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3D bioprinting is revolutionizing the fields of personalized and precision
medicine by enabling the manufacturing of bioartificial implants that
recapitulate the structural and functional characteristics of native tissues.
However, the lack of quantitative and noninvasive techniques to longitudinally
track the function of implants has hampered clinical applications of
bioprinted scaffolds. In this study, multimaterial 3D bioprinting, engineered
nanoparticles (NPs), and spectral photon-counting computed tomography
(PCCT) technologies are integrated for the aim of developing a new precision
medicine approach to custom-engineer scaffolds with traceability. Multiple
CT-visible hydrogel-based bioinks, containing distinct molecular (iodine and
gadolinium) and NP (iodine-loaded liposome, gold, methacrylated gold
(AuMA), and Gd2O3) contrast agents, are used to bioprint scaffolds with
varying geometries at adequate fidelity levels. In vitro release studies, together
with printing fidelity, mechanical, and biocompatibility tests identified AuMA
and Gd2O3 NPs as optimal reagents to track bioprinted constructs. Spectral
PCCT imaging of scaffolds in vitro and subcutaneous implants in mice
enabled noninvasive material discrimination and contrast agent
quantification. Together, these results establish a novel theranostic platform
with high precision, tunability, throughput, and reproducibility and open new
prospects for a broad range of applications in the field of precision and
personalized regenerative medicine.
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1. Introduction

Tissue engineering scaffolds are estab-
lished as robust research enabling plat-
forms for a myriad of biomedical applica-
tions, including in vitro drug screening and
disease modeling, as well as in vivo thera-
peutic and regenerative medicine applica-
tions. Scaffold structures, composed of 3D
networks of natural and/or synthetic hy-
drogel biomaterials,[1–3] cells,[4,5] and small
molecules,[6,7] provide a tunable microen-
vironment that can closely recapitulate the
physiological or pathophysiological struc-
ture and/or function of native tissues and
organs.However, effective application of tis-
sue engineering products, both in vitro and
in vivo, have been limited due to the lack of
precise tools to non-invasively and quantita-
tively monitor various functions of these 3D
structures.[8–11] Therefore, there is growing
interest and dire need for the development
of new generations of engineered scaffolds,
along with advanced imaging techniques,
that enable longitudinal real-time exam-
ination of scaffold function.[11–14] These
functions may include the 3D construct
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degradation, position, biocompatibility, blood (or culture media)
perfusion and angiogenesis, and cellular functions (e.g., cell mi-
gration, fusion, proliferation, and contractile function).[14–17]

A range of non-invasive imaging modalities have been consid-
ered to monitor the performance of tissue engineering scaffolds.
Magnetic resonance imaging (MRI) has been widely used to im-
age scaffold constructs in vitro and in vivo due to exhibiting deep
tissue penetration, soft tissue contrast, and high sensitivity;[8,18,19]

MRI methods, however, require long acquisition times.[20] Other
techniques, such as positron emission tomography (PET) and
single positron emission computed tomography (SPECT), have
been employed for in vivo molecular imaging of implanted scaf-
fold structures.[21] Both PET and SPECT, however, suffer from
low spatial resolution and long acquisition times and cannot pro-
vide the structural information of scaffolds.[20] Other imaging
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techniques, like optical imaging and photoacoustic microscopy,
are also limited with regards to tissue penetration.[20,22]

X-ray computed tomography (CT) is a low-cost 3D imaging
technique which offers high spatial resolution and deep tissue
imaging[23,24] making it an attractive technology to monitor hy-
drogel scaffolds.[24,25] To enhance the X-ray contrast between soft
tissues and hydrogels, scaffolds can be loaded with a contrast
agent,[8,26] including molecular agents like gadolinium (Gd)[11]

and iodine (Iod),[27] and nanomaterial agents like gold nanoparti-
cles (Au NPs).[28] Conventional CT systems with energy integrat-
ing detectors can only discriminate a single contrast agent, due
to an inability to differentiate betweenmultiple materials exhibit-
ing similar overall X-ray attenuation across the photon energy
spectrum. However, photon-counting CT (PCCT) acquires im-
ages in multiple photon energy bins that can be selected to lever-
age characteristic differences in the X-ray attenuation of different
materials across the incident photon energy spectrum and subse-
quently decomposed into multiple material-specific images.[29,30]

