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SUMMARY

External magnetic fields can regulate cellular responses when interact-
ing with magnetic nanoparticles (MNPs). Here, we develop a 4D-bio-
printed construct by incorporating anisotropic MNPs into a silk
fibroin-gelatin bioink with human bone-marrow-derived mesenchymal
stromal cells for cartilage regeneration. We measure the magnetic-
field-induced temperature response of the acellular construct, deter-
mine its mechanical response (actuation), and compare it with the
MNPs. Constructs are then magnetically actuated, and their effects on
chondrogenesis are investigated. Actuation is induced cyclically every
other day (5 min and 30 min/day) for 21 days. Actuation for 30 min ex-
hibits enhancedearly (Sox-9 andaggrecan) and late (collagen-II) expres-
sion with downregulation of hypertrophic markers (collagen-X andma-
trix metalloproteinase-13) and enhanced matrix deposition, total
collagen, and glycosaminoglycan compared to the constructs actuated
for 5min, kept static, or with noMNPs. Hence,magnetic field actuation
could be a significant strategy to stimulate constructs mechanically for
articular cartilage regeneration.
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INTRODUCTION

The unmet clinical need for articular cartilage regeneration inflicts a massive burden

on the healthcare system and the global economy.1 Since the intrinsic healing poten-

tial of articular cartilage is limited, cartilage damage frequently results in osteoar-

thritis.2 Various strategies have been developed to improve the regenerative poten-

tial of articular cartilage.3–5 For instance, both human embryonic stem cells and adult

stem cells have been used, together with chondrogenic soluble substances, to gain

insight into how polymeric scaffold compliance directs chondrogenic tissue regen-

eration.6 Although 3D bioprinting with suitable bioinks has the potential for organ

repair and tissue regeneration,7–9, bioinks are constrained by poor tailorability,

limited responsiveness, and weak actuation properties.10 As a result, there is an

increasing focus on developing hydrogels with programmable physicochemical fea-

tures, on-demand controllability, and responsiveness. When exposed to extrinsic

triggers (pH, light, magnetic [or electric] field, and temperature), stimuli-responsive

hydrogels can distinctly alter their chemical and/or physical properties.11

Magnetic hydrogels (ferrogels) responsive to an external magnetic field are produced

when magnetic nanoparticles (MNPs) are incorporated into a polymer network.12
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Ferrogels have several benefits over conventional stimuli-responsivepolymers, including

actuation capability bya non-contact force suchas amagnetic field. Thisdistinct attribute

diversifies the application ofmagnetic hydrogels in drugdelivery,13,14 soft robotics,15 tis-

sue engineering,16,17 and environmental engineering.18,19 Magnetic-responsive hydro-

gels are developed by combining hydrogel networks with magnetic-responsive addi-

tives, which make them different from those stimulus-responsive hydrogels whose

responsive features originate from the intrinsic property of the material. As a result, the

magnetically actuated hydrogels deform, move, and transform under the influence of

themagnetic stimuli in a remote and controllableway.12Additionally, themagnetic actu-

ating feature can be combined with other stimulus-responsive hydrogels to generate

multiple responsiveness,whichcan fulfillmany requirementsofpractical biomedical tasks

and broaden the scope of applications for magnetic hydrogels.12 One of those stimuli is

magnetic hyperthermia, which locally induces thermic energy in the cells when the mag-

netic particles are exposed to an external magnetic field. The generated heat can be

exploited in cancer cell therapy, drug release, and activation of the cells’ heat-sensitive

receptors.20,21 In addition, it has been shown that moderate temperatures generated

bymagnetic hyperthermia contribute to better cell differentiation.22,23 It has been docu-

mented that the generated heat may enhance mitochondrial activity and facilitate the

expression of specific genes.24 Although the exact mechanisms related to these effects

are still to be further elucidated, such pieces of evidence can aid in the enhancement

of various cellular functions, such as proliferation, adhesion, and differentiation.21 Hyper-

thermia has also been thought of as an alternative treatment in clinical applications for

tissue regeneration.25

Various patterning methods have recently been established to develop hydrogel

objects with intricate architecture. Additive manufacturing (AM) has gained intense

popularity in fabrication methods due to its ability for instant fabrication of intricate

3D architectures with biomaterials of different nature starting from computer-aided

designs.26,27 Among AM technologies, extrusion-based bioprinting can drive the

spatially defined dispersion of bioactivematerials and cell types within the construct;

such a pattern can also permit or require a spatially defined stimulation. AM

methods that can modify physical properties and trigger a structural response in

the materials using contactless stimuli such as magnetic force, pH, ions, and temper-

ature are typically called 4D printing.11,28 This technique has been enforced in the

field of tissue engineering that enables the fabrication of complex, functional biolog-

ical constructs by including time as a fourth dimension in conventional 3D bio-

printing technologies. These 4D-bioprinted constructs could change in shape or

function over time by utilizing a variety of stimuli-responsive biomaterials and 4D

bioprinting techniques.28 Interestingly, adding MNPs improves the controllability

and resolution of 4D-printed hydrogel constructs. For instance, Chen et al.29 fabri-

cated a hydrogel octopus that could be actuated by a programmed external mag-

netic field and locomote alternately from left to right using 3D printing and

magneto-responsive nanocomposite. Kim et al.30 established amethod for 4D print-

ing of soft materials with programmed ferromagnetic domains that enable quick and

reversible shape changes when applying a magnetic field. The biocompatibility of

the nanoparticles makes iron-oxide-based actuation devices beneficial for further

investigation as remotely triggered 4D-bioprinted constructs.31 Although aniso-

tropic ferromagnetic nanoparticles have been reported previously, they involve

dangerous synthesis steps with the production of goethite, transformation into he-

matite, and further reduction to magnetite under an H2 atmosphere.32 In light of

this, we previously33 demonstrated a novel two-step synthetic process for fabri-

cating anisotropic MNPs that starts with hematite and does not require hydrogen

gas. Noteworthy, human mesenchymal stem cells (hMSCs) could internalize the
2 Cell Reports Physical Science 5, 101819, March 20, 2024
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MNPs when they were directly administered to cells at high doses of up to 5 mg/mL.

Additionally, the MNPs displayed minimal toxicity at lower and more practical con-

centrations. Further, when integrated into poly(caprolactone-co-trimethylcarbon-

ate) urethane acrylate and printed via digital light processing into a rigid shape, their

alignment could be tuned along with the magnetic field.33 Depending on the direc-

tion of the field, the MNPs exhibited distinctive attraction or repulsion, suggesting

that their alignment could be adjusted with the magnetic field. The ability of cells

embedded in constructs to differentiate into osteogenic34,35 or chondrogenic36,37

tissue is known to be enhanced by mechanical stimulation. Although we have

demonstrated the potential of the synthesized anisotropic MNPs in actuating nano-

composites with defined movements,33 it is appealing to determine whether these

anisotropic MNPs would cause human bone-marrow-derived mesenchymal stromal

cells (BM-MSCs) encapsulated in an appropriate bioink to undergo differentiation

when actuated by a magnetic field.

