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SUMMARY

Biomaterial-associated microbial contaminations in biologically conducive three-
dimensional (3D) tissue-engineered constructs have significantly limited the
clinical applications of scaffold systems. To prevent such infections, antimicrobial
biomaterials are rapidly evolving. Yet, the use of such materials in bioprinting-
based approaches of scaffold fabrication has not been examined. This study intro-
duces a new generation of bacteriostatic gelatin methacryloyl (GelMA)-based
bioinks, incorporated with varying doses of antibacterial superparamagnetic
iron oxide nanoparticles (SPIONs). The SPION-laden GelMA scaffolds showed
significant resistance against the Staphylococcus aureus growth, while providing
a contrast in magnetic resonance imaging. We simulated the bacterial contamina-
tion of cellular 3D GelMA scaffolds in vitro and demonstrated the significant ef-
fect of functionalized scaffolds in inhibiting bacterial growth, while maintaining
cell viability and growth. Together, these results present a new promising class
of functionalized bioinks to 3D bioprint tissue-engineered scaffold with markedly
enhanced properties for the use in a variety of in vitro and clinical applications.

INTRODUCTION

Additive biomanufacturing techniques, such as three-dimensional (3D) bioprinting, have emerged in the

tissue engineering field, offering many advantages in developing tissue models for use in regenerative

medicine applications (Chan et al., 2020; Chung et al., 2020; Serpooshan and Guvendiren, 2020; Tomov

et al., 2019a). By controlling the size, shape, and architecture of manufactured constructs, 3D bioprinting

allows for the assembly of tissue analogs with highly biomimetic structural and functional properties.

The bioink, which is typically a blend of biomaterials, biological and chemical components, and often times

living cells, is a critical component of tissue bioprinting and structure fidelity (Hölzl et al., 2016; Ning et al.,

2020; Tomov et al., 2020). Commonly, materials such as biodegradable hydrogels have been used as the

base of bioinks as they inherently mimic the native tissue microenvironments and properties (Lee and

Kim, 2018). Specifically, the use of gelatin methacryloyl (GelMA) as a bioink has recently gained increasing

attention in the field due its facile tunability, adequate biocompatibility and bioactivity, and the ability to

covalently crosslink via various light activated photoinitiators (Yue et al., 2015). GelMA hydrogel bioinks can

be readily incorporated with factors, such as nanoparticles (NPs), to create composite functionalized bio-

inks for diverse tissue engineering applications (Tomov et al., 2020). This allows for the formation of a

colloidal matrix that can further improve the structural stability and print fidelity along with increasing

the desired biological properties of the hydrogel composite matrix (Bhattacharyya et al., 2021).

Clinical-scale tissue bioprinting and in vitro and in vivo applications of 3D printed scaffolds have been chal-

lenged by the difficulty to maintain these constructs infection free, particularly pre-operation (Busscher

et al., 2012; Kuijer et al., 2007; Zimmerli and Trampuz, 2013). This is mainly due to their inherent nature as highly

favorable culture systems. Biomaterial-related bacterial infection is a common cause of graft failure of im-

planted devices in vivo (Zimmerli and Trampuz, 2013). Staphylococcus aureus (S. aureus) is a member of the

normal human skin microbiota and one of the most common causes of hospital-acquired infection and wound

infection following surgery (Offerhaus et al., 2019). Increasing rates of antibiotic resistance make treatment of

these infections difficult and have led to an emphasis on prophylaxis, infection control, and antisepsis (Johnson

and Garcia, 2015). Commonly, organic antimicrobial compounds have been utilized to tackle this issue
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(Greenhalgh et al., 2019). Yet, such methods face major challenges due to their toxicity and/or antibiotic resis-

tance rate, whereas the interest in inorganic disinfectants such as metal oxides is increasing (Abat et al., 2018;

Hajipour et al., 2012). A variety of GelMA-based hydrogel systems with enhanced antibacterial properties have

been created, including the polycaprolactone-GelMA-cephalexin electrospun nanofibrous scaffolds for

wound healing applications (Bakhsheshi-Rad et al., 2019), a GelMA-based hydrogel drug delivery system

used for local delivery of antibiotic cefazolin (Vigata et al., 2021), and a 3D printed GelMA scaffold laden

with antibacterial tetrapodal zinc oxide microparticles (Siebert et al., 2021). While significant progress has

been made, a GelMA-based bioink, with well-characterized antibacterial, printability, imaging, and cell sup-

port characteristics, has not been established for 3D bioprinting applications.

Recent advances in the use of nanobiomaterials for tissue engineering and cell therapy applications have

shown great promise in eliciting desired cellular and tissue response (Kumar and Abrahamse, 2020; Ser-

pooshan et al., 2018; Uskokovic, 2017). The versatile and unique properties of NPs have rapidly established

their use in a wide range of clinical applications such as drug delivery, targeted therapy, thermal ablation,

medical imaging, and more relevantly 3D printing (Hasan et al., 2018). More recent studies have uncovered

key advantages of NPs over traditional antibiotics (e.g., penicillin, methicillin, erythromycin, and vancomy-

cin) to combat microbial activity (Khezerlou et al., 2018; Wang et al., 2017). In particular, superparamagnetic

iron oxide NPs (SPIONs) have attracted growing attention as contrast agents for MRI and as robust antibac-

terial agents (Ai et al., 2016; Hajipour et al., 2021; Nehra et al., 2018). The antibacterial properties of SPIONs

are tunable by controlling their size, which is of high importance due to the differences in cell envelope

between Gram-positive and Gram-negative bacterial species (Tran et al., 2010). In this study, we incorpo-

rated varying doses of SPIONs in 3D bioprinting of tissue engineering scaffolds and examined the NPs

effect on biofilm formation and MRI visibility of constructs (Mahmoudi et al., 2016). Bioprinted GelMA

constructs, functionalized with the antibacterial NPs, provided mechanical stability for the in vitro 3D cul-

ture, and supported endothelial cell viability and growth, while exhibiting significant bacteriostatic effect.
RESULTS AND DISCUSSION

