
Instron Universal Testing Machine. The hydrogels were made in the
form of circular discs having a uniform diameter of 8 mm and thickness
between 4 and 6 mm. The hydrogel discs were compressed up to 60%
with a speed of 1% per minute. The compressive modulus was evaluated
from the slope of the stress-strain curve (n = 3).

2.7. Preparation of bioink

The immortalized cell line of TVA-BMSCs was established by avian
retroviruses possessing SV40 large T Antigen by retroviral expression
[22] (gifted by Prof Amitabha Bandyopadhyay, IIT Kanpur). The cells
were grown to 80% confluency in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum (Gibco),
antibiotic-antimycotic solution 1X (Sigma Aldrich), and 2.5 g/ml. gen-
tamycin (Gibco), referred to as proliferation media. Cell-laden inks were
prepared by encapsulating 1 x 107 cells/ml to the initially formulated
Alg-GG inks and then gently mixed with a spatula.

Table 1
Composition of various inks.

Sample ID Alg % (w/v) GG % (w/v) SNPs (mg/ml, w/v)
Alg-GG-15 N SNP 1 1 15
Alg-GG-30 N SNP 1 1 30
Alg-GG-45 N SNP 1 1 45
Alg-GG-15R SNP 1 1 15
Alg-GG-30R SNP 1 1 30
Alg-GG-45R SNP 1 1 45

Abbreviations: Alg-Alginate, GG-Gellan Gum, N SNPs-Native silk nanoparticles,
R SNPs-Regenerated silk nanoparticles.
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2.8. 3D CAD model design

The 6-layered 3D construct was designed using the Robocad V 4.0
software (3D Inks LLC, OK, USA) with overall dimensions of 10 mm x
10 mm X 1.5 mm (length x width x height) and an inter-filament length
of 2.5 mm in the directions of both x and y axes (Fig. 6A and B).

2.9. Printability assessment

The acellular bioink was loaded into a sterile syringe and secured in
the printer’s barrel mounted onto a three-axis computer-controlled ro-
botic stage (Fiber Align, Aerotech Inc., Pittsburgh) of Direct Write As-
sembly [27]. Printing was carried out at 22 °C using a sterile needle
(Suzhou Lanbo Needle Co., Ltd, China) with a diameter of 250 pm, at a
printing pressure of 7 + 4 psi, and printing speed of 10 mm/s. Post
printing, the constructs were cross-linked with 100 mM of CaCl; for 30
min under sterile conditions, followed by washing three times with
sterile phosphate-buffered saline (PBS).

To determine if the pores correspond to those that were designed, the
printability factor (Pr) was determined as [28].

Pr = LY16A,

where A and L represent, respectively, the area and perimeter of the
pores in the printed scaffolds. To calculate the printability number,
pictures were taken of each scaffold immediately after printing, and
image analysis software (ImageJ 2022) was used to measure the
perimeter and area of the pores.

2.10. Swelling and degradation study

The printed Alg-GG scaffolds embedded with native and regenerated
SNPs and with Silk sol. were immersed in deionized (DI) water at 37 °C
for 7 days. The swelling ratio (SR) was calculated using the formula,

SR= Wg - Wp/ Wp

Where Wg corresponds to the weight of the swollen hydrogel at a
particular period and Wp represents the dry weight of the hydrogel
before immersing in DI water (n = 3).

For in vitro degradation assay, the printed constructs were trans-
ferred into 6 well plates containing PBS solution at 37 °C. Every two
days, a fresh solution was added to the incubation solution. The samples
were twice rinsed in distilled water at the predetermined time intervals
(day 1, 3, 5, 7, 10) for 10 days (n = 3). The samples’ remaining dry
masses were then calculated. The original dry weight of each sample at
day zero was recorded as Wy, and the remaining dry weight of each
sample at day n was marked as Wn [29]. The mass residue ratio was
estimated using the following formula:

Remaining mass ratio (%) = (Wn/WO0) * 100

2.11. Printing of cell-laden constructs with Alg-GG bioink

As mentioned above, the sterile syringe filled with the bioink was
mounted into the bioprinter. Post-printing and crosslinking with 100
mM CacCly, the scaffolds were transferred to 6 well polystyrene micro-
plates. For the differentiation study, the cells were initially allowed to
proliferate in the cell proliferation media for 48 h, then replaced with
the chondrogenic differentiation media. The chondrogenic media was
composed of DMEM/F12 (Gibco) supplemented with 1X ITS (Sigma-
Aldrich), premix (5.33 pg/mL of linoleic acid,1.25 mg of bovine serum
albumin) (Sigma-Aldrich), 0.1 pM dexamethasone (Sigma-Aldrich),
37.5 pg/mL ascorbic acid (Sigma-Aldrich), 1 mM sodium pyruvate
(Sigma-Aldrich), antibiotic/antimycotic solution 1X (Sigma Aldrich),
2.5 pg/ml. gentamycin (Gibco) and 10 ng/mL TGF-p3 (GeneTex). The
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3D bioprinted Alg-GG constructs were examined on days 1, 7, 14, 21,
and 28. The media was changed twice every week.

2.12. Gene expression analysis

100 mM EDTA was used to digest the bioprinted constructs con-
taining the native, regenerated SNPs and Silk sol. for 15-30 min at 37 °C
to isolate the encapsulated cells. Total RNA was obtained using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.
Quantitative RT-PCR was carried out per the protocol in our previous
study [22] using the Qiagen primers mentioned in Table 2. GAPDH was
used as a housekeeping gene. Cells cultured in a monolayer on day 1
were used as the normalizer. All the reactions were carried out in
triplicates.

2.13. Total collagen estimation

Hydroxyproline assay with hydroxyproline as a reference was used
to evaluate the total collagen content of the 3D bioprinted constructions
on day 14. The experiment was repeated three times (n = 3) [20].