In extrusion-based bioprinting, the bioinks’ rheological properties determine their print-

ability and shape fidelity. Silk fibroin-gelatin (SF-G) has demonstrated outstanding rheo-

logical properties38,39 and has been shown to be an excellent biomaterial40 for cartilage

development.41,42 When cultured in 3D-bioprinted SF-G constructs, BM-MSCs downre-

gulatehypertrophicdifferentiation andundergoarticular cartilagedifferentiation.43SF-G

has been demonstrated to play a crucial role in intrinsically regulating theWnt/b-catenin

pathway in primary chondrocytes and mesenchymal progenitor cells.43,44 Karahalilo�glu

et al. fabricatedmagnetic SF electricallymediated hydrogel (e-gel) constructs by anelec-

trogelation process using 8% of concentrated Bombyx mori SF aqueous solution as a

novel sort of bone-graft substitute.45 The findings showed that introducing MNPs

enhanced the mechanical characteristics of SF e-gel constructs, including increased hy-

drophilicity. AlthoughMNP-loaded e-gel scaffolds from SF and from othermagnetic hy-

drogels46,47 havedemonstrated their potential for the treatment of bonedefects orother

pathologies, mechanical simulation of SF-G constructs by an external stimuli to improve

the cell-regeneration process remains unexplored. In the present study, we fabricated a

4D-bioprinted shape-morphing construct by incorporating our previously synthesized

novel anisotropic MNPs33 into an SF-G bioink. The bioink was crosslinked via mushroom

tyrosinase and in vitroprimedwith human BM-MSCswith the aim of improving the chon-

drogenic potential of the BM-MSCs when the constructs are actuatedmagnetically. The

fundamental properties of the bioprinted constructs and their response to the external

magnetic field were precisely characterized by advanced techniques and models. We

also analyzed the effect of applying a programmedmagnetic actuation on the chondro-

genic differentiation of the bioprinted constructs via gene expression and extracellular

matrix (ECM) formation.
RESULTS

Rheological characterization

Extensive rheological measurements of the SF-G acellular bioinks have been studied

previously.39,48 Dynamic rheologicalmeasurementswere carried out for the SF-Gblends

with different concentrations of the MNPs to evaluate the effects of MNP concentration

on the rheological behavior of the samples. Both the storage (G0) and loss modulus (G00)
were studied for SF blends with 0, 0.5, 5, and 50 mg/mL MNPs with respect to the

applied frequency (frequency sweep) and the applied strain (strain sweep).

The frequency sweepmeasurements of the four SF blends (Figure 1A) depicted that the

G0 valueswere significantly higher thanG00 values, designating an accurate gel-likemate-

rial. Both theG0 andG00 values increased upon increasing the concentration of theMNPs,
Cell Reports Physical Science 5, 101819, March 20, 2024 3



Figure 1. Rheological analysis of the silk fibroin-gelatin (SF-G) acellular bioink with varying magnetic nanoparticle concentrations

(A) Frequency sweep and (B) amplitude sweep test results showing the variation of the dynamic storage modulus (G0) and loss modulus (G00); (C) flow
behavior analysis. SF-G, silk fibroin-gelatin, where 0, 0.5, 5, and 50 represent the concentration of magnetic nanoparticles (MNPs) in mg/mL. Data are

presented as means G SD, n = 3.
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except for the control (SF-G-0MNPs). However, a crossover point was observed at a spe-

cific frequency in the SF-G-0 MNPs, which specifies a drop in the elastic character in the

gel system. One possible explanation for this is that the fiber network might have lost its

integrity at a higher frequency, and thegelmatrices havebroken into smaller units.When

0.5 mg/mL was added to the control ink, i.e., SF-G-0 MNPs, no significant difference

compared to the control ink formulation could beobserved. Yet, when the concentration

was increased to 10 and 100 times, i.e., 5 and 50mg/mL of the MNPs, an increase in the

moduluswas seen. The loss factor (tand), orG00/G0,whichestablishes the relativeelasticity
of viscoelastic materials, has been also calculated. Acellular bioinks with a tan(d) value of

less than 0.1 are classified as stiff gels and showwell-ordered systems. Tan(d) valueswere

0.24G 0.023 for the control acellular bioink (SF-G-0 MNPs), 0.16G 0.005 for SF-G-0.5

MNPs, 0.11G0.011 for SF-G-5MNPs, and0.13G0.006 for SF-G-50MNPs. Thisdemon-

strated that the MNP-containing acellular bioinks had higher storage modulus and bet-

ter-ordered gel microstructures than the control bioink.

Oscillatory strain sweep tests were carried out to determine a linear viscoelastic re-

gion, where the moduli (G0 and G00) were independent of the applied strain up to a

critical deformation. Further, strain sweep tests were executed from 0.1% to 1,000%

strain amplitude at 1 Hz and 25�C static frequency. All the SF-G blends had a higher

G0 value than G00 value (Figure 1B), indicating that an elastic gel had been formed.

The flow behavior of the SF blends was determined for various concentrations of

MNPs in a range of shear rates from 1 to 1,000 s�1 (Figure 1C). All the blends of

SF with different MNP concentrations exhibited shear-thinning behavior at 25�C.
4 Cell Reports Physical Science 5, 101819, March 20, 2024



Figure 2. Morphological analysis of the acellular constructs

(A) The final bioprinting pathway designed by a G-code simulator.

(B) Field-emission SEM image depicting the sinusoidal morphology of the construct.

(C and D) Optical images of the 4D-bioprinted constructs (C) without magnetic nanoparticles (MNPs) as control and (D) with MNPs (5 mg/mL).
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This was evident by a distinct decline in the viscosity as the shear rate increased, indi-

cating a power-law decay region. The viscosity increased upon increasing the MNP

concentration, except for the SF-G-5 MNPs sample, whose viscosity was almost

twice (845.08 Pa s) that of the sample with the highest MNP concentration

(484.56 Pa s) at a shear rate of 1 s�1. However, a decline in viscosity was observed

at a shear rate above 100 s�1 compared to SF-G-50 MNPs. The shear-thinning

behavior enables the systematic flow of the acellular bioink across the fine nozzles;

simultaneously, quick recovery due to increased viscosity results in high shape

fidelity.49

Morphology of the constructs

The final bioprinting pathway designed by a G-code simulator is shown in Figure 2A.

The surface morphology of the acellular bioprinted construct and its morphological

features were determined using scanning electron microscopy (SEM) analysis (Fig-

ure 2B). The sinusoidal pattern of the printed construct is visible. The designed pores

are clearly defined, with no cracks or other defects. The calculated spreading ratio of

the constructs was 1.065G 0.08. The optical images of the constructs without MNPs

(control) and with MNPs (�5 mg/mL) are displayed in Figures 2C and 2D,

respectively.