Thus, spectral (or multicolor) PCCT can accurately identify and
quantify multiple materials, including contrast agents and tis-
sues, simultaneously.[31–33] Non-destructive spectral PCCT fur-
ther offers a unique possibility to distinguish multiple scaffold
functions and biological processes.[34,35]

The incorporation ofmultiple distinct imaging contrast agents
within 3D scaffolds requires advanced biomanufacturing tech-
niques to control their spatial distribution within the 3D ma-
trix. 3D bioprinting allows precise control of bioink composi-
tion, properties, and printing parameters for fabricating highly
complex and heterogenous scaffolding systems as novel per-
sonalized and precision medicine therapies for a wide variety
of tissues and organs.[36–41] Bioprinted implants have demon-
strated accelerated tissue repair, increased angiogenesis, reduced
scar size, and improved function in various animal models, in-
cluding cardiac,[42–44] osteochondral,[45,46] neural tissue,[47,48] and
skin[49,50] injury models. There has been, however, no system-
atic study to examine the combined use of 3D bioprinting and
multi-contrast CT imaging for creating and monitoring multi-
material scaffolding systems. This study investigates the feasibil-
ity of incorporating multiple CT contrast agents in 3D bioprinted
constructs, and the use of PCCT to visualize these complex ge-
ometries. In-depth analysis and optimization of printing fidelity,
retention/release of contrast agents, and mechanical properties
were performed for bioinks loaded with a variety of CT con-
trast agents, including both molecular (Iod and Gd) and NP (Iod-
loaded NP, Au, methacrylated Au (AuMA) and Gd2O3) contrast
agents.

2. Results and Discussion

The unique capability of 3D bioprinting platforms in offering
precise spatiotemporal control of biological reagents within the
3D space, provides the opportunity to create heterogenous tissue
structures, laden with a variety of imaging contrast agents.[51] In
this study, we leveragedmulti-material 3D bioprinting and PCCT
technologies to establish a precision medicine platform for non-
invasive, longitudinal, and 3D monitoring of tissue engineered
scaffolds both in vitro and ex vivo (postmortem mouse model)
(Figure 1).
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Figure 1. Schematic illustration of the research workflow in this study. A) Various computed tomography (CT) contrast agents were incorporated in
gelatin methacrylate (GelMA), with and without polyethylene glycol dimethacrylate (PEGDMA), to create functionalized bioinks. These included molec-
ular iodine (Iod) and gadolinium (Gd) contrast agents (i), Iod-loaded liposome nanocapsule (ii), and nanoparticle (NP) contrast agents, namely Gd2O3,
gold (Au), and methacrylated gold (AuMA) NPs (iii). A one-step UV-photopolymerization of GelMA and AuMA NPs was used to form covalent linkages
and prepare GelMA-Au NP hydrogels (iv). Adapted with permission under the terms of the CC-BY license.[53] Copyright 2022, the Authors. Published
by Wiley-VCH GmbH. B) CAD models of scaffolds with varying geometries were created and assigned to distinct CT contrast agent-laden bioinks. C)
3D bioprinting of CT-visible bioink formulations was conducted using either extrusion (Ex) (i) or digital light processing (DLP)-based (ii) techniques
to create 3D constructs of varying geometry (iii). D) Printed constructs were crosslinked immediately post print under varying UV intensity for a 4-min
duration (2×2 min, flipping the construct at midpoint). E) A group of extrusion-printed constructs (simple disc geometry) were used to study contrast
agent release under static (i) versus dynamic (ii) conditions in PBS. At each time point, constructs were retrieved from the solution, embedded in agar,
and stored at −80 °C (to avoid further release) until micro-CT imaging. F) A separate group of printed constructs consisting of multiple distinct contrast
agents in varying geometries were immediately embedded in agar, stored at −80 °C, and imaged via micro-CT and photon-counting CT (PCCT) either in
vitro (in agar) (i) or after subcutaneous implantation in the mouse torso (ii). G) CT imaging of various experimental groups were performed either via
micro-CT (i) (for release study) or spectral PCCT (ii). H) Structural, mechanical, and biological characterization of bioinks and printed constructs were
performed using micro, macro, and volumetric fidelity analyses (i), microindentation and rheological analyses (ii), and cell viability and growth assays
(iii).