2.14. Immunofluorescence

Constructs on day 28 were collected and fixed with 4% para-
formaldehyde for 30 min, followed by rinsing in PBS and per-
meabilization for 20 min in 0.1% Triton X-100 solution (Millipore
Sigma) in PBS. After washing three times for 5 min each with PBS,
blocking was done for 1 h in 3% BSA (Bovine Serum Albumin, Sigma-
Aldrich) and 0.01% Triton X-100 in PBS [30,31]. The blocking buffer
was removed, and samples were incubated overnight at 4° with rabbit
anti-collagen II (1:200) (Abcam) and mouse anti-collagen X (1:200)
(Abcam) primary antibodies. The next day the solution was rinsed 3
times with 0.3% BSA and 0.01% Triton X-100 in PBS. Secondary anti-
bodies anti-rabbit AlexaFluor 647 and anti-mouse AlexaFluor 488 (both
from ThermoFisher Scientific) were incubated in the dark for 2hr at
room temperature in PBS (1:200), followed by rinsing with PBS and
staining with DAPI (1 mg/mL, 1:300) (Thermo-Fisher Scientific) for 15
min. After final rinsing with PBS, image acquisition was done by Leica
SP5 (Leica Microsystems) inverted confocal laser scanning microscope.

2.15. Histological analysis

On day 14, the bioprinted scaffolds from the three sets were
collected, washed in PBS, and fixed for 1 h at room temperature in 4%
formaldehyde. To analyze cell morphology, 6 pm-thick slices were
collected on coated slides and stained with hematoxylin and eosin

Table 2
List of genes analyzed using qRT-PCR.
Gene Full Name Gene Globe ID Catalogue
Name No.
GAPDH Glyceraldehyde-3-phosphate- PPHO0150F- 330001
dehydrogenase 200
MMP13 Matrix metallopeptidase 13 PPH00121B- 330001
200
Col 2A1 Collagen type II alpha 1 chain PPH02134F- 330001
200
Col 10A1 Collagen type X alpha 1 chain PPHO02120E- 330001
200
ACAN Aggrecan PPHO6097E- 330001
200
SOX 9 SRY-Box Transcription Factor 9 PPHO02125A- 330001
200
YAP 1 Yesl associated transcriptional PPH13459A- 330001
regulator 200
TAZ WW domain containing PPH60066A- 330001
transcription regulator 1 200
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(H&E) [31].
2.16. Statistical analysis

All data was provided as mean +SD and investigated using one-way
ANOVA followed by Bonferroni’s multiple comparison tests with n as
the number of different experiments. The differences at p < 0.05(*), p <
0.01(**), p < 0.001(***) and p < 0.0001(****) was considered signifi-
cant. Graph Pad Prism (5.01), San Diego, California, USA, was used for
statistical analysis.

3. Results
3.1. Characterization of particles

3.1.1. Zeta potential and DLS

Zeta potential is used to analyze the changes in the surface charge
and the electrokinetic property of a colloidal particle under the influence
of an applied electric field [32]. The average surface zeta potential for
both the native and regenerated SNPs was —21.6 mV and —33.9 mV,
respectively (Fig. 1A and B; Table 3). From Table 4, it can be concluded
that although the regenerated SNPs showed only moderate stability,
they were more stable than the native SNPs, which showed incipient
instability [33].

The average size diameter of the SNPs determined by the light
scattering particle analyzer was found to be 491.3 d nm for the native,
which was much higher than observed for the regenerated SNPs (211.4
dnm) (Fig. 1C and D; Table 3). The polydispersity (pdi) of the SNPs were
0.827 and 1, respectively (Table 3).

3.1.2. FTIR

FTIR was performed to analyze the conformational changes pro-
duced during the processing of the SF protein to SNPs (Fig. 2). The
absorbance data shows that the peaks at 1623 cm ' and 1514 cm™!
confirm the presence of the p-sheet structure in SNPs. The FTIR absor-
bance plot for native and regenerated SNPs illustrates the presence of the
same peaks. This indicates no adverse structural changes in the SNPs.
We performed deconvolution for the amide I region ranging from 1590
to 1705 cm ™! to determine the makeup of the secondary structure in the
SNPs [35,36] (Fig. 2C and D). The f-sheet peak at 1632 cm! present in
native SNP moved to 1625 cm ™" in the regenerated SNP. This indicates a
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Table 3
Zeta Potential, polydispersity index (pdi) and average size of SNPs.

SNPs Zeta Potential Polydispersity Index Average Size (d.
(mV) (pdi) nm)
Native -21.6 0.827 491.3
Regenerated  -33.9 1.000 211.4
Table 4

[34]Colloidal stability behavior for a range of distinct zeta potential (ASTM
Standard D 4187-82, 1985)distinct zeta potential (ASTM

Zeta Potential (mV) Stability behavior of the colloid

From O to £ 5,
From +10 to +30
From +30 to +40
From +40 to +60
more than +61

Rapid coagulation or flocculation
Incipient instability

Moderate stability

Good stability

Excellent stability

higher molecular weight of f-sheet in the native SNP. Whereas the
a-helices in both regenerated and native SNP remained unmoved. The
peak for p-turn shifted from 1696 cm ~! in the native SNP to 1694 cm ~!
in the regenerated counterpart. The total p-crystals present in native SNP
was 74%, which decreased in regenerated SNP during processing to
68%. At the same time, the random coil content was increased from 10%
to 29% on dissolution and reconstitution(Fig. 2B); as-spun silk protein is
present in the silk I structural conformation which has maximum
content present [37].

3.2. Rheological characterization

The process for forming Alg-GG hydrogel by adding SNPs is illus-
trated in Fig. S1.