To date, the use of tissue-engineered scaffolds andmedical devices is hindered by the biomaterial-associated

infection as well as the impaired visibility of the 3D scaffolds in both in vitro and in vivo applications. We

recently demonstrated that incorporation of SPIONs into a collagen type I-based cardiac patch could offer

MRI-visibility, while impeding the growth of Salmonella bacteria in the patch (Mahmoudi et al., 2016). This

work evaluated, for the first time, the use of these FDA-approvedNPs in developing a novel generation of func-

tionalized bioinks for 3D bioprinting of anti-infection andMRI-visible tissue constructs. As the fields of additive

biomanufacturing and tissue bioprinting advance toward in situ fabrication of biological products into the pa-

tient body and other translational applications (Agarwal et al., 2020; Albanna et al., 2019; Singh et al., 2020), the

need for anti-infection bioinks that also allow for noninvasive, longitudinal monitoring of engineered scaffolds

is paramount. In this study, GelMA-based bioinks were supplemented with varying concentrations of SPIONs

and their cytocompatibility, resistance to bacterial growth, and MR imaging properties were assessed in vitro

(Figure 1). The specific range of SPION concentration (100–500 mg/mL) was selected based upon our prior ex-

periences working with these engineered NP systems (Mahmoudi et al., 2011a, 2012a, 2012b; Sharifi et al.,

2012). Doses lower than 100 mg/mL would not yield sufficient antibacterial or imaging effects (Mahmoudi

et al., 2011a). Concentrations higher than 500 mg/mL often result in particle aggregation, which could be detri-

mental for the extrusion bioprinting processes; there could also be the risk of cytotoxicity at higher SPION

doses (Mahmoudi et al., 2012a, 2012b; Sharifi et al., 2012).

Printing fidelity measurements of a two-layer cross hatch design, at 1.5X and 43magnifications, demonstrated

a relative reproducibility for each bioink composition including the control GelMA group (10% w/v), and

GelMA supplemented with 100, 200, and 500 mg/mL of SPIONs (Figures 2A and 2B, Table S1). The geometric

parameters of each print were compared against those in the CAD model to obtain the strand diameter Dr ,

strand uniformity Ur , strand angle ar , and inter-strand area Ar ratios (Equations 5–8, Figure 2C). The strand

diameter ratio (Dr ) varied between 1.13 and 1.83 for the four study groups. The 200 and 500 mg/mL SPION

groups showed significantly higher Dr ratios (p < 0.0001), compared to the control and 100 mg/mL SPION

groups, suggesting reduced printing fidelity once the NP concentration exceeds a certain (optimal) threshold.

This is while strand uniformity (Ur ) ranged from 0.97 to 0.99, and inter-strand angle (ar ) ratios ranged from 0.96

to 1.01 for all groups, with no significant differences (p > 0.05). The approximation of Ur and ar ratios to 1 sig-

nifies the appropriate 2D and 3D printing accuracy in reference to the CAD model. The inter-strand area (Ar )

ranged at higher values, however, from 1.59 to 1.64, while there were still no significant differences (p > 0.05)
2 iScience 25, 104947, September 16, 2022



Figure 1. Schematic overview of the experimental design for the fabrication and in vitro analysis of bacteriostatic

3D scaffold systems

(A–E) A CAD model of the 3D geometry of interest was designed (A) and bioprinted (B) using various GelMA bioinks

containing 0 (control), 100, 200, and 500 mg/mL of superparamagnetic iron oxide nanoparticles (SPIONs) to create the 3D

scaffolds (C). Bioprinted scaffolds were assessed for printing fidelity, mechanical, and MR imaging properties (D), and

seeded with human cells (fluorescently tagged endothelial cells) and/or bacteria (luminescent Staphylococcus aureus)

(E) for the in vitro 3D culture assays.

(F) The time line for the in vitro culture assays. Constructs were cultured either for 5 days (bacteria and human cell

coculture) or 14 days (endothelial cell culture) and examined via AlamarBlue and imaging techniques. In panel (F), gray

color represents the experimental steps for both bacteria and cell culture assays; brown: steps for the bacteria assays; and

green: steps for the endothelial cell culture
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across the study groups. Overall, the no SPIONs and 100 mg/mL SPIONs bioinks exhibited the optimal printing

fidelity characteristics. Qualitative evaluation of SPION-laden bioinks suggested no significantly adverse effect

of the incorporated NPs in the photocrosslinking process of the GelMA hydrogel, as also reported by other

groups (Kurian et al., 2022). Potential effect of SPIONs incorporation on the crosslinking of GelMA bioinks

can be precisely examined, in the future works, using NMR analysis (Ning et al., 2020).

Incorporation of nanostructuredmaterials into scaffolding biomaterials has been frequently used to tune or

enhance the mechanical properties of engineered tissues (Corona-Gomez et al., 2016; Hasan et al., 2018;

Shokouhimehr et al., 2021). To examine the effect of SPIONs on the mechanical properties of GelMA con-

structs, we conducted unconfined uniaxial compression and microindentation tests (Figure 3, Table S2).