To identify and prepare optimal CT-visible bioink composi-
tions, several molecular (Gd, Iod) and NP-based contrast agents
(Iod-loaded liposome, Au, AuMA, and Gd2O3) were selected
and incorporated into various GelMA-based hydrogel bioinks
(Figure 1A). For the digital light processing (DLP)-based bioprint-
ing, polyethylene glycol dimethacrylate (PEGDMA) was added to
the GelMA, to provide adequate mechanical properties, porosity,
and overall stability of printed hydrogel constructs.[52] For Au NP
contrast agents, while increase in NP concentration could yield
greater X-ray attenuation and CT contrast,[26,53] it could also sig-
nificantly disturb the photocrosslinking of bioprints due to the
absorption and scattering of UV and visible light.[54] To address
this issue, two sets of GelMA-based bioinks were formulated via
physical mixing of the Au NPs in 20% GelMA (20.2 mm NPs),

or by using previously reported AuMA NPs[53] (10 mm NPs) that
participated in photocrosslinking to form covalent linkages with
GelMA molecules (Figure 1A-iii,iv). Various scaffold geometries
were designed and fabricated using extrusion or DLP-based bio-
printing modalities (Figure 1B,C). The stability of incorporated
contrast agents in the printed constructs was carefully examined
via quantitative in vitro release analyses (Figure 1D,E). Bioprinted
constructs, consisting of single or double contrast agents, were
imaged using micro-CT and spectral PCCT systems (Figure 1G).
In-depth fidelity and mechanical testing were also performed on
the bioinks and bioprints to assess and optimize printability and
stability of the developed scaffolding systems (Figure 1H).
In this study, 12% GelMA concentration was used as the opti-

mal bioink formulation, as established in our prior works.[12,55,56]
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The 20% GelMA solution was used specifically for the Au and
AuMA NP ink groups, where the 12% GelMA concentration was
not sufficient to maintain adequate printability and crosslinking
of constructs. The concentration of each contrast agent in GelMA
was selected as the lowest value that would generate clinically rel-
evant X-ray attenuation (200–300 HU[57]). The 20% GelMA solu-
tion and LAP photoinitiator was used specifically for the Au and
AuMA NP ink groups, following previously established methods
to optimize the photocrosslinking of constructs containing suffi-
cient Au concentrations for X-ray contrast.[53] Due to the interfer-
ence of NPs with photocrosslinking process, a rather long UV ir-
radiation time was used for the 12%GelMA groups with Irgacure
photoinitiator (4 min, 7 mW cm−2), while 20% GelMA bioinks
used the LAP photoinitiator and the safe blue light crosslinking
(4 min, 30 mW cm−2). The potential adverse effects of such UV
exposure[58] when printing with cells should be taken into con-
sideration in future studies.
A key aspect to be considered when designing and develop-