3.2.1. Flow behavior

The flow behavior of all the samples was investigated at 25 °C and
correlated with the generated shear rate (193.7-386.7 s’l) on the 250
pm micronozzle during 3D bioprinting. Fig. 3A shows that only Alg
hydrogel displayed a Newtonian behavior, whereas only GG showed a
shear thinning behavior. The addition of Silk sol. to the already prepared
1:1 ratio Alg-GG hydrogel did not influence the flow property of the
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Fig. 1. (A and B) Graph of Zeta potential analysis of Native and Regenerated SNPs respectively (C and D) Graph of the particle size distribution (DLS) of Native and

Regenerated SNPs, respectively.
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blend as both the Alg-GG-Silk sol. and Alg-GG groups demonstrated a
similar shear thinning behavior with an approximately 2-fold decrease
in shear viscosities. It is to be noted that the incorporation of SNPs (both
native and regenerated) to the Alg-GG hydrogel depicted an increase in
initial viscosities of the blend (Table 5) with multifold viscosity drops
(Fig. 3B and C) when the respective hydrogels were subjected to a shear
rate of 200 s™! and 400 s~!. Although displaying a shear-thinning
behavior, both Alg-GG-45 N SNP and Alg-GG-45R SNP exhibited
extremely high viscosities making it challenging to mix cells for 3D
bioprinting. Hence, these groups were not considered for further
experiments.

The shear-thinning nature of different combinations of Alg and GG
hydrogels with different SNPs and Silk sol. was quantified using the
Power law equation,

Eq.1

where K is the consistency index, n is the shear-thinning coefficient, y
represents shear rate, and 1 corresponds to apparent viscosity. From
Table 6, it is clear that all different combinations of Alg-GG hydrogels
with three different combinations of native and regenerated SNPs (15,
30, and 45 mg/ml) exhibited a shear thinning behavior (n < 1).

The yield stress was calculated from the shear stress vs. viscosity
graph, which determines the minimum pressure necessary for the
polymer solution to flow. It was observed from Fig. 4A that the yield
stress value increased from 0.3784 kPa in the Alg-GG-Silk sol. group to
0.48574 kPa in the Alg-GG-15 N SNP group. Thus, the SNP played a
significant role in altering the rheological properties of Alg-GG
hydrogel.

3.2.2. Oscillatory amplitude and frequency sweep

The storage modulus (G’) of Alg-GG hydrogel evaluated from the
amplitude sweep experiment slightly increased from 2.493 Pa to 5.09 Pa
(2-fold) with storage modulus (G’) > loss modulus (G”) post addition of
Silk sol. to the blend as observed from Fig. 3D. Incorporating native and
regenerated SNPs into the Alg-GG hydrogel blend also resulted in
increased storage modulus that depicted an increasing trend with
increasing SNP concentration (Fig. 3E and F). The position (strain %) of

occurrence of flow point for both the native and regenerated group
increased with increasing concentration of the incorporated SNPs with
further later occurrence in case of the regenerated sample group. A
strain of 2% was used for further frequency sweep analysis to avoid
sample breakdown during the experiment. From all the graphs (Fig. 3G,
H, I), a dependent relationship between both storage (G’) and loss
modulus (G”) with the angular frequency (») was observed with both G’
and G” running almost parallel to each other for the entire range. This
dependency of G’ and G” with ® is more prominent for native SNP
embedded hydrogels than regenerated counterparts for all concentra-
tions. The loss factor or tan § value plays a pivotal role in determining
the printability of a hydrogel. A loss factor value between 0.4 and 0.6 is
ideal for 3D bioprinting [38]. Fig. 4C shows that Alg-GG hydrogels
containing native and regenerated SNPs demonstrated a loss factor value
of 0.454 and 0.381, respectively, compared to 0.078 in control
(Alg-GG-Silk sol.) at a 100 rad s~! angular frequency.

However, considering the critical parameters for 3D bioprinting
(shear thinning behavior (n), shape fidelity post-printing (1)) and sub-
sequent mechanical property (storage modulus) for structural stability
and articular cartilage differentiation, we have chosen 15 mg/ml of
regenerated and native SNPs for further experimental procedures.

3.2.3. Shear recovery

The shear recovery test was performed to assess the gel recovery
property of the hydrogel post exhibiting shear thinning behavior. The
experiment was carried out for three different shear rates (0.001 s
200 s b and 0.001 s71), replicating the shear rates applied on the
hydrogel during the other timeline of 3D bioprinting (pre-extrusion,
extrusion, and post extrusion). A 77.60% shear recovery was achieved in
the case of Silk sol. incorporated Alg-GG hydrogel, which increased to
78.69% and 80.36% for Alg-GG-N SNP and Alg-GG-R SNP groups,
respectively (Fig. 4B). Thus, the addition of SNPs in the Alg-GG blend
enhanced the gel recovery characteristic of the composite hydrogel, an
essential requirement for achieving post-printing structural stability.

The overall values of Yield stress, loss factor, and percentage re-
covery of the various hydrogel blends are mentioned in Table 7.
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Fig. 3. Flow behavior of (A) GG, Alg, Alg-GG, Alg-GG-Silk sol.
(B) Alg-GG-15 N SNP, Alg-GG-30 N SNP, Alg-GG-45 N SNP
(C) Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-GG-45R SNP
Amplitude Sweep of (D) GG, Alg, Alg-GG, Alg-GG-Silk sol.

(E) Alg-GG-15 N SNP, Alg-GG-30 N SNP, Alg-GG-45 N SNP
(F) Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-GG-45R SNP
Frequency Sweep of (G) GG, Alg, Alg-GG, Alg-GG-Silk sol.