Unconfined compression demonstrated relatively high levels of elasticity for the control (no SPIONs) and

SPION-loaded GelMA constructs (Figure 3A). Incorporation of SPIONs into the bioink resulted in a
iScience 25, 104947, September 16, 2022 3



Figure 2. Printing fidelity assessment of functionalized bioinks

(A) Representative optical (bright-field) images acquired for fidelity measurements for each GelMA bioink group:

0 (control), 100, 200, and 500 mg/mL SPIONs, at 1.5X (top) and 43 (bottom) magnifications. Scale bars in top and bottom

rows represent 2 mm and 1 mm, respectively.

(B) Definition of the four geometric ratios quantified from microscopy images in (A) to assess fidelity of a 2-layer printed

GelMA structure. These parameters include the strand diameterDr , strand uniformity Ur , strand angle ar , and inter-strand

area Ar ratios (Equations 5–8).

(C) Comparison of quantified geometric ratios, defined in (B), for the four GelMAbioink compositions used at time zero of this

study (immediately post printing). An n = 5 per experimental group was used for quantitative assays. **** p value < 0.0001.
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decrease in the compressive modulus of bioprinted constructs which became significantly lower in the

500 mg/mL SPIONs group (32.0 G 5.0 kPa) in comparison to the control GelMA group (49.0 G 14.0 kPa)

Figure 3B). Microindentation tests showed a similar trend in the elasticity of SPION-free and SPION-loaded

constructs (Figure 3C). Consistent with the compressive test, the elastic moduli measurements obtained

from indentation showed a decreasing trend in the moduli by increasing the dose of SPIONs in the bioink,

ranging from 143.8 G 24.5 kPa (no SPIONs) to 100.8 G 20.2 kPa (100 mg/mL SPIONs) (Figure 3D). Of note,

however, the 500 mg/mL SPIONs group showed no significant difference in moduli (126.5 G 12.5 kPa) in

comparison to the GelMA control.

Stiffness measurements from unconfined compression curves indicated no significant differences across

four groups, and those obtained from microindentation showed significant difference in the stiffness

only between control and the 100 mg/mL SPIONs groups (Figure S1). Consistent with our previous studies

(Shokouhimehr et al., 2021), the overall reduction in elastic moduli (and partly stiffness) of SPION-laden

scaffolds can be attributed to the potential role of NPs in blocking the bonds within the GelMA polymeric

backbone, partially preventing the photocrosslinking of the LAP photoinitiator. Furthermore, the SPIONs

may facilitate the formation of microcracks and also inhibit the fusion of micro-extruded GelMA layers, re-

sulting in material instability (Shokouhimehr et al., 2021). The noticeable differences in themeasured elastic

moduli and stiffness of printed samples under compression vs. microindentation test (Figure 3 and S1) are

expected due to the inherently distinct testingmodalities, probing macro vs. micro-scale mechanical prop-

erties of hydrogels (Miller and Morgan, 2010).

To date, SPIONs are extensively used as contrast agent for noninvasive labeling and tracking of a variety of

biological reagents, including cells, scaffolds, and therapeutic macromolecules (Li et al., 2013; Mahmoudi
4 iScience 25, 104947, September 16, 2022



Figure 3. Mechanical characterization of bioprinted constructs loaded with varying quantities of

superparamagnetic iron oxide nanoparticles (SPIONs)

(A and B) Unconfined compression test conducted (at a 50% total strain at 20 mm/s) on bioprinted GelMA scaffolds

containing no SPIONs (control), 100, 200, and 500 mg/mL SPIONs (n = 4 per group). Elastic moduli (B) were calculated from

the slope of the stress-strain curves at the initial 0%–20% interval.

(C and D) Microindentation tests were conducted on GelMA constructs using a 500 mm probe, with a depth of 100 mm at

2 mm/s (n = 5 per group). Elastic moduli were calculated based on the force-displacement unloading curves as described

in STAR Methods (the slope of the linear trend line at initial 5–20%). * p value < 0.05, ** p value < 0.01.
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et al., 2011b, 2016; Neuwelt et al., 2015). In this work, we evaluated the enhanced imaging properties of

bioprinted scaffolds, laden with varying concentrations of SPIONs. Magnetic resonance (MR) images of

printed structures embedded in 2% agarose (simulating soft tissue) demonstrated the remarkable effect

of SPIONs incorporation on the in vitroMR visibility of bioprinted scaffolds (Figures 4A–4D). T2*-weighted

MR images showed a significant contrast induced by varying concentrations of magnetic NPs within the 3D

constructs (Figures 4B–4D) in comparison to the control (no SPIONs) group (Figure 4A). No noticeable dif-

ferences were observed in the resulting MR contrast across four study groups. The MR imaging results

obtained here demonstrate a robust potential for conducting further quantitative analyses on bioprinted

constructs in the future applications. The strong imaging contrast generated by the embedded SPIONs can

enable precise fidelity measurements. Furthermore, comprehensive MRI imaging can be used to generate

a standard curve for varying concentrations of SPIONs. Such data can then be used to predict/measure the

SPION content within a given 3D construct in a rather noninvasive manner. We are currently working on uti-

lizing a similar approach, based on computed tomography (CT) imaging and various CT contrast agents, to

enable longitudinal and noninvasive analysis of 3D bioprinted GelMA constructs (Gil et al., 2021).