ing new bioink formulations is the bioprintability and printing
fidelity of the hydrogel materials.[53,55,59] This is particularly im-
portant for NP-modified bioink solutions, where the incorpo-
rated particles could pose potential interference with the rheo-
logical properties of hydrogel inks, and hence, deteriorate their
printability.[10,19,53,60] In this study, we examined the printability of
bioink formulation containing various contrast agents by quan-
tifying the microscopic (strand-level, Figure 2A–E) and macro-
scopic (bulk, Figure 2F) fidelity, as well as the rheology prop-
erties of bioinks (Figure S2, Supporting Information). Micro-
fidelity of bioink solutions based on the 12% (Figure 2B) and
20% (Figure 2D) GelMA were analyzed separately to allow for di-
rect comparison across groups (Table 1). Bioprinted (extruded)
strands showed a relatively large variation in rd (strand diam-
eter) ratios, in reference to the CAD design, ranging from 1.1
(blank GelMA control bioinks) to 2.1 (Iod-loaded liposome NPs)
(Figure 2B–E and Table 1). While the blank GelMA bioinks
showed proper printability, the large deviation among other
groups could be attributed to the potential role of added imag-
ing agents to the bioinks, particularly to the NP supplements
which could significantly alter the rheology and extrusion prop-
erties of the bioinks.[61,62] This could be particularly the case for
the Iod-loaded liposome group which had the highest NP size
as determined by dynamic light scattering (DLS) (300–400 nm)
(Figure S1, Supporting Information). Other factors contribut-
ing to strand diameter deviations could include the potential
swelling/shrinkage of extruded filaments, the surface tension
properties of various bioinks, and/or the collapse/deformation
caused by gravity, prior to crosslinking.[63] Further optimiza-
tion of the printing process could be performed for each func-
tionalized bioink through more precise tuning of printing pres-
sure, temperature, and speed.[62] Among NP-loaded bioinks, the
AuMA NP group showed the best fidelity (rd ratio) which was
significantly (P < 0.005) improved in comparison to Au NP-
containing bioink. This could be attributed to the unique capa-
bility of AuMA NPs, as a new photopolymerizable X-ray contrast
agent, to form covalent linkages to GelMA in a single step dur-
ing photocrosslinking.[53] Of note, other fidelity measurements
for the strand angle ratio (r𝛼), uniformity ratio (rU), and inter-
strand area ratio (rA) showed values close to 1.0 (ranging from
0.94 to 1.09) for all bioink groups, indicating a high level of preci-

sion in other geometrical features of printed strands (Figure 2B–
E and Table 1). Overall, these results indicate adequate micro-
scale printability of the functionalized bioink solutions developed
in this study.
In addition to the microscopic fidelity, we also assessed the

bulk (macro-scale) fidelity of the disc-shape constructs printed
with various bioinks (Figure 2F).Measurements of the disc diam-
eter (rD) ratio before and after crosslinking showed consistent and
reliable printing of the disc structure for all bioink groups which
ranged from 0.96 to 1.05 (Table 1 and Figure 2F). In comparison
to the normal Au NP bioink, the AuMA NP group showed en-
hanced printing fidelity (0.98 ± 0.01), consistent with the strand
fidelity measurements demonstrated above (Figure 2D). Of note,
crosslinking of extruded constructs did not result in a signifi-
cant (P > 0.05) alteration in constructs’ dimensions. Overall, the
micro and macro fidelity results show adequate printability of
bioink solutions, particularly in the bulk scales. Further improve-
ment in the precision and reproducibility of bioprints could be
explored by conducting in-depth rheology assays to determine
optimal printing parameters (e.g., temperature, pressure, and
speed).[56] Among NP contrast agents, Gd2O3 and AuMA NPs
showed the best fidelity when incorporated into GelMA bioinks,
which could be attributed to their relatively small size (20–80 nm
for Gd2O3 and 12 nm for AuMA, Table 2), minimal interference
with photocrosslinking, and the enhanced mixing of MA-ligands
(in AuMA NPs) with GelMA.[53] Therefore, Gd2O3 and AuMA
NPs were selected as main bioink groups for the in vitro and an-
imal PCCT imaging.
The incorporation of contrast agents into the hydrogel solu-