Magnetic characterizations: Quantification of the thermal and actuation

response in a magnetic field

The magnetization of the construct was measured along different directions with

respect to the plane of the construct (Figure 3A). All these loops overlap, showing

an isotropic distribution of the MNPs in the construct. The detailed characteristics

of the loops are provided in Table S3. The Mr/Mmax ratio showed the same value

measured for the powder MNPs (0.12), whereas the Hc value (13 mT) was slightly

larger. We have recently reported the magnetic properties of these MNPs.33
Cell Reports Physical Science 5, 101819, March 20, 2024 5



Figure 3. Quantification of the thermal response of the acellular construct in a magnetic field

(A) Magnetization curves vs. magnetic fields at room temperature applying magnetic fields along 0�, 45�, and 90� with respect to the construct’s plane

(uncertainty z5%). The inset graph shows the magnetization curves in the range of m0H = 50 mT.

(B) The sample’s temperature increase in PBS was measured by applying |m0H| = 25 mT and different frequencies from 149 to 429 kHz.

(C) The sample’s temperature increase in PBS was measured by applying the magnetic field at a fixed frequency of 429 kHz and different magnetic field

strength |m0H| = 15–25 mT.

(D) Images of the samples prepared for the hyperthermia tests showing the dispersed and precipitated magnetic nanoparticles (MNPs) in PBS (20 mg/

mL) and a printed construct in 1 mL of PBS.

(E) SAR values for MNPs in PBS at |m0H| = 25 mT as a function of frequency. The SAR value obtained for the construct in PBS at |m0H| = 25 mT, f = 429 kHz is

also plotted as a purple star.
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Concerning the particle dimensions and shape (around 178 nm in length and 55 nm

in width), the particles were mainly magnetically blocked, confirmed by the small

hysteresis loop,33 similarly for the constructs. Therefore, we are dealing with

magnetically isotropic constructs with magnetic properties similar to those of the

powder MNPs.

The magnetic hyperthermia experiments for the MNPs dispersed in phosphate-buff-

ered saline (PBS) were recorded at a fixed magnetic field. Different frequencies are

shown in Figure 3B, while fixed frequency and variablemagnetic field strength is pre-

sented in Figure 3C. In all the experimental conditions, an increase of temperature

was observed that reached up to around DTz 30�C at 25 mT and 429 kHz after

600 s. The experiment performed with the construct in this last condition confirms

that the construct can be heated using alternating magnetic field (AMF), but the in-

crease was only DTz 0.4�C. This significant difference between the heat efficiency

of the construct and the powders can be related, for instance, to the small amount of

MNPs (around 0.55 mg) in the construct. We have investigated this difference by

calculating the specific absorption rate (SAR). However, to evaluate this magnitude

it was necessary to consider that the measurements were not recorded in a perfect

adiabatic condition, i.e., some heat dissipated over time toward the external envi-

ronment. In addition, it was necessary to consider that the hyperthermia measure-

ments were performed for the precipitated powders, i.e., the heat emission was

not uniform in space and time, similarly for the construct (Figure 3D). We have devel-

oped a thermodynamic model of the time-dependent temperature evolution that

considers both effects (described in detail in the supplemental information). Fig-

ure 3E presents the SAR of the powders in PBS under different frequencies together

with the SAR value of the construct. The SAR of the construct and the corresponding

value of MNPs were almost similar, showing only approximately 17% of difference.

We also explored the induced remotely controlled actuation of the construct using an

optical setup (Figure S2) that allows detecting even tiny displacements through the

position of the reflected beam when the magnetic field is changed. Figures 4A and

4B show the beam’s position starting from magnetic field zero and |0.588| T, respec-

tively. Figure 4C shows the evolution of the laser position displacement and the cor-

responding bending angle. The bending angle was calculated based on elementary

geometry, as described in detail in the supplemental information. Videos S1 and S2

show the deformation of the sample when applying pulses of the applied magnetic

field, switching the direction of the field alternatively. The construct showed a

quasi-linear bending actuation when both the positive and negative magnetic fields

were applied (average linear fit R2z 0.98). No considerable difference was observed

in the bending actuation behavior of the construct when ramping up, ramping down,

or switching the sign of the magnetic field. The deformations showed that the

construct always bends toward the same magnetic pole regardless of the sign of

the applied magnetic field. Considering magnetic force equations in bending canti-

levers (for details see supplemental information), the applied maximum magnetic

force to the construct was calculated to be around 0.1 mN, which has given rise to

the maximum bending angle of around 1.59� at m0H = +0.78 T. Further elaborations

on magnetic properties of the particles and the construct, and related quantification

of the thermal response in a magnetic field, are presented in Note S1.

Analysis of gene expression enhancement by magnetic field actuation

The chondrogenic ability of the bioprinted constructs that were magnetically actu-

ated was evaluated by RT-PCR at early (day 7) and late (day 21) stages of chondro-

genic culture (Figure 5). Constructs actuated for 30 min exhibited an upregulation
Cell Reports Physical Science 5, 101819, March 20, 2024 7



Figure 4. Quantification of the actuation response of the acellular construct in a magnetic field

(A) The construct status and the laser spot’s position on the screen at m0H = 0 T.

(B) The construct status and the laser spot’s position on the screen at |m0H| = 0.588 T.

(C) Bending deformation of the construct vs. the applied magnetic field (uncertainty z0.1�). The
solid circles show the deformation when the field is increased, and the open circles show the

deformation of the construct when the field is reduced. The sequence of the experiment is also

shown by arrows. The positions of (A) and (B) are highlighted.
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for the chondrogenicmarkers, i.e., Col 2A1 (15-fold), ACAN (12-fold), and SOX 9 (16-

fold) on day 21 compared to the control (p < 0.0001). Interestingly, the expression

levels were higher than those in the other experimental groups. Notably, the relative

expression of the bioprinted constructs actuated for 5 min was similar to that of the

control on days 7 and 21, specifically around 6- to 6.3-fold for Col 2A1, 8- to 8.29-

fold in ACAN, and 10.5- to 12-fold in SOX 9 on day 21. The static constructs showed

the lowest expression of the chondrogenicmarkersCol 2A1 (3.1-fold), ACAN (6-fold),

and SOX 9 (7-fold) on day 21.