To evaluate the potential cytotoxic effect of SPIONs, a human umbilical vein cell (HUVEC) line and the

NIH3T3 fibroblast cell line were seeded in a 2D environment (tissue culture plastic) with no SPIONs (con-

trol), or with 100, 200, or 500 mg/mL of SPIONs in the media. These two cell types were selected as

some of the most commonly used cells in various tissue engineering and 3D bioprinting applications (Cet-

nar et al., 2019; Naderi et al., 2011; Scientific, 2015; Tomov et al., 2019b). All AlamarBlue readouts were

normalized by the day 1 data for each group. In 2D culture, the SPION-free group showed a 5-fold signif-

icant increase in HUVEC viability and growth at day 7 (p < 0.0001), while the HUVECs cultured with varying

concentrations of SPIONs all exhibited a significant decrease (p < 0.0001) (Figure 5A). The NIH3T3 cells

seeded in 2D showed an increase in cell viability and growth over time in the control (no SPIONs) and

the 500 mg/mL SPIONs groups Figure 5B). Interestingly, there were no significant decreases in cell viability

at day 7 for the NIH3T3 cells in contrast to the HUVEC results, suggesting greater tolerance of the fibroblast

line against the NP-associated cytotoxic effects (as reported before (Kong et al., 2011; Sahu et al., 2016)). Of

note, in both EC and fibroblast cells, clathrin and caveolae-mediated endocytosis are the common
iScience 25, 104947, September 16, 2022 5



Figure 4. Magnetic resonance imaging (MRI) of 3D bioprinted constructs loaded with varying quantities of

superparamagnetic iron oxide nanoparticles (SPIONs)

(A–D) GelMA constructs laden with no SPIONs (control) (A), 100 (B), 200 (C), and 500 (D) mg/mL SPIONs were imaged

in vitro via MRI. T1 weighted images from top (coronal, left) and T2* weighted images from side (axial, right)

demonstrated the resulting significant contrast in the magnetic 3D scaffolds. Inset in panel (A, top left) shows the 3D CAD

design used to bioprint the scaffolds. Scale bars represent 10 mm.
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receptors used for the uptake of NPs, including the SPIONs (Behzadi et al., 2017; Pottler et al., 2017; Rejman

et al., 2004; Salingova et al., 2019). Thus, the SPION uptake in these cells can be regulated by manipulating

these cell receptor pathways, as well as tuning the NP properties (e.g., size, protein corona, and surface

charge) (Behzadi et al., 2017; Rejman et al., 2004).

Cytotoxicity effects were also studied in the 3D bioprinted GelMA constructs for up to 14 days (Figures 5C

and 5D). Both HUVECs and fibroblast cells were seeded into the 3D constructs post bioprinting and cross-

linking. HUVECs showed high viablility on the SPION-free, as well as the 100 and 200 mg/mL SPIONs con-

structs, with amaximum viability at day 10 (Figure 5C). Most favorable 3D substrates for HUVEC viability and

proliferation were the control and 200 mg/mL SPION-laden GelMA constructs. NIH3T3 fibroblasts dis-

played a similar trend in 3D conditions with a maximum cell viability at day 10 (Figure 5D). At day 14, fibro-

blasts in the 500 mg/mL SPIONs group showed significantly lower viability than the other SPION-laden and

SPION-free groups. Overall, the 200 mg/mL SPIONs group demonstrated the optimal support for cell

viability and growth, while also providing adequate levels of printing fidelity (Figure 2), mechanical prop-

erties (Figure 3), and MRI contrast (Figure 4). The increased AlamarBlue readout in the 200 mg/mL groups

for both cell types could be related to the increased cell metabolic activity to uptake the SPIONs (as re-

ported before (Shokouhimehr et al., 2021)), while there is still no significant toxicity exerted by these par-

ticles. The noticeable difference observed in the 2D vs. 3D cell toxicity in response to SPION exposure

(Figures 5A–5D) can be attributed to the significant effect of 3D bioprinted GelMA scaffold in sequestering

the embedded SPIONs within the 3D bioink, hence, limiting/controlling the cytotoxic effect on cells.

Immunohistochemical staining and confocal imaging of bioprinted constructs following 7 days of 3D cul-

ture demonstrated significant cellularization of GelMA material with HUVECs (Figure 5E) and fibroblasts

(Figure 5F). Both EC and fibroblast cells grew a multilayer coating onto the bioprinted GelMA scaffolds

and demonstrated adequate attachment and morphology. In particular, ECs formed a rather continuous

endothelium-like structure onto the porous structure Figure 5E).

Scaffold biomaterial-associated infection, with pathogens such as S. aureus (Gristina, 1987), is a significant hur-

dle that has limited clinical applications of tissue-engineered implants (Darouiche, 2004; Johnson and Garcia,

2015; Qiu et al., 2007). While current strategies to prevent such infections, including antibiotic therapies, have

been helpful, there still remain multiple challenges. Bacteria continuously develop resistance against common

antibacterial agents (e.g., antibiotics) (Speert, 1996). Other drawbacks for conventional antimicrobial agents
6 iScience 25, 104947, September 16, 2022



Figure 5. Evaluating cytotoxic effect of varying concentrations of superparamagnetic iron oxide nanoparticles (SPIONs) on cells in 2D and 3D

conditions

(A and B) Evaluating the SPIONs cytotoxicity effect on HUVECs in 2D (A) and 3D bioprinted GelMA constructs (B). AlamarBlue reduction was quantified and

normalized by the readout at day 1 for each group, as a measure of cell viability and growth (metabolic activity). Study groups included: no SPIONs (control),

100, 200, and 500 mg/mL SPIONs (n = 4 per group).

ll
OPEN ACCESS

iScience 25, 104947, September 16, 2022 7

iScience
Article



Figure 5. Continued

(C and D) AlamarBlue analysis of NIH3T3 fibroblasts cultured with varying concentrations of SPIONs in 2D (in culture media, C) and 3D bioprinted GelMA

constructs (embedded within GelMA, D) (n = 4 per group).