tions has been established as an effective method to tailor var-
ious physiomechanical properties of these scaffolding biomate-
rials to adapt for a variety of biomedical applications.[19,64-66] To
examine the effect of incorporated molecular and NP contrast
agents with different sizes on the mechanical properties of bio-
prints, microindentation test was performed on simple cubic
constructs printed using various inks (Figure 2G). In compar-
ison to the control 12% (blank) GelMA group, the addition of
molecular agents, that is, Gd chelate and Iod both in bare form
and loaded in liposome nanocapsules, resulted in significant in-
creases in the elastic modulus of bioprints. Namely, the modulus
increased from 57.7 ± 3.0 kPa in 12% GelMA, to 79.6 ± 9.8 kPa
for Gd chelate ink, and 100.9 ± 8.6 kPa for Iod ink, and 142.6
± 14.2 kPa (mean ± standard error of the mean (SEM)) for Iod-
loaded liposome group. These results are in line with previous
reports indicating enhanced mechanical properties of biomateri-
als following inclusion of Gd and Iod reagents.[67-70] Constructs
fabricated with Au NP bioink showed significantly lower elastic
modulus (23.9 ± 2.0 kPa) compared to the 20% GelMA control
(142.2 ± 17.1 kPa). This may be due to disrupting effect of Au
NPs on the GelMA hydrogel network by their physical size upon
entrapment and/or their absorption/scattering of UV light dur-
ing photocrosslinking.[53,54,71] Importantly, AuMA NP bioprints
yielded significantly higher (P< 0.005) modulus compared to the
Au NP group and were not significantly different from the blank
GelMA control (109.5 ± 5.8 kPa) (Figure 2G). The enhanced me-
chanical properties of AuMA NP-loaded constructs in compari-
son to Au NP could be attributed to the ability of AuMA NPs to
participate in photocrosslinking and form covalent linkages with
GelMA molecules, minimizing disruption of the hydrogel net-
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Table 1. Results for the measurement of micro- and macro- fidelity of various bioinks and bioprinted constructs used in this study.

Bioink 12% GelMA 20% GelMA Iod Gd Gd2O3 NP Au NP AuMA NP Iod-liposome

Micro
Fidelity

Strand diameter ratio (rd) 1.17 ± 0.05 1.10 ± 0.04 1.27 ± 0.06 1.59 ± 0.08 1.62 ± 0.06 1.80 ± 0.13 1.80 ± 0.12 2.01 ± 0.09

Strand angle ratio (r𝛼) 1.00 ± 0.01 0.99 ± 0.01 1.02 ± 0.01 1.00 ± 0.01 1.03 ± 0.02 0.99 ± 0.01 1.03 ± 0.03 0.99 ± 0.01

Strand uniformity ratio (rU) 1.09 ± 0.01 0.99 ± 0.05 1.00 ± 0.01 1.00 ± 0.01 1.02 ± 0.00 1.03 ± 0.01 0.98 ± 0.01 0.97 ± 0.02

Inter-strand area ratio (rA) 0.97 ± 0.01 0.99 ± 0.01 1.00 ± 0.01 0.99 ± 0.02 1.03 ± 0.01 0.99 ± 0.02 0.99 ± 0.03 0.94 ± 0.01

Macro
fidelity

Disc diameter ratio (rD) 1.05 ± 0.01% 1.02 ± 0.01% 1.04 ± 0.01 0.97 ± 0.01 1.02 ± 0.01 1.04 ± 0.01 0.98 ± 0.01 0.97 ± 0.02

GelMA: gelatin methacrylate. Iod: iodine. Gd: gadolinium. Au: gold. NP: nanoparticle. AuMA: methacrylated gold.

Table 2. Summary of the bioink groups synthesized and used in this study.

Bioink GelMA
bioink (1)

GelMA
bioink (2)

Iod bioink Gd bioink Gd2O3
bioink

Au Bioink AuMA
bioink

Iod-liposome
bioink

[GelMA] wt% 12% 20% 12% 12% 12% 20% 20% 12%

PI type, [PI] w/v% Irgacure,
0.6%

LAP, 0.5% Irgacure,
0.6%

Irgacure,
0.6%

Irgacure,
0.6%

LAP, 0.5% LAP, 0.5% Irgacure, 0.6%

Contrast agent type — — Molecular Molecular NP NP NP NP

Contrast agent
features

— — Omnipaque
350

Gadavist Gd2O3 NP
20–80 nm

Aurovist 15
nm

AuMA NP
12 nm

Iod-loaded
liposome NP
300–400 nm

[Contrast agent]
[mm]