When assessed for the hypertrophymarkers Col 10A1 andmatrix metalloproteinase-

13 (MMP 13), a decline in expression was observed on day 21 for the constructs actu-

ated for 30 min. The decrease in the expression level was less than 2-fold in both Col

10A1 andMMP 13 (p < 0.0001). Although only a nominal change was observed in the

expression levels of the static constructs on day 21 compared to day 7, it was found

to be non-significant. On the other hand, Col 1A1 exhibited almost similar expres-

sion levels on day 7 (4.69-fold) and day 21 (4.5-fold) in the static samples. At the

same time, constructs actuated for 30 min showed a decreasing trend on day 21

compared to day 7 (p < 0.0001).
8 Cell Reports Physical Science 5, 101819, March 20, 2024



Figure 5. Relative gene expression analysis of the bioprinted constructs for the set of chondrogenic differentiation-, dedifferentiation-, and

hypertrophy-specific markers

Chondrogenic markers (A) Col 2A1, (B) ACAN, and (C) SOX 9, dedifferentiation marker (D) Col 1A1, and hypertrophy markers (E) Col 10A1 and (F) MMP

13 on days 7 and 21, significant at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data are presented as means G SD. Control: silk fibroin-gelatin

(SF-G) only, i.e., the construct without MNPs. Static: magnetic constructs maintained in an incubator at a static condition. 5 min: magnetic constructs

actuated for 5 min. 30 min: magnetic constructs actuated for 30 min.
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Assessment of cell proliferation and ECM production enhancement by

magnetic field actuation

DNA content estimation was carried out on days 7 and 21 to determine the prolifer-

ation of the human BM-MSCs encapsulated within the different sets of the bio-

printed constructs (Figure 6A). A decline in the DNA content was observed on day

21 in all the sets of the bioprinted constructs. However, on days 7 and 21, maximal

DNA content was noticed in the constructs with 30 min of actuation. This was fol-

lowed by the control, constructs actuated for 5 min, and the static one.

Sulfated glycosaminoglycans (GAGs) were analyzed to determine the cartilaginous

matrix’s chondrogenic differentiation and temporal accumulation. Accumulated

GAGs increased on day 21 in the control constructs and those actuated for 5 min

and 30 min (Figure 6B). At the same time, the constructs in static condition exhibited

decreased GAG production on day 21 compared to day 7. The highest expression

was observed with the constructs with 30 min of actuation on day 21.

The total collagen content was estimated to determine the extent of ECM formation

by the encapsulated human BM-MSCs within the bioprinted constructs on day 7 and

day 21 (Figure 6C). The highest collagen content was observed on day 21 in 30-min

actuated constructs. The control samples and the constructs actuated for 5 min

showed similar behavior. The static samples exhibited a decline in collagen content
Cell Reports Physical Science 5, 101819, March 20, 2024 9



Figure 6. Biochemical analysis of the bioprinted constructs on days 7 and 21

(A) The total DNA content (ng/mL), (B) glycosaminoglycan (GAG) content normalized to the DNA content (ng/ng), and (C) collagen content normalized

to the DNA content (ng/ng). Significant at ****p < 0.0001; data are presented as means G SD. Control: silk fibroin-gelatin (SF-G) only, i.e., the construct

without MNPs. Static: magnetic constructs maintained in an incubator at a static condition. 5 min: magnetic constructs actuated for 5 min. 30 min:

magnetic constructs actuated for 30 min.
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on day 21. Interestingly, GAG and collagen estimation normalized to DNA showed a

declining trend with the bioprinted constructs in static condition. In contrast, an

increasing trend was observed with all the sets of constructs on day 21.

DISCUSSION

Magnetic fields are effective in stimulating cellular behavior and cell migration, pro-

liferation, and differentiation to cure diseases and repair damaged tissues.50,51 For

fabrication of polymers or dynamic structures that respond to magnetic stimuli,

some recent publications documented the earliest attempts to integrate cells with

magnetic cues in biomaterial inks or bioprinted hydrogel scaffolds.52,53 Some

studies have also established the role of MNP-conjugated magnetic constructs,

including foams and nanofibers, in promoting cellular proliferation as well as osteo-

genic50,54 and chondrogenic16 differentiation of cells, including MSCs. Del Bianco

et al.55 reported the incorporation of iron oxide superparamagnetic nanoparticles

into SF films for potential use as a bioactive coating in regenerative medicine. In

another study, Chouhan et al.56 developed a magnetically responsive matrix based

on SF by embedding magnetic iron oxide nanoparticles within silk nanofibers and

actuating it by their in-house-developed magnetic actuator device. Although these

studies demonstrated the potential of magnetically decorated silk for biomedical

applications, no bioprinting use has been reported to date for cellular regeneration

by magnetic actuation. It has been demonstrated that the use of external magnetic

fields has positive benefits on articular cartilage regeneration.16 Our study attempts

to exploit the stimulatory potential of the magnetic field toward chondrogenic func-

tion and the regeneration of articular cartilage. Hence, we hypothesized that
10 Cell Reports Physical Science 5, 101819, March 20, 2024
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amalgamating magnetically decorated constructs with magnetic actuation might

create synergistic microenvironments favorable for articular cartilage regeneration.

In brief, we have developed 4D-bioprinted magnetic constructs using SF-G bioinks,

which enhanced the chondrogenic differentiation of BM-MSCs post printing by

spatially adjusted mechanical stimulation of the encapsulated cells.

The G0 value of the magnetic hydrogel, i.e., SF-G with our previously33 synthesized

MNPs, was higher than that of the non-magnetic counterpart. Hence, the incorpora-

tion of MNPs acted as reinforcement to the mechanical structure of the polymeric

matrix. Moreover, the modulus findings show that when MNP concentration was

increased there was a greater degree of intermolecular crosslinking, which

enhanced the storage modulus and stiffened the gel. As a result, the development

of stronger gels showed good MNP dispersion and confirmed a well-ordered micro-

structure and gel network. This increase is caused by the reinforcing impact of the

inorganic MNPs, which serve as extra crosslinkers to aid in creating gels. Similarly,

Agrawal et al.57 discovered that when the quantity of laponite particles was

increased, the G0 value of PLA-PEO-PLA gel increased significantly, indicating the

development of new connections by the nanoparticles. Based on the reports from

flow behavior and lactate dehydrogenase assay33 with these MNPs, 5 mg/mL of

the MNPs was chosen for bioprinting and all experiments. To have a complete

view of the complex construct-cell interaction, an inclusive characterization of the

material is required. We have precisely characterized the fundamental properties

of our bioprinted constructs and their response to external magnetic fields with

advanced techniques and models. To the best of our knowledge, this is the first

report that has comprehensively traced multiple responses (heat, actuation) of the

biomagnetic materials in an external magnetic field, filling the gap in the literature

in this respect. Generation of heat by MNPs in an AMF is due to power loss typically

governed by three mechanisms: (1) viscous damping due to particle motion (Brown

relaxation); (2) magnetic moment reorientation in theMNPs (Néel relaxation); and (3)

magnetic hysteresis loss due to magnetization reversal.58,59 Maximum SAR was ob-

tained when choosing the highest applied magnetic field intensity (25 mT) and fre-

quency (429 kHz) on the instrument. This combination of field and frequency is still

far below the critical value for the H-f patient tolerance reported by Atkinson et al.