(E and F) Immunohistochemical imaging of 3D bioprinted GelMA scaffolds following 7 days of 3D culture of HUVECs (E) and fibroblasts (F). In panel (E),

HUVECs are cytoplasmic GFP positive (green) and DAPI stained nuclei (blue). In panel (F), F-actin (red) and DAPI (blue) staining were used. Scale bars in E and

F represent 100 and 200 mm, respectively. * p value < 0.05, ** p value < 0.01, *** p value < 0.001, and **** p value < 0.0001. Asterisks in color indicate statistical

significance for each group in comparison to the prior time point.
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are the adverse side effects, primarily an intolerable toxicity (Damour et al., 1992; Mohamed et al., 2018). Thus,

alternative strategies to treat biomaterial-associated bacterial infections have been developed. Among them,

NPs have emerged as novel and highly effective antimicrobial agents, owing to their high surface area to vol-

ume ratio, which confers them distinct properties (Mahmoudi and Serpooshan, 2012; Mahmoudi et al., 2016;

Wang et al., 2017). Multiple types of antimicrobial NPs, including SPIONs (Mahmoudi et al., 2016; Taylor et al.,

2012), have shown great efficacy in treating infectious diseases, including antibiotic-resistant ones (Hajipour

et al., 2012; Wang et al., 2017). In this study, for the first time, we examined the incorporation of SPIONs

into GelMA bioinks as a novel approach to 3D bioprint antibacterial (i.e., bacteriostatic) scaffold systems. Bio-

printed constructs were seededwith a luminescent S. aureus strain to assess the antibacterial effects (Figure 6).

Embedded SPIONs within the constructs resulted in significant reduction of S. aureus bacteria, particularly in

the 200 and 500 mg/mL SPION groups which showed 31% and 45% reductions in luminescence intensity,

respectively, in comparison to the 3D control (Figures 6A and 6B). Of note, 3D printed GelMA constructs

without SPIONs showed slightly (not significant) higher levels of bacterial activity and growth (�26%) when

compared to the 2D culture, which suggests the favorable environment of 3D scaffolds to grow bacteria as

reported before (Mahmoudi et al., 2016). In comparison to the 3D constructs without SPIONs, the

500 mg/mLSPIONgroup showed�57% reduction in bacteria growth (Figure 6B). The percentages of reduction

in bacteria count reported here are consistent with previous reports (Mahmoudi et al., 2016; Shokouhimehr

et al., 2021), indicating a �20%–40% reduction in bacterial growth, when comparable levels of SPIONs were

incorporated into 3D scaffold systems. Thus, while such solutions do not fully eradicate bacteria in 3D culture,

they are primarily proposed as a preventive measure to stop the initiation of bacterial films and control their

growth in 3D scaffolds (Hajipour et al., 2012).

We subsequently simulated the bacterial infection of 3D HUVEC cultures in bioprinted GelMA constructs

(Figures 6C–6E). On day 3, prior to addition of bacteria, AlamarBlue results demonstrated higher (signifi-

cant for the 100 mg/mL group) EC viability and growth after 3 days of culture in the SPION-laden groups

compared to the 3D control (empty GelMA) (Figure 6C). This confirmed the cytocompatibility of SPIONs

at the selected concentrations while embedded within the 3D matrix (Saei et al., 2017; Wei et al., 2021).

The increase in EC viability/growth observed here for the 100 mg/mL was not obtained in the prior cytotox-

icity assay (Figure 5B). This rather small difference may be related to the inherent, slight variability of the

AlamarBlue assay and the fluorescence readouts. On day 5, after 24 h of incubation with bacteria, there

was a clear increase of AlamarBlue activity in the control GelMA constructs (without SPIONs) containing

S. aureus bacteria, compared to those without the bacteria. This is attributed to the boosting effect of

grown bacteria on reducing the AlamarBlue reagent (resazurin), as also evidenced in the contaminated

cell cultures and other biological processes (e.g., milk contamination (O’Brien et al., 2000)). EC coculture

with S. aureus in the constructs containing SPIONs showed a decrease in AlamarBlue readout at day 5.

The 200 and 500 mg/mL SPION groups both demonstrated a significant (p < 0.0001) �41% decrease in

AlamarBlue reduction which could be mainly attributed to the antibacterial function of SPIONs and the

removal of bacteria. This is while the EC culture without S. aureus showed slightly higher or equal levels

of cell viability and growth at day 5 (Figure 6C). To further investigate the bacteriostatic effect, we examined

the luminescence signal of the S. aureus bacteria that were added to ongoing cultures on day 4. Signifi-

cantly (p < 0.0001) distinct growth was observed after 24 h in the SPION-free control group versus the con-

structs loaded with varying levels of SPIONs (Figures 6D and 6E). By increasing the SPION concentration in

the bioinks, the 100, 200, and 500 mg/mL SPION groups exhibited amplified bacteriostatic effects, resulting

in 29%, 34%, and 33% decreases in the bacteria signal, respectively.