(H) Alg-GG-15 N SNP, Alg-GG-30 N SNP, Alg-GG-45 N SNP
(I) Alg-GG-15R SNP, Alg-GG-30R SNP, Alg-GG-45R SNP.

Table 5
Shear viscosities of different standalone and composite hydrogels at 3D bio-
printing shear rates.

Sample ID 157! 2005s7! 400 57!
GG 14802 709.99 446.57
Alg 156.64 72.95 69.955
Alg-GG 543.73 256.59 209.26
Alg-GG-Silk sol. 593.73 306.59 259.26
Alg-GG-15 N SNP 2528.7 518.88 350.39
Alg-GG-30 N SNP 2730.7 585.02 391.87
Alg-GG-45 N SNP 2363000 9536.2 1036.5
Alg-GG-15R SNP 2154.3 458.58 326.33
Alg-GG-30R SNP 1950.7 474.74 333.87
Alg-GG-45R SNP 12588 723.49 576.17

3.3. Mechanical testing

The tensile testing was carried out to determine the stretchability of
the formulated hydrogel combinations. The tensile modulus (Fig. 5D)
calculated from the stress-strain curve (Fig. 5A) was observed to be

higher (26.8 kPa) in the case of native SNPs embedded in Alg-GG
hydrogel as compared to its regenerated counterpart (4.46 kPa) and
Alg-GG-Silk sol. control group (18.9 kPa). A similar trend was also
observed for tensile strength (817.85 kPa for Alg-GG-N SNP, 382.9 kPa
for Alg-GG-Silk sol., and 104.4 kPa for Alg-GG-R SNP) determined at the
fracture point (Table 8). The stress-strain graph of the hydrogels
(Fig. 5B) and force-displacement curve (Fig. 5C) obtained from
compression testing demonstrated a J-shaped curve with an initial toe
region. The compressive modulus determined from the slope of the
graph(Fig. 5E) was in the range of 317.2 kPa for the Alg-GG-Silk sol.
group, 187.25 kPa for Alg-GG-N SNP, and 257.65 kPa for Alg-GG-R SNP
similar to the range of determined compressive modulus of native
articular cartilage (240-1000 kPa) [39].

3.4. Printability of the multicomponent bioink

By employing the printability value (Pr) of the pores and taking into
account the printing resolution in 3D of the bioprinted constructs, the
printability of the SNP reinforced bioinks and the influence of the post-
crosslinking were evaluated. The image of the printed scaffold post



J. Chakraborty et al.

Table 6
Quantification of shear-thinning behavior of Silk solution and SNPs incorporated
Alg - GG hydrogel.
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crosslinking is shown in Fig. 6C, D, and E. The range of pressure varied
with different bioinks due to the viscosity variation. The pressure
needed for the control ink was 3.5 + 1.5 psi; 5 & 2 psi, and 7 + 3 psi for
the bioink with the native and regenerated SNPs. The pore structure
imaged for determining the Pr value is depicted in Fig. 6G, H, I. The
mean Pr values were 0.84913878, 1.00036814, and 0.89781258 for the
control, bioink with the native, and regenerated, respectively
(Figure 6L). The mean area and perimeter of the pores of the bioprinted
constructs for the three groups are shown in Fig. 6J and K. The relative
standard deviations were used to assess the 3D construct’s printing
consistency and showed consistency across all the printed compositions.

3.5. Swelling and In vitro degradation behavior

All the three sample groups (Alg-GG-Silk sol., Alg-GG-15 N, and Alg-
GG-15R) demonstrated an increased swelling ratio with an increasing
period. A spike in the swelling ratio has been observed from day 1 to day
5 for all the hydrogel blends, i.e., from 0.097 + 0.009 to 0.4305 +

Table 7
Yield stress, loss factor, and percentage recovery of Alg-GG-Silk sol., Alg-GG-15
N SNP, and Alg-GG-15R SNP hydrogel blends.

Sample ID Yield stress (Pa) Loss factor % Recovery
Alg-GG-Silk sol. 0.3784 0.078 77.60
Alg-GG-15 N SNP 0.48574 0.454 80.36
Alg-GG-15R SNP 0.1736 0.381 78.69

—a— Alg-GG-Silk sol.
—8— Alg-GG-15N SNP
—A— Alg-GG-15R SNP

107 4

10°

10°

10* 4

Shear viscosity (mPas)

10°

w+—rr-wmoam—-v-r——rr——7
0 50 100 150 200 250 300

Time (s)

Sample Power law R? value K= n = power law
D equation of consistency index
equation index (Pa s™) (dimensionless)
Alg-GG-  n= 0.9953 657.17 0.717
silk 657.17y70-283
sol.
Alg-GG- n= 0.9748 3682 0.348
15N 3682y 0-652
SNP
Alg-GG- n= 0.951 4229.9 0.318
30N 4229.9y~0-682
SNP
Alg-GG-  n=3x 0.8711 3 x 10° 0.26
45N 1067074
SNP
Alg-GG- n= 0.9534 1884.4 0.456
15R 1884.4y 0544
SNP
Alg-GG- n= 0.9788 1989.4 0.434
30R 1989.4y0-556
SNP
Alg-GG- n= 0.9367 13393 0.64
45R 13393y 03¢
SNP
A 10000 -
—a— Alg-GG-Silk sol.
—e— Alg-GG-15N SNP
—4— Alg-GG-15R SNP
-
©
o
£
Q 1000
0
[}
o
]
>
100 vy T ——ry
0.1 1 10
Shear Stress (kPa)
c 0.50 -
0.45
0.40
0.35
-
£ 030
8
w 0254
]
o
-1 0.20
0.15
0.10

T T . 1 J
Alg-GG-Silk sol.  Alg-GG-15N SNP Alg-GG-15R SNP

Fig. 4. (A) Viscosity vs. shear stress plot to determine the yield stress of the hydrogel blends (Alg-GG-Silk sol., Alg-GG-15 N SNP, Alg-GG-15R SNP) (B)Shear recovery
analysis of the chosen hydrogel blends (C) The loss factor values determined from frequency sweep analysis.