(�6 3 105 mT s�1).60 Therefore, the SAR value can be increased if needed by select-

ing higher magnetic fields and frequencies. We exclude the contribution of Néel

relaxation in generating heat because the average particle size (around 178 nm

length and 55 nm width) is well above the typical threshold sizes (30–40 nm), below

which Néel relaxation process is dominant, as the MNPs are superparamagnetic.60

Brown relaxation may also be considered to be due to the particles’ large size. In

this mechanism, the free rotation of the magnetized particles produces heat.60

This mechanism could be present in the MNPs in a dispersion, but the MNPs in

the construct are trapped in the polymer matrix during the printing and crosslinking

process. This could significantly reduce the contribution of Brown relaxation in the

generation of heat. We have evidenced this phenomenon by comparing the hyper-

thermia properties of the MNPs dispersed in PBS and in a more viscous dispersant

such as isopropanol (IPA). In fact, at 20�C the viscosity of IPA is 2.37 mPa s, whereas

that of PBS is similar to water (1 mPa s).61 We observed the effect of the viscosity on

the mobility of the particles in the slower precipitation of the particles dispersed in

IPA, as shown in Figure S1B. The obtained SAR values of MNPs in IPA were reduced

with respect to those in PBS by around 32% in 15 mT and around 50% in 20 mT (Fig-

ure S1E and Table S2), confirming the reduction of heat-generation capacity by the

increase of viscosity of the dispersant. Hence, we exclude that both Néel and Brown

relaxation mechanisms give rise to heat generation in the printed construct.
Cell Reports Physical Science 5, 101819, March 20, 2024 11
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Considering the observation of open hysteresis loops (Figure 3A), we identified the

hysteresis losses as the main source of heating in the constructs. It is worth

mentioning that the temperature increase of the construct through this mechanism

is highly dependent on various characteristics of the applied magnetic field such as

magnetic field frequency. Therefore, we can reasonably neglect the heating effect of

the constructs in our magnetic actuation tests because the frequency of the mag-

netic fields applied in those tests are orders of magnitude lower than in the hyper-

thermia test.

Deformation of the construct in a magnetic field could be summarized by the fact

that a magnetic object moves toward areas where the magnetic field lines are

denser. Practically, the sample cannot be placed precisely in the middle having

equal distances with respect to the magnetic poles. The closer pole attracts the

magnetized sample when the field is switched on. The reason why the construct al-

ways moved toward the same magnetic pole even when the magnetic field direction

was switched (by changing the sign of the fields) is the small coercive field of the

MNPs (Figure 3A). Therefore, upon applying the magnetic field, the magnetic com-

ponents of the magnetized sample switch so that the construct always bends toward

the nearest electromagnetic pole.

We also tried to align MNPs in a crystal bond and measured the orientation depen-

dence of M/H at room temperature (Figure S4). The hysteresis loops showed that a

certain orientation effect is induced, which is coherent with the results we have re-

ported recently.33 However, the Hc and Mr values did not vary in our experiments.

This may reflect the polymagnetic domain behavior of the MNPs. Understanding

the external magnetic field response mechanism of such multidomain complex sys-

tems would require extensive magnetic simulations.

RT-PCR analysis gave insight into the differentiation status of BM-MSCs in the bio-

printed constructs. For the constructs actuated for 30 min, upregulation of Col

2A1 and SOX 9 was noticeably higher (15- and 17-fold, respectively). In contrast,

the expression of these markers occurred much later and at lower levels in the other

groups. SOX 9 is considered an early chondrogenic marker and is vital in early chon-

drogenesis.62 ACAN, the main cartilage proteoglycan, was likewise strongly ex-

pressed in the constructs with 30-min actuation. The lower expression of ACAN

(5-fold) on the static bioprinted construct indicates that although less chondrogen-

esis was observed, as ascertained from the Col 2A1 expression, upon detection of

Col 1A1, we cannot exclude the possibility of the formation of fibrocartilage on

the static samples. Lower levels of Col 10A1 and MMP 13 expression in the

30-min actuated samples indicates that the actuation of the magnetic constructs

for a longer time can intercept or retard the differentiation of the BM-MSCs into hy-

pertrophic phenotype. This is quite interesting, given that most long-term in vitro

cultures frequently cause hypertrophy and restrict the utilization of BM-MSCs as a

cell source for cartilage repair.63 It is worth mentioning that we have used an SF-G

bioink for our study, which intrinsically plays a key role in regulating the Wnt/b-cat-

enin and transforming growth factor b (TGF-b) Indian Hedgehog signaling pathways.

This is crucial, since these signaling cascades play an essential role in cell prolifera-

tion, cell migration, and chondrocyte differentiation.42 Further, SF allows for cell

adhesion, cell proliferation, and surface chemistry for a range of cell types, including

stem cells, and it has the potential to function as a supportive matrix.64 This bioink

aided in abating hypertrophy during the development of a 3D-bioprinted carti-

lage.38,42 Several other studies have also established the potential role of SF-G in

cartilage regeneration both in vitro and in vivo.65,66 However, the application of a
12 Cell Reports Physical Science 5, 101819, March 20, 2024
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fourth dimension by the inclusion of MNPs in SF-G makes our study stand out from

these already reported ones. The gene expression patterns found in this study

generally share several similarities with the chondrogenic process seen after mesen-

chymal condensation during in vivo limb development. However, it is worth bearing

in mind that we studied chondrogenesis for 21 days in culture. Culturing them for

over a month would give us a better perspective of the entire process.

We observed a decline in proliferation within the chondrogenic culture medium in all

conditions, which can be due to cellular differentiation.42 Many studies have vali-

dated this by indicating that the BM-MSCs’ proliferation rate decreased with an in-

crease in differentiation.67 Upon actuation for a longer time (30 min), the cells in the

constructs secreted a more cartilage-specific matrix. Reduced cell proliferation com-

bined with enhanced GAG and collagen production in constructs actuated for

30 min was mainly related to their differentiation state and increased matrix forma-

tion. Overall, the findings presented here demonstrate how the microenvironment

around the vital cartilage matrix proteins affects both their transcription and subse-

quent synthesis of the ECM. Furthermore, the magnetic actuation of the bioprinted

constructs for a long time modulates the cellular activities of the encapsulated cells.

The main targeted application of the magnetically decorated SF-G constructs toward

the development of the magnetically deformable constructs (Video S3) lies in the me-

chanical stimulation of cells, specifically toward articular cartilage development. The bio-

ink composed of SF-G and MNPs worked synergistically in promoting BM-MSC adher-

ence and differentiation upon magnetic actuation. Huang et al.68 showed that Fe3O4

nanoparticles improved the growth of humanMSCs owing to their potential to minimize

intracellular H2O2 via intrinsic peroxidase-like activity. Additionally, they proposed that

Fe3O4 nanoparticles might expedite cell-cycle progression.68 Compared to the study

by Huang et al., the novelty of our work lies in the fact that the inclusion of MNPs within

the SF-G bioink not only resulted in shape-morphing constructs via magnetic actuation,

but also improved the differentiation ability of BM-MSCs. Upon addition of MNPs into

the constructs in large quantity, themicroenvironment inside or on the surface of the bio-

printed constructs is composed of numerous small magnetic fields. Hence, the overall

effect is expected to be strengthened. As a result, the amplified action may impact

ion channels on cell membranes and influence cytoskeletal architecture when the bio-

printed constructs are exposed to the external magnetic field.69,70

Future studies should aim at further exploring different architectures of the bio-

printed constructs and time of exposure. We have selected a specific sinusoidal fiber

pattern to maintain stimulation as homogeneously as possible across the biological

constructs. Changing the strand thickness or the sinusoidal amplitude is expected to

result in a different stress-strain field on the encapsulated cells, which would further

impinge on their differentiation. Changing the architecture into more fractal-like

patterns would also enable the study of more heterogeneous mechanical stimula-

tion, which could provide additional avenues for stem cell-based regeneration of

interface tissues. We have chosen conservatively to study short times of exposure