Immunohistochemical analysis of infected 3D constructs, after 24 h of incubation with S. aureus, revealed that

the ECs remained viable and adherent to the 3D matrix, while the bacteria colonies colocalized with the EC

clusters (Figure 6F). The formation of S. aureus biofilm was evident in the SPION-free control group, as well

as some smaller areas in the SPION-laden constructs (red arrows, Figure 6F). Confocal imaging of the

500 mg/mL SPION group shows notably lower number of ECs, as well as bacteria, in the 3D constructs which
8 iScience 25, 104947, September 16, 2022



ll
OPEN ACCESS

iScience 25, 104947, September 16, 2022 9

iScience
Article



Figure 6. Evaluating bacteriostatic effect of superparamagnetic iron oxide nanoparticles (SPIONs) in 2D cultures and 3D bioprinted scaffold

systems

(A and B) Evaluating the antibacterial effect of varying concentrations of SPIONs in 2D culture (control) and 3D bioprinted GelMA scaffolds, seeded with

luminescent S. aureus bacteria. Luminescence imaging of 2D controls and 3D printed constructs was performed after 24 h of incubation with bacteria (A) and

the signal intensity was quantified and normalized based on the 2D control without SPIONs (B). Sample size (n) = 4 per group.

(C–E) We subsequently assessed the antibacterial function of nanoparticles in a cellular 3D culture of endothelial cells (ECs), simulating bacterial infection of

in vitro culture specimens. AlamarBlue assay was performed on days 3 and 5, pre and post 24-h incubation of S. aureus to assess the effect of bacteria on EC

viability and growth (C). At day 5, luminescence imaging was performed (D) and quantified (E) to examine the effect of incorporated SPIONs in inhibiting

bacterial infection within the 3D bioprinted constructs. Sample size (n) = 4 per group.

(F) Confocal imaging of immunostained tissue slices at day 5, after 24 h of EC- S. aureus coculture, highlighting the colocalization of bacterial within 3D EC clusters

in the GelMA matrix. Samples were sectioned and stained with anti-CD31 (green, ECs), anti-Staphylococcus aureus (red, bacteria), and DAPI (blue, nuclei). Red

arrows point to localization of bacteria within the EC clusters in the 3D structures. Scale bars in (F) represent 100 mm. * p value < 0.05, ** p value < 0.01, *** p

value < 0.001, and **** p value < 0.0001. Asterisks in color indicate statistical significance for each group in comparison to the prior time point.
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is in agreement with the cytotoxicity results obtained via AlamarBlue assays (Figure 5). Overall, these results

confirmed that the 200 mg/mL SPION-laden bioprints demonstrate the optimal functions (e.g., printability,

cell viability and growth, mechanical properties, MRI contrast, and antibacterial effects) for in vitro modeling

and screening applications, as well as use as implants for a variety of regenerative medicine applications.

Conclusions

This work demonstrated, for the first time, the use of engineered NP systems to develop a new class of

hydrogel-based bioinks with enhanced antibacterial and imaging properties, while maintaining their print-

ability and printing fidelity, mechanical properties, and bioactivity. The 3D bioprinted SPION-laden hydro-

gel constructs developed here can be used in a variety of soft and hard tissue engineering applications.

Through preventing the biofilm formation, and simultaneously enabling longitudinal noninvasive tracking

of the scaffolds, these engineered scaffolds would help alleviate several major complications related to

biomaterial implants, particularly reducing the risk of implant infection and rejection. While our results

suggest that a 200 mg/mL of SPIONs encapsulated in the GelMA bioink yields optimal in vitro functions

of the scaffolds, the concentration and properties of NP systems will further require tuning for each specific

NP type, hydrogel material, bacteria strain, and also for the specific biomedical application. Integrating

these new functions of SPION-laden bioinks with the established advantages of bioprinting methods,

such as patient/damage specificity and heterogeneous structures, would enable creation of robust multi-

functional platforms for diverse clinical and translational applications.

Future studies could investigate the interplay between incorporated NPs with the immune system cells,

such as macrophages and T cells, and its role in the elicited antibacterial effects as well as other functions

of the bioprinted scaffold systems. Furthermore, incorporation of functional and tissue/patient-specific

cells types, such as induced pluripotent stem cell-derived cardiomyocytes, within the NP-laden bioinks

can usher in a new wave of personalized precision regenerative therapies.

Limitations of the study

Integration of functionalized antibacterial nanoparticles with microextrusion-based 3D bioprinting is one

of the first attempts to generate antibacterial bioink formulations for antibacterial scaffold biofabrication.

This research could still benefit from more in-depth characterization of the nanoparticle-bacteria interac-

tions within the 3D structure. While this study showed relative success of the SPION-laden bioinks in inhib-

iting bacteria growth, a complete eradication of the bacteria was not achieved. Analysis and optimization

of the SPIONs properties and encapsulation strategies (e.g., altering the particles composition, surface

coating, and electrical charge to change affinity with the hydrogel bioink) could further improve the efficacy

of the antibacterial properties. Furthermore, studying the potential impact of the released particles on

cell/tissue response (e.g., cytotoxicity and clearance) in both in vitro and in vivo settings would be of great

significance to assess the capacity of engineered bioinks for translation into clinical applications.
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human umbilical vein endothelial cell (HUVEC) Lifeline Technology Cat: FC-0044

NIH-3T3 ATCC Cat: CRL-1658; RRID:CVCL_0594

Software and algorithms

Autodesk Fusion 360 Autodesk Inc., San Rafael, CA

ImageJ National Institutes of Health, USA

JMP JMP Statistical Discovery, SAS, USA
RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to and will be fulfilled by the Lead Contact, Vahid Ser-

pooshan at vahid.serpooshan@bme.gatech.edu.