— — 49.8 41.5 22.3 20.2 10.0 49.8

NP: nanoparticle. GelMA: gelatin methacrylate. PI: photoinitiator. Iod: iodine. Gd: gadolinium. Au: gold. AuMA: methacrylated gold.

work, consistent with our previous report.[53] The enhancement
of mechanical properties of scaffolds, in addition to generating
imaging contrast, could further expand the applications of tis-
sue engineered constructs in diverse clinical applications. Such
mechanisms could be particularly of great significance in hard
(e.g., bone) tissue regenerative therapies, where the elastic mod-
ulus of hydrogel scaffolds needs major enhancement to match
the native tissue stiffness.[72,73]

We also examined the rheological properties and stability of
bioink solutions over time by conducting time sweep assays
(Figure S2, Supporting Information). Both 12 and 20% GelMA
hydrogels (without NPs) showed time-independence in their stor-
age modulus, G′, and loss modulus, G′′, consistent with previ-
ous reports.[56] For GelMA bioinks containing AuMA and Gd2O3
NPs, however, G′ increased over time, indicating an increase
in stiffness (Figure S2A, Supporting Information). The increase
in G′ might be explained by NP aggregation[74,75] and/or ther-
mally induced photocrosslinking.[76] We also performed temper-
ature sweep experiments from 15 to 40 °C, which encompasses
all printing temperatures (Figure S2B, Supporting Information).

The gelling temperature was determined by the crossover of G′

andG′′ at 23 °C for 12%GelMA, 26 °C for 20%GelMA, 32 °C for
12% GelMA + Gd2O3 NP, and 26 °C for 20% GelMA + AuMA
NP.
Following printing fidelity and biomechanical characterization

of novel bioink formulations, we evaluated the stability of bio-
printed constructs with regards to the retention of incorporated
contrast agents which would be of great significance for both in
vitro and in vivo imaging of these scaffolding systems.[8-10] Fur-
ther, longitudinal and quantitative examination of the release pro-
file of incorporated reagents at various molecular sizes would
provide a robust method to evaluate and predict the release pro-
file for a variety of therapeutic reagents at comparable sizes.
Therefore, the feasibility of novel bioinks as a platform for lon-
gitudinal noninvasive monitoring of bioprinted constructs was
verified by measuring the X-ray attenuation of constructs printed
with different bioinks at contrast agent concentrations that gen-
erate clinically relevant CT signal (Figure 3). Standard (calibra-
tion) curves were first generated for the molecular (Gd chelate
and Iod, Figure 3A) and NP (Figure 3F) contrast agents. Accord-