(i.e., 5 and 30 min), but further studies could be aimed at identifying more thor-

oughly the time of stimulation regime that could further enhance stem cell chondro-

genic differentiation. Here, we have reasonably excluded the magnetic-field-

induced effect of heat in molecular characterization by referring to the frequency

of the applied magnetic field and the mechanism of the hyperthermia effect. We

have highlighted themagnetic-field-induced actuation as the sole effect responsible

for the observed enhancement of the cell activity. Therefore, the BM-MSCs ex-

hibited decreased proliferation and started chondrogenic differentiation in the
Cell Reports Physical Science 5, 101819, March 20, 2024 13
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constructs actuated for 30min compared to those actuated for a shorter time (5min).

From the obtained results, the presence of MNPs and longer magnetic actuation

time resulted in better chondrogenesis.

Functional MNP-based magnetic systems offer a variety of new applications, from

tissue engineering to cellular control. A promising strategy for understanding cell-

function control is magnetic mediation. Using MNP-based actuation to manipulate

cellular shape and function is a relatively recent technique that has shown great

promise in tissue engineering. In the present study, we developed 4D-bioprinted

magnetic constructs by incorporating MNPs into an SF-G bioink encapsulated

with BM-MSCs. The fundamental properties of the bioprinted constructs and their

response upon magnetic actuation were precisely characterized by advanced tech-

niques and models. The magnetic actuation test showed a linear deformation

response of the constructs as a function of the magnetic field. The applied maximum

magnetic force to the construct was calculated to be approximately 0.1 mN, which

gave rise to the maximum bending angle of around 1.59� at m0H = +0.78 T.

Theconstructswere thenmagnetically actuatedusingacompatiblesetup,and theeffects

of actuation on chondrogenesis were investigated. Magnetic actuation for a longer time

(30 min) with the cyclic application of magnetic field (on/off pattern) at the frequency of

1 Hz exhibited better articular cartilage chondrogenesis compared to that for a shorter

time (5 min). This has been ascertained from the upregulated gene expression with the

chondrogenicmarkersCol 2A1,ACAN, and SOX9 and reduced expressionof the hyper-

trophic markers Col 10A1 and MMP 13, accompanied by a correspondent increase in

GAG and collagen content. At the same time, the magnetic constructs kept under static

conditions hindered chondrogenesis. Hence, these 4D-printed constructs hold potential

regarding articular cartilage chondrogenesis.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Professor Lorenzo Moroni (l.moroni@maas

trichtuniversity.nl).

Materials availability

This study did not generate new unique reagents.

The Central Silk Technological Research Institute (Central Silk Board), Bangalore,

Ministry of Textiles, Government of India, kindly provided the Bombyx mori co-

coons. All other reagents utilized in the study are described in detail, along with

the experimental methods.

Data and code availability

All the necessary data have been provided in the main text and supplemental informa-

tion. Any additional data related to this paper can be obtained from the lead contact

upon reasonable request. This study did not generate/analyze datasets or code.

Cell culture and expansion

The Institute for Regenerative Medicine at Texas A&M Health Science Center provided

the human BM-MSCs (donor d8011L, female, age 22).71 The cells were expanded at a

density of 5,000 cells/cm2 in a proliferation medium composed of minimum essential

medium alpha (a-MEM) supplemented with Glutamax (Gibco, USA) and 10% fetal
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Figure 7. Illustration of the steps involved in the development of a 4D-bioprinted construct for articular cartilage regeneration

(A) Preparation of the magnetically decorated silk fibroin-gelatin bioink with 5 mg/mL magnetic nanoparticles.

(B) Fabrication of the 4D-bioprinted constructs, magnetic field stimulation, fundamental magnetic characterization of the material, and molecular

characterization for chondrogenic differentiation.
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bovine serum (FBS) (Sigma-Aldrich), 37.5 mg/mL ascorbic acid (Sigma-Aldrich), and

100 U/mL penicillin-streptomycin (Gibco), in an environment that was adequately hu-

midified at 37�C and 5% CO2. The cells between passages 3 and 4 were used for all

the experiments. The subculture was carried out at 80% confluence.
Preparation of the bioink

We used the procedure outlined elsewhere72 to extract the SF solution from Bombyx

mori cocoons. For the acellular bioink, the SF-G blend was obtained by dissolving

8% of the gelatin from porcine skin type A (Sigma-Aldrich) in autoclaved 5% SF so-

lution. In brief, to 800 mL of the SF solution, 80 mg of the gelatin was added, and the

resulting mixture was then incubated at 37�C for 30 min. The prepared SF-G blend

was combined with 100 mL of media supplement (103 a-MEM, Gibco) and 10% FBS

to produce the control ink.

The synthesized MNPs33 were purified several times with deionized water and dried

at 110�C. Eventually, 5 mg of the MNP was ultrasonicated (Bandelin electronic ultra-

sonicator) for 5 min in 500 mL of PBS. The volume of the resultant magnetic solution

was then adjusted with the control ink to form 5 mg/mL of the MNP-containing acel-

lular bioink. The cell-encapsulated bioink was prepared by adding 1 3 107 cells/mL

to the control ink (SF-G) and SF-G-MNP ink separately. Mushroom tyrosinase (800

units/mL; Sigma-Aldrich) was added to the bioink before printing to initiate cross-

linking, with the aim of improving the chondrogenic potential of the BM-MSCs

when the constructs were actuated magnetically (Figure 7).
Rheological analysis of the acellular bioink

Rheological measurements were carried out using a DHR-2 rheometer (TA Instru-

ments) furnishedwith a solvent trap andPeltier heating element. A 20-mmcone-plate

geometry was used with an angle of 2.002� for in situ gelation and all consecutive

measurements. All measurements were performed at 25�C, corresponding to the

gelation temperature of silk. The acellular bioinks were freshly prepared and used
Cell Reports Physical Science 5, 101819, March 20, 2024 15



Table 1. Composition of various acellular bioinks

Sample ID Silk fibroin (SF, %) Gelatin (G, %) MNPs (mg/mL)

SF-G-0 MNPs 5 8 0

SF-G-0.5 MNPs 5 8 0.5

SF-G-5 MNPs 5 8 5

SF-G-50 MNPs 5 8 50
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directly for the experiments. The samples are reported in Table 1. The rheometer was

immediately loaded with 84 mL of the sample to study the impact of shear on various

inks at 25�C. The flowbehavior (pre-crosslinking) was assessed in the shear rate range

of 0.1–1,000 s�1.