Materials availability
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Data and code availability
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d Any additional information required to reanalyze the data reported in this work is available from the Lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Details of the bioprinted in vitromodel and cell culture model are completely described in method details.

METHOD DETAILS

3D bioprinting of constructs

3D constructs were prepared using GelMA synthesized from porcine gelatin type A and methacrylic anhy-

dride (MA) as described before (88.9 G 1.0% methacrylation degree) (Ning et al., 2020; Shirahama et al.,

2016). SPIONs were purchased (Micromod Partikeltechnologie GmbH, Rostock, Germany) and incorpo-

rated into the GelMA bioink to obtain concentrations of 100 mg/mL, 200 mg/mL, and 500 mg/mL of NPs while

maintaining the overall weight percentage of GelMA at 10% (g/mL). A 0.5% (w/v) concentration of lithium
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phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was used as a photoinitiator to crosslink the bioinks under

a 10 mW/cm2 UV light source for 2 min. These crosslinking parameters were chosen based on our previous

experiences (Li et al., 2022; ML Tomov et al., 2019; Ning et al., 2020; Ning et al., 2022; Ning et al., 2021) to

generate GelMA constructs at biologically relevant stiffness (mimicking soft tissue stiffness, �20–140 kPa

(Huang et al., 2012; Serpooshan et al., 2013; Wei et al., 2015)). 3D printed constructs were designed using

Autodesk Fusion 360 CAD software (Autodesk Inc., San Rafael, CA) and converted to the standard STL file

format for printing. Constructs were printed utilizing a BioAssemblyBot robotic arm 3D bioprinter

(Advanced Solutions Life Sciences, Louisville, KY). One standard geometry was used for in vitro experi-

ments. The scaffold geometry featured a 12 3 12 3 4 mm3 structure with an internal lattice structure

with a pore size of 1 mm. This model was used for all in vitro cytotoxicity experiments, bacteria studies,

and MR imaging. Bioprinting parameters used consistently to print all GelMA constructs for this study

included: printing speed of 5 mm/s, pressure of 20 psi, temperature of 27�C, layer height of 0.2 mm,

and a 27-gauge syringe needle.
Fidelity measurements

To assess fidelity of various bioinks developed in this study, we 3D bioprinted a simple two-layer cross

hatch design and examined the accuracy of several geometric parameters. Bright-field microscopy images

were acquired at 1.5X and 43magnifications to assess the printing fidelity using ImageJ (National Institutes

of Health, USA). Design factors such as the strand diameter ratio, strand uniformity ratio, strand angle ratio,

and inter-strand area ratio were quantified as described before (Ning et al., 2020). In the CAD model, we

used a strand diameter (D) of 0.3 mm, a length of strand (U) of 9 mm, a strand angle (a) of 60�, and an inter-

strand area (A) of 1 mm2. These reference values were compared against the ones measured in the printed

2-layer structure to obtain the normalized ratios. These ratios are defined as the strand diameter (Dr ), strand

uniformity (Ur ), strand angle (ar ), and inter-strand area (Ar ) ratios, obtained using Equations (5)–(8). ImageJ

was used to perform and record all measurements.

Dr =
diameter of printed strand; Dp

diameter of designed strand; Dd = 200 mm
(Equation 5)

length of printed strand; L

Ur =

p

length of designed strand; Ld = 1:5mm
(Equation 6)

Actual angle between two printed strands; a

ar =

p

Designed angle between two strands; ad = 60o
(Equation 7)

Actual surface area between printed strands; A

Ar =

p

Designed surface area between strands; Ad = 1:95mm2
(Equation 8)

Each fidelity test was repeated five times and three bright field microscopy images were acquired

(randomly) from each construct and manually measured (n = 15).
Mechanical testing

Uniaxial unconfined compression and microindentation tests were performed on 3D printed cubic struc-

tures (7 3 7 3 4 mm3) composed of 10% (w/v) GelMA together with 100, 200, or 500 mg/mL SPIONs.

A Mach-1 mechanical testing system (Biomomentum, QC, Canada) was utilized for the tests. Unconfined

compression was conducted at a 50% total strain at 20 mm/s. The compressive modulus was derived

from the slope of the linear trend line (initial 0–20%) of the stress-strain curve. Four replicates were pre-

pared (n = 4) and the average value with standard deviation was recorded.

The localized mechanical behavior of printed constructs was further assessed using microindentation. A

500 mm probe was used to indent the surface of each construct (n = 5), with a depth of 100 mm at

2 mm/s. The force-displacement unloading curves were plotted and used to calculate the stiffness of the

sample (S) from the linear trend line slope (initial 5–20%), and the reduced elastic modulus ðErÞ was next
derived using the equation below (Oliver and Pharr, 2004):

Er =

ffiffiffiffi
p

p
2b

S
ffiffiffiffiffiffiffiffiffiffiffiffi
AðhcÞ

p (Equation 1)

where b is a constant and equals 1 in this study and AðhcÞ is projected contact area at the contact depth of

hc, which can be obtained from the following equation:
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AðhcÞ = 2Rhc � phc
2 (Equation 2)

where

hc = hmax � ε

Pmax

S
(Equation 3)

hmax and Pmax are the peak unloading displacement and unloading force, respectively, and ε is a constant

with a value of 0.75 for a spherical probe (Oliver and Pharr, 1992).

The elastic modulus, E, can be then calculated from using the Equation (4) (Oliver and Pharr, 2004):

1

Er
=

ð1 � v2Þ
E

+
1 � v2i

Ei
(Equation 4)

where v is the Poisson’s ratio of testedmaterial with a value of 0.5 and vi is 0.5 for the indenter tipmaterial. Ei

represents the elastic modulus of the probe, with a value of 2 GPa.