Figure 2. Characterization of printing fidelity and mechanical properties of bioprinted CT-visible GelMA constructs. A) The design of a two-layer model
used to assess 2Dmicro-scale (strand-level) fidelity. B) Quantification ofmicro-scale fidelity parameters for various bioinks, including the strand diameter
ratio (rd), angle ratio (r𝛼), uniformity ratio (rU), and inter-strand area ratio (rA) (n = 5 per group). The 12% GelMA-based bioink groups included the bare
GelMA (control), GelMA containing gadolinium (Gd) and iodine (Iod)molecular contrast agents, andGelMA containingGd2O3 and Iod-loaded liposome
nanoparticles (NPs). C) Qualitative evaluation of printed strands consisting of various bioinks via bright-field imaging of strands at two magnifications.
D,E) Quantitative (D) and qualitative (bright field images) (E) analysis of strand fidelity, conducted for various 20% GelMA-based bioink formulations (n
= 5 per group), including pure GelMA (control), and those loaded with gold (Au) and methacrylated gold (AuMA) NPs. F) Macro-scale fidelity analysis
was conducted for all bioink groups by measuring the diameter of a disc-shape construct and comparing with the CAD values (disc diameter ratio, rD) (n
= 4 per group). G) Microindentation test (i) was conducted on 12% (ii) and 20% (iii) GelMA-based bioink formulations to quantify the elastic modulus
(E) (n = 6 per group). Scale bars in top rows in (C) and (E) represent 2 mm and in bottom rows represent 1 mm. *P < 0.05, ***P < 0.005, and ****P
< 0.001. n.s.: not significant.
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Figure 3. In vitro characterization of the retention of various molecular and nanoparticle (NP) contrast agents from 3D bioprinted GelMA constructs.
A) Standard curves of Gd chelate and Iod (molecular) contrast agents. B–E) In vitro release of Gd chelate from bioprints under (B) and (C) static and
(D) and (E) dynamic (rocking) conditions in PBS for a 1-h duration (n = 4 per group). C,E) Corresponding micro-CT reconstructions at t = 0 and 1 h
post-incubation. “No signal” labels indicate that no detectable CT signal was obtained at indicated time points. F–I) In vitro release of Iod from bioprints
under F,G) static and H,I) dynamic conditions in PBS for a 2-h duration (n = 4 per group). G,I) Corresponding micro-CT reconstructions at t = 0 and 2 h
post incubation. J) Standard curves of Gd2O3 and Au NP contrast agents. K,L) In vitro release of Gd2O3 NPs from bioprints under dynamic conditions
in PBS for a 504-h (3-week) duration (n = 4 per group) (K), and corresponding micro-CT reconstructions at t = 0 and 2 h (L). M,N) In vitro release
of Iod from Iod-loaded liposome nanocapsules in the bioprints under dynamic conditions in PBS for a 2-h duration (n = 4 per group) (M) and the
corresponding micro-CT reconstructions (N) at t = 0 and 2 h. O,P) In vitro release of Au NPs from bioprints under dynamic conditions in PBS for a
504-h (3-week) duration (n = 4 per group) (O) and the corresponding micro-CT reconstructions (P) at t = 0 and 2 h. Q,R) In vitro release of AuMA NPs
from bioprints under dynamic conditions in PBS for a 504-h (3-week) duration (n = 4 per group) (Q) with the corresponding micro-CT reconstructions
(R) at t = 0 and 2 h. All scale bars represent 1 mm. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.

ing to the obtained standard curves, the lowest concentration of
contrast agent to achieve an X-ray attenuation readily detected
with preclinical scanners (200–300 HU[57]) was chosen to inves-
tigate retention. Longitudinal studies for the molecular contrast
agents demonstrated a quick (burst) release of reagents within
a 1-h (Gd) or 2-h (Iod) window in static and dynamic (rocking)
conditions (Figure 3B–I). The Gd release studies were stopped

after 1 h as there was no detectable CT signal at t > 1 h. The
burst release was most likely due to the small molecular size of
Gd chelate and Iod (500–850 Da, <1 nm[77]) in comparison to
the GelMA pore size (≈5–50 μm[78,79]), permitting rapid deple-
tion (diffusion) of the reagents. Samples images at t = 2 h con-
firmed an intact scaffold structure, suggesting that diffusion was
the primary release mechanism for Gd and Iod.[80,81] Further, 3D

Adv. Healthcare Mater. 2023, 12, 2302271 © 2023 Wiley-VCH GmbH2302271 (7 of 18)
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micro-CT reconstructions at t = 2 h confirmed that there was lit-
tle to no contrast agent remaining in the constructs. Incorpora-
tion of such imaging probes in bioprinted constructs would be,
therefore, not appropriate for imaging applications (particularly
in vivo) and would not offer CT visibility over prolonged time pe-
riods.
We subsequently tested the stability/retention of bioinks