All of the blends’ dynamic storage (G0) and loss modulus (G00) were determined in

oscillatory mode at 25�C post crosslinking using mushroom tyrosinase. By maintain-

ing the frequency constant at 1 Hz during the amplitude sweep measurement, the

materials were examined for strain values ranging from 0.1% to 1,000%. Further,

the prepared inks were analyzed using a frequency sweep measurement with a fre-

quency range of 10–1,000 rad s�1 while maintaining a constant strain of 1%.
Fabrication of the 4D-bioprinted constructs

A custom-written code in Python (version 3.7.0; Python Software Foundation) was

generated to create the pathway for the extruder. Using the sinusoidal function,

the Y coordinate was calculated (Equations 1 and 2). Thereafter, cutoff values

were set to mark the construct’s boundaries.

Y ðxÞ = A sinðux + 4Þ (Equation 1)
Y ðxÞ = A sinð�ux + 4Þ (Equation 2)

For this study, A, u, and 4 were kept at a constant value of 100, 22, and 0, respec-

tively. A is amplitude of the sine wave, u is angular frequency of the sine wave, x

is the x coordinate of the printed path, and 4 is phase difference.

A sterile 3-mL syringe with a pneumatic piston was gently loaded with the human

BM-MSCs-laden SF-G and SF-G-MNP bioink. Air bubbles in the syringe were

removed before the bioink could gel and then mounted into the bioprinter’s

(BioScaffolder 3.1, GeSiM, Germany) pressure-based direct dispensing printhead.

All the constructs were printed using a microcapillary nozzle with a diameter of

200 mm (Nordson EFD Tapered Tip, 27 gauge), a pressure of 65 G 20 kPa, and a

speed of 3,000 mm s�1. The final 4D-bioprinted construct was 10 mm 3 10 mm in

length and width, 1.75 mm in height, and composed of seven layers. To produce

a suitable initial degree of reticulation, the printing was done 20 min after adding

mushroom tyrosinase.

Before transferring into the non-adherent 6-well plate (Thermo Fisher Scientific), the

printed constructs were held at room temperature for approximately 20–30 min. The

cells encapsulated within the constructs were first allowed to expand in the cell-pro-

liferation medium for 48 h before being switched to the chondrogenic medium for

chondrogenic differentiation. DMEM/F12 (Gibco) supplemented with Glutamax,

1% 1003 ITS (insulin-transferrin-selenium) liquid media supplement, 40 mg/mL pro-

line (Sigma-Aldrich), 0.1 mM dexamethasone (Sigma-Aldrich), 37.5 mg/mL ascorbic

acid (Sigma-Aldrich), 100 U/mL penicillin-streptomycin (Gibco), and 10 ng/mL

TGF-b1 (PeproTech) made up the chondrogenic medium. The 4D bioprinted
16 Cell Reports Physical Science 5, 101819, March 20, 2024
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constructs weremaintained in the chondrogenic differentiationmedium until day 21.

The medium was changed every other day.
Field-emission scanning electron microscopy imaging

The acellular printed constructs were air-dried after the dehydration in ethanol. Sam-

ples were then gold-sputtered using an EMITECH K550X (UK) sputter coater and

were imaged using a JEOL JSM-7500F (JEOL, Japan) field-emission scanning elec-

tron microscope.
Magnetic measurements: Quantification of the thermal and actuation

response in a magnetic field

Magnetic hysteresis loops of the construct were measured as a function of an

external magnetic field up to |m0H| = 1 T at room temperature by an alternating

gradient force magnetometer (MicroMag 2900). We applied the magnetic field

with respect to different directions of the construct’s plane: along the edges, 45� in-
clined concerning the constructs plane, and perpendicular to the constructs plane.

The sample was measured in a quasi-dehydrated condition (Figure S1A).

Magnetic hyperthermiameasurements under AMFwere performed by an AC applicator

(DM100; nanoScale Biomagnetics, Zaragoza, Spain). The measure consists of recording

the temperature increase of the sample dispersion over time in an AMF. The device al-

lows performing measurements in quasi-adiabatic conditions, and the frequency and

strength of the applied field can be selected between 149 and 429 kHz and between

15 and 25 mT, respectively. An optical-fiber sensor measures the temperature variation

in a 1-mL PBS dispersion containing 20 mg of the MNPs. Measurements were also per-

formed using 1 mL of IPA as a dispersant to investigate the influence of the viscosity of

the dispersant on the hyperthermia properties. Table S1 shows the different viscosity of

PBS and IPA upon increasing the temperature from 20�C to 50�C. Hyperthermia mea-

surements were performed on a construct immersed in 1 mL of PBS in the applied fre-

quency f = 429 kHz and the magnetic field |m0H| = 25 mT. The MNPs in one construct

were estimated to be approximately 0.55 mg.

The SAR at a specific frequency and strength of the magnetic field is calculated

through the following formula:

SAR =
C

m
3
dT

dt
; (Equation 3)

where C is the specific heat capacity of the dispersant per unit volume (CPBS z cwater z

4,179.6 J/kL, CIPA z 2,106.48 J/kL), m is the concentration of the sample (mgiron oxide/

mL) and dT
dt is the initial slope of the temperature curves after 5, 10, 20, and 30 s depend-

ing on the slope of the obtained curves. In all cases, the measurements were performed

from a stabilized thermal condition of the sample at approximately 21�C.

The deformation of the construct inducedby an externalmagnetic fieldwas investigated

by an in-house-built optical setup. A piece of a siliconwafer wasmounted on the fronting

free edge of the construct. This wafer acts as a laser beam mirror. The opposite side of

the construct was glued to a capillary tube from the edge in a flag-fashion shape (Fig-

ure S2). The flag was immersed and fixed in a transparent glass bottle containing PBS.

The bottle was placed between the poles of an electromagnet capable of applying

reversible magnetic fields up to 1 T in the position of the sample. One laser beam

was focused on the sample wafer, and the reflected beam was observed on a screen.

The deformation of the construct induced by the magnetic field produces a change in
Cell Reports Physical Science 5, 101819, March 20, 2024 17



Figure 8. Schematic representation showing magnetic field actuation of the bioprinted constructs and the entire sample set for molecular

characterization
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the reflection beam, observed in the displacement of the laser spot on the screen. De-

tails of the setup are described in Figures S2 and S3.

Magnetic field actuation of the bioprinted constructs for molecular

characterization

The constructs were magnetically actuated by an electromagnet (1,900 N, 12 V DC,

Conrad) applying a cyclic ON/OFF magnetic field of m0Hz 68.2 mT to induce actu-

ation with a frequency of 1 Hz. For the purpose of magnetic field actuation, the con-

structs were taken out of the incubator for 5 min or 30 min every other day (for

maximum 7 or 21 days). In addition, two samples were always kept in the incubator

through the entire experiment: the constructs without the MNPs that served as a

control and the sample that were kept at a static condition with nomagnet field actu-

ation. In total, four groups were examined: control—SF-G only, i.e., the construct

without MNPs, static-magnetic constructs maintained in an incubator at a static

condition, 5-min magnetic constructs actuated for 5 min, and 30-min magnetic con-

structs actuated for 30 min. The overall process of magnetic actuation is depicted in

a schematic form in Figure 8.