J. Chakraborty et al. Bioprinting 28 (2022) e00232

—a— Alg-GG-Silk sol. A i i

g-GG-Silk sol. |—#— Alg-GG-Silk sol.
A 8 Alg-GG-15N SNP B —8— Alg-GG-15N SNP |-8—Alg-GG-15N SNP
|~ Alg-GG-15R SNP o —4— Alg-GG-15R SNP Cc © Alg:GG-15R SNP)
0.8 .20 4

o
3

[

o

Stress (MPa)
- £
=

o

Stress (MPa)
o
H

Force (N)

0.0 T T T T T T ' )
0 20 40 60 8 100 120 140 160

T T
0.0 0.1 0.2 03 04 05 06 07

T T T
in (¥ 0.0 0.5 1.0 15 20
Strain (%) Strain

Displacement (mm)

m
S
S

D 304

254

g

204

@
8
S

200 4

100

Tensile modulus (kPa)
>
Compressive modulus (kPa)

04
" 04
Alg-GG-Silk sol. Alg-GG-15N SNP  Alg-GG-15R SNP Alg-GG-Silk sol. Alg-GG-15N SNP Alg.GG-15R SNP

Fig. 5. (A)Stress-strain curve for tensile testing of Alg-GG films incorporated with Silk sol. and SNPs (native and regenerated) (B) Stress-strain curve and (C) Force-
displacement curve for compression testing of Alg-GG hydrogel discs incorporated with Silk sol. and SNPs (native and regenerated) (D) Determination of tensile
modulus from the slope of the stress-stain curve (E) Determination of compressive modulus from the slope of the stress-strain plot.

5000

4000

3000

Area (mm?)

2000

1000

0
12 Alg-GG-Silk sol. Alg-GG-15N SNP Alg-GG-15R SNP

AlgGGSilksol. Alg-GG-15N SNP Alg-GG-15R SNP

E\..ﬂ

Fig. 6. (A) Top view of the designed CAD model (B)Isometric view of the CAD model (C) Representative image of the 3D bioprinted scaffold (D) Top view and (E)
Side view of the bioprinted scaffold (F) Scale measurement post-printing elucidating 10 x 10 mm printed construct (G, H, I) Microscopic image of the pores of the 3D

printed scaffold, i.e., Alg-GG-Silk sol., Alg-GG-15 N SNP, Alg-GG-15R SNP (J, K, L) Area, perimeter and printability value(Pr) of the pores of the three groups of the
printed scaffold.

.0
Aig-GG-Silk sol. AlgGG-15N SNP Alg-GG-15R SNP

0.0148 in the case of Silk sol. group, from 0.08 + 0.005 to 0.483 + 0.133 1; at the end of day 10 the remaining mass % was found to be 83.61 +

in case of native SNP group, and from 0.100 + 0.0122 to 0.383 + 0.028 0.47. Whereas for the control and the bioink with the regenerated SNP,

in case of regenerated sample group (Fig. 7A). the values were 91.98 + 1.25 and 87.25 + 0.47%, respectively (Fig. 7B).
The in vitro degradation kinetics demonstrated that bioink with the

native SNPs showed a constant decline in the % mass starting from day
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Table 8
Mechanical properties of Alg-GG-Silk sol., Alg-GG-15 N SNP, and Alg-GG-15R
SNP hydrogel blends.

Sample ID Tensile strength Tensile modulus Compressive modulus
(kPa) (kPa) (kPa)
Alg-GG-Silk 382.9 18.9 317.2
sol.
Alg-GG-15 N 817.85 26.8 187.25
SNP
Alg-GG-15R 104.4 4.46 257.65
SNP

3.6. Gene expression analysis

We assessed the chondrogenic differentiation ability of the TVA-
BMSCs encapsulated in the Alg-GG bioprinted constructs using the
specific differentiation markers mentioned in Table 2 on 1, 7,14,21,28
days of culture normalized using GAPDH. All the three sets of the bio-
printed construct that is Alg-GG with native, regenerated SNPs and Silk
sol. exhibited an increase in the expression with the chondrogenic

Bioprinting 28 (2022) 00232

markers, i.e., ACAN, COL 2A1, and SOX 9 from day 1 to day 28 (Fig. 8).
However, enhanced expression was mainly obtained with the Silk sol.
set at time points compared to its other counterpart. Infact a significant
fold change of around 9 was obtained on day 28 with ACAN, whereas
half of its expression (4.5) was observed with the regenerated SNP part.
A similar trend was observed with COL 2A1 (fold change 9) and SOX 9
(fold change 5.2) compared to the native and regenerated SNP. Around
3- and 2-times enhanced expression of SOX 9 at day 28 for the Silk sol.
was obtained compared to the regenerated and native SNPs, respec-
tively. Contrasting results were obtained with the hypertrophy markers
COL 10 and MMP 13. A decline in the expression level of COL 10 from
day 1 to day 28 was observed in the Silk sol. set, also observed with the
native SNP part. However, on day 7 there was a sudden rise in the
expression level with the regenerated SNP, where the declining trend
continued till day 28.

Interestingly, the expression level in the case of the Silk sol. was
significantly less than in the other two sets. In the case of MMP 13
although no significant difference in expression levels was observed till
day 14, a sudden decline in the expression level (around one-fold) was
conspicuous on day 21 for the Silk sol. constructs that continued till day
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28. YAP gene, a negative regulator of chondrogenesis, was found to have
the least expression with the Silk sol. set, which exhibited a decline in
expression from day 1 to day 28. At the same time, a substantial dif-
ference in the expression of the native and regenerated SNP was found
with respect to the Silk sol. counterpart. We also assessed the TAZ gene;
however, no expression was found.