MR imaging of bioprinted scaffolds

The effect of SPION incorporation on the MR-visibility of bioprinted GelMA scaffolds was examined in vitro

using T2* weighted images as described before (Mahmoudi et al., 2016). Briefly, bioprinted GelMA con-

structs containing varying concentrations of SPIONs were fixed, embedded in 2% agarose gel (Baek

et al., 2019), and imaged using a 9.4T/20 cm Bruker animal MR imaging/spectroscopy system driven by

LINUX workstation and Bruker ParaVision 5.1 imaging software (Magnuson et al., 2010).

Endothelial and NIH3T3cell culture

A well characterized human umbilical vein endothelial cell (HUVEC) line was purchased (Lifeline Cell Tech-

nology LLC, USA) and used for the in vitro cell culture experiments. The HUVECs were cultured with

VascuLife VEGF Endothelial Medium Complete Kit (LL-0003) (Lifeline Cell Technology LLC, USA), with or

without antibiotics and antimycotics, in T75 culture flasks in a humidified tissue culture incubator (37�C
with a 5% CO2). 2D HUVEC cultures were seeded at a density of 10,000 cells/cm2 in a 6 well plate and

cultured for up to 7 days. A density of 2 3 106 cells/construct were seeded onto 3D printed constructs

and left to culture up to 5 or 14 days before fixation with 10% formalin. NIH 3T3 fibroblasts were cultured

in 2D 10-cm Petri dishes using Eagle’s Minimum Essential Medium supplemented with 10% fetal bovine

serum and 1% penicillin-streptomycin (all from ATCC, USA). Following confluency, fibroblasts were disso-

ciated and seeded onto 3D bioprinted GelMA constructs at a density of 2 3 106 cells/construct.

Cell viability and growth measurements

Cellular viability was evaluated, longitudinally and in a noninvasive manner, using the AlamarBlue Cell

Viability Reagent (BioRad, USA). The AlamarBlue reagent was added to fresh media in a 1:10 volumetric

ratio and added to the culture wells. The samples were left to incubate in the solution for 4 h. Subsequently,

100-mL supernatant samples were collected from each well and transferred to a 96-well plate in triplicates.

Absorbance was recorded at 550 and 600 nm utilizing amicroplate reader (BioTek Instruments, USA). Read-

ings were recorded at days 3 and 7, and days 3, 7, 10, and 14 for 2D and 3D SPION cytotoxicity studies,

respectively.

To simulate bacterial infection of 3D cell culture, endothelial cells were seeded into the bioprinted GelMA

constructs (23 106 cells/construct, seeded after printing and crosslinking) at varying SPION concentrations

(0, 100, 200, and 500 mg/mL) and cultured for 3 days. On the day 3, S. aureus (S. aureus; ATCC 43300) bac-

teria were seeded into each construct (108 colony-forming-units/construct) as described below. Following

2 days of coculture, constructs were imaged via luminescence imaging and then fixed and analyzed via

immunohistochemistry as explained below. AlamarBlue assay was conducted at days 3 and 5 as above.

Bacteria cultures and assays

S. aureus (S. aureus; ATCC 43300) was transduced with a modified luxABCDE operon from Photorhabdus

luminescens optimized for Gram-positive expression (Xen29, Caliper) so that live bacteria emit biolumines-

cence and bacterial number can be quantified culture-independent and in real-time using a luminometer

and an ICCD camera (Francis et al., 2001). S. aureus was cultured aerobically at 37� in Luria–Bertani (LB)

medium (Difco) 18 h, then subcultured 1:40 to an optical density at 600 nm (OD600) of 0.4 via
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spectrophotometry. Subsequently, 108 colony-forming units of bacteria were added onto 3D printed con-

structs with and without SPIONs in a 24-well tissue culture plate (Costar) and co-incubated up to 24 h to

determine remaining bacteria levels. Each plate was imaged on a ChemiDoc MP Imaging System (Bio-

Rad Laboratories, USA) without external light source to specifically measure S. aureus bioluminescence.

The luminescence signal was quantified using the analysis software ImageJ (NIH). The area of each

SPION was selected and the total signal quantified from pixel intensity within this region, then averaged

between technical replicates for each group.
Immunohistochemical analysis – Confocal microscopy

Harvested constructs were fixed in 10% neutral buffered formalin at room temperature for 30 min and

washed immediately with PBS (5 min). Constructs were then sliced with a vibratome (Leica VT 1200S) to

a thickness of 200 mm for further analysis. Sections were stained with a variety of primary antibodies

including anti-CD31 (#ENMA3100, Invitrogen), anti-connexin43 (#71-070-0, Invitrogen), and polyclonal

anti-S. aureus (#0300-0084, BioRad). Confocal imaging was performed using the Olympus FV1000 confocal

laser microscope.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed utilizing JMP (JMP Statistical Discovery from SAS, USA) software. Signif-

icant differences were determined with one-way ANOVA or two-way ANOVA if applicable. A post-hoc

Tukey-Kramer test was performed for multiple comparisons and a p value of <0.05 was considered statis-

tically significant (* p value < 0.05, ** p value < 0.01, *** p value < 0.001, and **** p value < 0.0001). Least

square means connecting letters reports were also used to show significant differences between multiple

comparisons. Levels not connected by the same letter are significantly different. Levels connected by the

same letter are not significantly different.
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