Gene expression analysis

The bioprinted constructs were collected on days 7 and 21. The constructs from all

the groups and the control set were digested with 250 mg/mL Protease XIV enzyme

(Sigma) for 20 min at 37�C to isolate the embedded cells.43,73 Centrifugation at

1,200 rpm separated the cells from the gel debris. According to the manufacturer’s

instructions, total RNA was extracted using the RNeasy Minikit with on-column

DNase treatment (Qiagen). RNA quantity and quality were assessed using a

BioDrop mLITE+ (BioDrop, Cambridge, UK). Following the manufacturer’s instruc-

tions, cDNA was synthesized utilizing at least 100 ng of total RNA employing the

Bio-Rad iScript cDNA synthesis kit in a 20-mL reaction. Due to the low concentration

of cDNA recovered from the constructs, SSO Advanced PreAmp Supermix (Bio-Rad)

was used for the pre-amplification stage. For quantitative PCR (qPCR), 10 mL of iQ

SYBR Green Supermix (Bio-Rad), 0.2 mM forward and reverse primers (Table 2),

3 ng of cDNA, and diethyl pyrocarbonate-treated water were employed. An equiv-

alent volume of DNase- and RNase-free water was used for no-RT controls. The

samples were incubated for 3 min at 95�C in a CFX96 IVD Real-Time PCR system

(Bio-Rad), and 39 cycles of 15 s at 95�C and 30 s at 58�C thermocycling were per-

formed. GAPDH was used as a housekeeping gene. The 2�DDCt technique was
18 Cell Reports Physical Science 5, 101819, March 20, 2024



Table 2. List of genes analyzed using RT-qPCR

Gene name Full name Forward primer 5’-3’ Reverse primer 3’-5’

GAPDH glyceraldehyde-3-
phosphate
dehydrogenase

ATG GGG AAG
GTG AAG GTC G

TAA AAG CAG CCC
TGG TGA CC

Col 1A1 collagen type I alpha
1 chain

AGG GCC AAG
ACG AAG ACA TC

AGA TCA CGT CAT
CGC ACA ACA

Col 2A1 collagen type II alpha
1 chain

GGC AAT AGC
AGG TTC ACG
TAC A

CGA TAA CAG TCT
TGC CCC ACT T

Col 10A1 collagen type X alpha
1 chain

GAC TCC CTC CTC
ACT GTC GC

AGG GAA GTC TCC
CTC ACT TGT

ACAN aggrecan AGG CAG CGT GAT
CCT TAC C

GGC CTC TCC AGT
CTC ATT CTC

SOX 9 SRY-box transcription
factor 9

TTC CGC GAC GTG
GAC AT

TCA AAC TCG TTG
ACA TCG AAG GT

MMP 13 matrix metalloproteinase-13 CCA GAC TTC ACG
ATG GCA TTG

GGC ATC TCC TCC
ATA ATT TGG C
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used to determine relative gene expression. Monolayer human BM-MSCs at day

0 (cultured without chondrogenic factors) were used as a comparator or control.

Estimation of DNA, glycosaminoglycan, and total collagen content

For DNA quantification, the constructs were collected on days 7 and 21, put in Ep-

pendorf tubes, snap-chilled immediately in liquid nitrogen, and kept at �80�C until

further analysis. The constructs were then thawed at room temperature. Proteinase K

treatment was used for the digestion of the ECM. Samples were kept in 1.5-mL Ep-

pendorf tubes and treated for 16 h at 56�C with 250 mL of 50 mM Tris/1 mM EDTA/

1 mM iodoacetamide solution containing 1 mg/mL proteinase K solution. After

digestion, the samples were freeze-thawed thrice in liquid N2 to aid DNA extraction.

DNA content was assessed using a CyQuant cell-proliferation assay kit (Thermo

Fisher). In brief, samples were lysed in a lysis buffer containing RNase A for 1 h at

room temperature to degrade the cellular RNA. A 96-well plate was filled with

100 mL of each sample (done in triplicate) and 100 mL of 23 GR-dye solution, after

which the mixture was allowed to sit for 15 min at room temperature. DNA standard

solution was used to prepare a standard curve, and fluorescence intensity was

measured at 520 nm, the emission wavelength (excitation wavelength of 480 nm).

Proteinase K digestion steps were further employed to measure GAG content using a

1,9-dimethylmethylene blue zinc chloride double salt (DMMB; Sigma-Aldrich) solution

(16mg/LDMMB). In brief, the absorbancedifference at 525 and 595 nmwas determined

after 150 mL of DMMB solution was combined with 25 mL of sample and 5 mL of 2.3 M

NaCl on a well plate with a transparent bottom. The acquired standard curve from

shark-cartilage-derived chondroitin sulfate was used to compare the data.74

The total collagen content of thebioprinted constructswas calculated using the hydroxy-

proline assay.75 ProteinaseK-treated samples underwent18hofhydrolysis in12MHCl at

120�C. Thematerial was then dried for 48 h at 55�C under a chemical safety cabinet. The

driedmasswas reconstituted inH2O.One hundredmicroliters of chloramineT/oxidation

buffermixturewas added to each sample and standard, then incubated at room temper-

ature for 20min.One hundredmicroliters of the diluteddimethylaminobenzaldehyde re-

agent was added to each sample and standard, then incubated for 20 min at 60�C. The
absorbance was measured at 560 nm. The readings were corrected by subtracting the

blank value. The amount of hydroxyproline in the samples was determined based on

the standard curve. The data were adjusted to reflect the dry weight of the construct

before digestion. According to the reports,75 collagen contains 13% hydroxyproline or
Cell Reports Physical Science 5, 101819, March 20, 2024 19
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a ratio of 1:7.69 between hydroxyproline and collagen, based onwhich the estimation of

the collagen content was carried out.

Statistical analysis

All data were analyzed using one-way ANOVA and Bonferroni’s multiple comparison

tests. The data were reported as mean G SD with n indicating the number of

different experiments. The differences were considered significant at p % 0.05 (*),

p % 0.01 (**), p % 0.001 (***), and p % 0.0001 (****). GraphPad Prism 5.01

(GraphPad, San Diego, CA, USA) was utilized for the statistical analysis.
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Santis, R., Gloria, A., Ambrosio, L., Tampieri, A.,
Dediu, V., and Rivas, J. (2011).
Poly(caprolactone) based magnetic scaffolds
for bone tissue engineering. J. Appl. Phys. 109,
07B313. https://doi.org/10.1063/1.3561149.

52. Tognato, R., Armiento, A.R., Bonfrate, V.,
Levato, R., Malda, J., Alini, M., Eglin, D.,
Giancane, G., and Serra, T. (2019). A Stimuli-
Responsive Nanocomposite for 3D Anisotropic
Cell-Guidance and Magnetic Soft Robotics.
Adv. Funct. Mater. 29, 1804647. https://doi.
org/10.1002/adfm.201804647.
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