3.7. Total collagen estimation

A hydroxyproline assay was carried out to determine the total
collagen content (Fig. 9) on day 14 in the bioprinted constructs. The
results obtained validated our gene expression findings. Minimum
collagen production of 0.075 pg/mg was observed in the bioprinted
construct with regenerated SNPs, which showed a significant result (p <
0.0001) compared to the control Silk sol. In the case of constructs with
native SNPs, the collagen content was also significant at (p < 0.0001), i.
e., 0.14 pg/mg compared to the Silk sol. set. The bioprinted construct
with Silk sol. exhibited the highest amount of collagen, which was found
to be 0.285 pg/mg [40].

3.8. Immunofluorescence analysis

In order to envisage the collagen II (chondrogenic differentiation
marker) and collagen X (hypertrophic marker) protein production,
immunofluorescence analysis was carried out on day 28 for all three sets
of samples. Noticeable collagen II expression was observed in all three
sets of the bioprinted construct; however, the expression in the Alg-GG
with the Silk sol. was found to a greater extent than the SNP counter-
parts (Fig. 10), which validates the findings of the gene expression. On
the other hand, the discrete expression of collagen X was observed in the
cytoplasm of all the three sets of the bioprinted construct, especially
with the construct with Silk sol. (Fig. 11).

3.9. H&E

H&E was performed to determine the temporal changes in cellular
morphology, the cellular distribution of the encapsulated TVA-BMSc in
the bioprinted construct, and chondrogenesis. From the staining images,
it was evident that there was a uniform distribution of the cells in all
three sets of the bioprinted constructs; however, higher cellular density
in the Alg-GG construct with Silk sol. was conspicuous (Fig. 12A and B).
Although the cells in the scaffold with Silk sol. seemed to have a slight
change, as evident in 100X, cells in both types of SNPs were distinct with

dkkk
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Collagen content (ug/mg)

0.05 -

0.00 - T
Native SNPs Regenerated SNPs

Silk Solution

Fig. 9. Biochemical estimation of the total collagen content in the 3D bio-
printed constructs, significant at p < 0.0001(****).
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large nuclei. Even pericellular lacunae were also apparent in the bio-
printed construct with the SNPs (Fig. 12 G, H, and 7 K, L). In the Silk sol.
set, although the lacunae were found to be restricted compared to their
SNPs counterparts, however, it must be noted that the cells were found
to have migrated towards the pores and have resulted in the formation of
cytoplasm over 14 days (shown by arrow) (Fig. 12C and D). ECM for-
mation was also conspicuous in this set of the bioprinted construct. The
encapsulated MSCs in the bioprinted constructions had a spherical form,
a favorable configuration for chondrocytes. Maintaining this
morphology on day 14 during culture indicates cell-cell and cell-matrix
interaction and suggests that the metabolism is triggered by ECM for-
mation around the cells.

4. Discussion

This study reports the utilization of a newly developed bioink com-
posite. The polymers used in generating this multicomponent bioink are
already established for medical use. For example, Alg has been used
extensively in therapeutic settings for decades, primarily for wound
healing and drug administration [8,41] whereas GG has been employed
mainly for drug delivery [42]. The unique feature of this study was the
use of SNPs as reinforcement to improve the printability of the bioink,
apart from ameliorating the shape fidelity.

The difference in potential between the dispersion medium and the
stationary layer of fluid connected to the dispersed particle is the zeta
potential [43]. The charge on the SNPs affects their physicochemical
properties, which are crucial in their interplay with the cells [44]. The
surface charge on the SNP can result in an elevated absolute value of zeta
potential. In particular, NPs are described as stable at an absolute zeta
potential value of more than 30 mV [45]; hence from Table 4 it can be
concluded that the regenerated SNPs synthesized would persist in a
stable colloidal state. The less stability of the native SNP may result in
their aggregation due to the Van der Waals attractive forces [46]. It
means that the suspension of SNPs becomes more stable on the fabri-
cation of the regenerated SNPs. Since the pH of the solution was main-
tained at 7 in both the SNPs, variation in zeta potential due to pH was
not observed. The higher average size diameter of the native SNP in-
dicates a slight aggregation of the particles [47]. PDI values greater than
0.7 specify that the sample holds a very broad particle size distribution
[48]. Negatively charged SF particles enable the interaction of the NPs
and the positively charged cells, which is helpful for in vivo or in vitro
studies [49]. This preferential binding can be attributed to the suitable
electrostatic interactions [50]. As the SF polypeptide chains are ar-
ranged in definite p-sheets conformation, which is stabilized by inter and
intramolecular hydrogen bonds, hence, to dissolve the SF, the bridging
bonds are disrupted. This might be one of the probable reasons for the
smaller size of the regenerated SNP compared to the native ones [51].
While processing the SF, gelation of the Silk sol. may happen due to the
aggregation of abundant GAGAGS sequences in Silk chains. The SNPs
formed using cryomilling, which involved a high-stress application,
inducing p-crystallization, as depicted in the FTIR result.

Much research has concentrated on 3D printing inks consisting of
micro or nanoparticle [52]. However, the spherical particle’s local flow
differs from the non-spherical ones, which might influence the suspen-
sion viscosity [53]. As a result, various rheological tests were used to
determine the impact of particle size and proportion on the ink’s
behavior. Investigating the shear-thinning behavior of the hydrogel is a
prerequisite for extrusion-based 3D bioprinting to ensure smooth
extrusion and higher cell viability post extrusion [54]. The flow
behavior analysis (shear rate weep) revealed a decrease in shear vis-
cosity at the bioprinting shear rates for all the standalone and composite
hydrogels except Alg, which displayed a Newtonian behavior. At the
bioprinting shear rates (200 and 400 s-1), Silk sol. added Alg-GG
hydrogel illustrated a similar viscosity drop as the Alg-GG hydrogel
with similar initial viscosities revealing the negligible role of Silk sol. in
modulating the flow property of the Alg-GG hydrogel. However, both
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Fig. 10. Immunofluorescence analysis depicting the protein expression of Collagen II in three different Alg-GG bioprinted constructs with Native SNPs, Regenerated
SNPs, and Silk sol.
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Fig. 11. Immunofluorescence analysis depicting the protein expression of Collagen X in three different Alg-GG bioprinted constructs with Native SNPs, Regenerated
SNPs, and Silk sol.
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Fig. 12. H&E Images of the bioprinted constructs on day 14 containing (A-D) Silk sol., (E-H) Native SNPs, (I-L) Regenerated SNPs.

the native and regenerated SNP incorporated Alg-GG hydrogels exhibi-
ted an increase in initial shear viscosity and a corresponding drop in
viscosity (Table 5) at the desired bioprinting shear rates for all the
concentrations as compared to the Alg-GG and control group. This
remarkable difference was further confirmed by the shear-thinning co-
efficient evaluation, where the nanocomposite hydrogels illustrated a
better shear-thinning coefficient value than the Silk sol. control group.
The viscoelastic characteristic of any hydrogel (determined using
amplitude and frequency sweep) plays a crucial role in determining the
structural stability of the 3D bioprinted construct. The oscillatory
amplitude and frequency sweep analysiss revealed an increase in storage
modulus (G’) in all the nanocomposite hydrogels (both native and re-
generated) with increasing SNP concentration with a strong dependence
of both modulus on the angular frequency (o). Such dependency cor-
responds to the formation of relatively weak gel system as described by
Marapureddy et al. [55]. The enhancement of hydrogel’s mechanical
stability (G’) and shear thinning property with the inclusion of NPs is
assumed due to the reversible electrostatic interactions of the NPs. This
phenomenon of enhanced rheological characteristics with the incorpo-
ration of NPs in the hydrogel in a broad spectrum has been extensively
reviewed by Chakraborty et al. [56].

The inclusion of the NPs in the polymeric mixture resulted in a
remarkable mechanical improvement in the shear-thinning, G/, which
may be allocated to the reversible and the electrostatic cross-linking of
the NPs. Similar results were obtained by Kesti et al. [13] and Lee et al.
[14], where they reported a remarkable improvement in the
shear-thinning property, G/, along with the mechanical strength
post-cross-linking obtained upon the inclusion of the cartilage ECM
particles and cationic NPs respectively. Lesser G’ was obtained with Alg
of lower molecular weight than Alg with higher molecular weight.
Interestingly, the G’ value improved when aminopropyl-modified ami-
nated cationic Si NPs were added!*. However, it should be noted that in
our study, the molecular weight of Alg was kept constant; as a result,
enhanced G’ values were obtained when SNPs were added to the bioink
component. The yield stress value signifies the shear stress at which the
polymer starts to flow. In our experimental analysis (Fig. 4A), the con-
trol group demonstrated yield stress of 0.3784 kPa, which increased to
0.48574 kPa (1.28-fold) upon adding 15 mg/ml native SNPs to the
hydrogel blend. An interesting observation from Fig. 4A is the low yield
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stress for the regenerated group (0.1736 kPa) which can be attributed to
the degradation of the SF protein during the regeneration process that
might have influenced the polymer-NP interaction [57]. An 80% vis-
cosity recovery is considered suitable for forming structurally stable
multilayer constructs [58]. We evaluated the thixotropic nature of the
composite hydrogels through three different bioprinting timelines:
0.001s-1 to represent the zero-shear viscosity of the sample, 200 s-1 to
represent the breakdown of the polymeric entanglements due to shear
rate at the tip of the nozzle and again a low shear interval of 0.001s-1 to
regain the structural stability. An approximate 80% recovery have been
observed for all the sample groups (with and without SNP) ensuring
good shape fidelity post-printing.

The knee joint of our body supports the maximum load in terms of
compression, stretching, and flexion, balanced by the articular cartilage.
Thus, the hydrogel’s mechanical property directly impacts the devel-
opment of articular cartilage due to its inherent property of mechanical
loading in vivo. Our study focused on evaluating SNPs incorporations’
role in influencing the Alg-GG hydrogel’s mechanical properties. From
Fig. 5, variability in the trend of the tensile and compression modulus of
the hydrogel blends by Drozdov et al. through a phenomenon termed
‘tension-compression asymmetry’ has been depicted. The phenomenon
states that the polymeric entanglements in the hydrogels act as an
additional junction point between the polymer chains and exert an
elastic response under tension. These same active junction points
become loose under compressive force, causing stress redistribution in
the fiber network and causing deformation [59]. Although SNP incor-
porated Alg-GG hydrogels demonstrated slightly lower compressive
modulus than the control group (Alg-GG-Silk sol.), the values are close
to the determined compressive elastic modulus of native human artic-
ular cartilage, which is in the range of 240-1000 kPa [39].This makes
our chosen Alg-GG nanocomposite hydrogel groups biomechanically
suitable for articular cartilage differentiation.

The rheological analysis enabled us to print a large porous structure
in the range of centimeter-scale with high printing attributes and
printability. Whereas the polymeric bioink without the NPs (i.e., with
Silk sol.) showed stability post-printing, the printing quality was less
than the bioprinted constructs reinforced with the NPs. Printability
value Pr = 1 denotes the highest printability when pores are created to
have a square form. As shown in Fig. 6], the ideal printability value was
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observed with the bioink laden with native SNPs. One of the probable
reasons for the less mean Pr values of the other two groups might be that
hydrogels tend to spread when being extruded from the printing nozzle.
Moreover, this minute discrepancy could have been brought on by either
the minuscule variations in printing pressure or the somewhat quicker
gelation brought on by post-crosslinking. However, the bioink with the
native SNP acted as an adequate reinforcement to the Alg-GG bioink that
helped improve the printability compared to the other groups.The same
has been validated in previous studies where they demonstrated that the
concentration of NPs is crucial in determining the mechanical
enhancement of the bioprinted constructs post-printing [14].

Once the choice of the concentration of SNPs and the characteriza-
tion of the printed constructs was validated, chondrogenesis studies in
terms of Real-time PCR and H&E and immunofluorescence were ach-
ieved to comprehend if the hydrogel might support the development of a
chondrocyte-specific matrix for future cartilage generation. In the cur-
rent study, the TVA-BMSc cell line was embedded in the Alg-GG bioink
containing various SNPs and Silk sol. to evaluate which experimental
group imparts the best articular cartilage chondrogenesis. TVA-BMSc is
a distinguished cell line, which earlier has demonstrated to preserve the
BMSc characteristics beyond 40 passages during monolayer culture
[22]. All three sets of the bioprinted construct exhibited expression of
the genes for chondrogenesis, i.e., ACAN, SOX 9, and COL 2A1; however,
the Alg-GG bioink with Silk sol. group reported enhanced chondro-
genesis. Interestingly, the same group, i.e., Silk sol., displayed the least
expression of the hypertrophic markers, i.e., COL X and MMP 13. The
least expression of the YAP 1 gene in the Alg-GG bioink with the Silk sol.
group indicated that this experimental set supports chondrogenesis since
YAP negatively regulates the chondrogenesis of MSCs. Chondrogenesis
requires YAP downregulation because chondrogenic signaling is
repressed [60]. Although we have carried out the TAZ gene’s gene
expression, no expression was observed (hence no data was shown). One
possible reason for this might be the issues with our primer. In our
earlier study, we have manifested the role of SF-gelatin bioink in the
downregulation of hypertrophic markers and upregulated expression of
the articular chondrogenic marker [22]. Furthermore, we have also
demonstrated its role in the upregulation of the Wnt signaling pathway
in MSCs and primary chondrocytes [22,61]. The probable reason for this
expression obtained with SF solution and not observed with its SNP
counterpart is that all the cells encapsulated within the bioprinted
construct might not be able to get in contact with the SNPs due to their
heterogeneous distribution. In contrast, being in solution form, the Silk
sol. within the bioink had a homogenous distribution and thus was
accessible to the cells, which might have resulted in enhanced collagen
production. Hence, the ability of these set of Alg-GG scaffold to facilitate
chondrogenic redifferentiation was validated by the overexpression of
cartilage-specific genes COL 2A1, SOX 9, and ACAN. New ECM forma-
tion within bioprinted construct was quantified biochemically by
collagen II estimation. Collagen II is a significant constituent of the ECM
of the cartilage that helps in the stabilization of the matrix. It constitutes
90-95% of the collagen (around 60% of the dry weight of the cartilage)
in ECM and gives rise to interwoven fibrils with specific proteoglycans
such as ACAN [40]. The bioprinted construct in our study, particularly
with Silk sol., exhibited the highest collagen content on day 14. This
imparts an excellent foundation for acquiring articular cartilage tissue
with high collagen content [62]. Interaction between the ECM and the
chondrocyte regulates various biological processes crucial for cartilage
homeostasis [63]. The H&E images depicted homogenous distribution of
the cells, especially in the Silk sol. group, as seen under fluorescence
microscopy. The distinctive spherical morphology was confirmed on the
day 14 culture period. The cell dispersion across the Alg-GG matrix was
rather homogenous, and the cells retained some of the typical
morphological traits and active division. One of the probable reasons for
this is that the carbohydrate component of the GG, which includes a lot
of 1,3-p-glucose and 1,4-p-glucose, can serve as a source of energy for the
cells giving rise to the emergence of gaps within the hydrogel matrix and
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consequently leading to chondrocyte proliferation [64]. Apart from
cellular distribution, developing a suitable ECM is critical to the func-
tionality of the tissue-engineered construct. Immunofluorescence anal-
ysis confirmed upregulated collagen II expression at day 28 with the Silk
sol. samples compared to the other two counterparts, further validating
the gene expression results. These results were in accordance with the
study carried out by Kim et al. [65], where they employed various
lengths of silk fiber blended physically with GG hydrogel. Hence, our
results distinctly depict that the Alg-GG bioink with SNPs or Silk sol.
encapsulating MSCs was capable of depositing articular cartilage-like
ECM, besides improving the printability and fidelity.

5. Conclusion

This study demonstrates the application of SNPs as rheology modi-
fiers to the Alg-GG bioink, to improve the overall printability. A multi-
component shear-thinning bioink comprising Alg and GG was developed
with good, rheological, biological, and adequate printing properties.
Enhanced printability during printing and print fidelity post-
crosslinking with CaCly along with enhanced mechanical property was
achieved with the native SNP compared to its regenerated SNP coun-
terpart. The multicomponent bioink, containing SNP and encapsulated
with TVA-BMSc, encouraged cellular growth and chondrogenic ECM
formation. But the best articular chondrogenesis was achieved with the
Alg-GG bioink containing the Silk sol. Thus, the SNPs could serve as a
fundamental component of sophisticated materials in tissue engineering
and personalized regenerative medicine and could be used in various
systems.
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