loaded with various NP contrast agents, which in most cases
demonstrated adequate retention in the constructs (Figure 3J–
R). Considering the greater stability from NP-loaded constructs,
we only conducted the more aggressive release assays under dy-
namic conditions for these groups. Gd2O3 NP-loaded bioprints
exhibited a slow release at early time points (0–24 h), which
then reached a plateau for >24 h (Figure 3K–L). Iod-loaded lipo-
some NPs were not released from constructs over 2 h (P > 0.05)
(Figure 3M,N). For both Gd2O3 NP and Iod-liposome groups,
samples photos and micro-CT reconstructions confirmed small
release and rather intact signal after dynamic incubation in phos-
phate buffer saline (PBS) (Figure 3L,N and Figure S3A, Support-
ing Information). In contrast, the Au NP bioprints showed a sig-
nificant release and depletion from constructs, particularly over
the first 24 h, which then reached a plateau for t = 24 to 504 h
(Figure 3O,P). Of note, while the samples photos showed rather
intact scaffold structures, the micro-CT reconstructions revealed
noticeable depletion of Au NPs from the constructs, particularly
from the central areas of the bioprints (Figure 3P, Figure S3B,
Supporting Information). After 504 h (3 weeks) of incubation,
Au NPs were entirely depleted from the central area of the con-
struct (Figure S3B, Supporting Information). These results sug-
gest diffusion-mediated release of these NPs. The nonuniform
release of Au NPs was most likely caused by the incomplete
GelMA photocrosslinking due to significant absorption of UV
light by Au NPs,[54,82] which could deteriorate the structural in-
tegrity, particularly in the center of the construct with the low-
est amount of crosslinking.[53] To resolve the poor retention and
disrupted photocrosslinking with Au NPs, we methacrylated Au
NPs that were subsequently able to be mixed with GelMA the
sameway as other bioink formulations; however, unlike other NP
contrast agents that were physically mixed with GelMA, AuMA
NPs were covalently linked to the GelMA polymer chain during
photocrosslinking.[53]

In contrast to the Au NP behavior, AuMA NPs exhibited a rela-
tively stable retention within the bioprints, with a slight decrease
in signal at the first hour, followed by a plateau for the remain-
ing 3-week incubation in PBS (Figure 3Q,R). Samples photos
and micro-CT reconstructions confirmed only a slight release of
AuMA NPs (Figure 3R, Figure S3C, Supporting Information).
Reduced pore size as a result of increasing GelMA concentra-
tion, from 12% to 20% (as reported before[83,84]), could have con-
tributed significantly to the enhanced NP retention within the
constructs. Although, the reduced pore size would not likely af-
fect the retention of Gd and Iod small molecules (<1 nm[77]),
which were not comparable in size with the NPs (10–400 nm).
SEM analysis of DLP bioprinted GelMA constructs in this study
demonstrated a highly porous structure with mean pore size
of 95.3 ± 34.4 μm (Figure S4, Supporting Information) which
was consistent with prior reports.[83] Overall, the bioprinted con-
structs loaded withGd2O3 and AuMANP contrast agents demon-
strated adequate retention and showed promise for the long-

term, quantitative, and longitudinal tracking of bioprinted tissue
engineered products in the in vitro and in vivo applications.
The biocompatibility of GelMA-based hydrogels and NP sys-

tems used in this study have been already extensively evaluated
and confirmed in prior works.[19,53,56,85,86] To further assess bio-
compatibility of GelMA bioinks loaded with Gd2O3 and AuMA
NPs, we performed 7-day culture of HUVECs onto each sub-
strate and examined cell viability and growth via Live/Dead and
AlamarBlue assays (Figure S5, Supporting Information). Results
demonstrated significant cell viability and proliferation over the
culture period (10–20% AlamarBlue reduction % after 7 days
of culture), achieving almost confluent monolayers in all bioink
groups. More in-depth bioactivity assays would be required in the
future to assess the functionality of specific types of cells, for spe-
cific tissue engineering applications, while cells cultured on 2D
and/or encapsulated in 3D bioink constructs.
Spectral PCCT is an emerging imaging modality which may

enable non-invasive, quantitative detection andmonitoring of 3D
bioprinted constructs for both in vitro and (more importantly) in
vivo applications. To evaluate this concept, constructs of different
spatial designs containing AuMA and Gd2O3 NP contrast agents
were bioprinted and imaged using conventional micro-CT and
spectral PCCT (Figure 4). Concentric circle (ConC), rectangle in
circle (RinC), vascular tree in circle (VasC), and the Georgia Tech
logo (GT) designs were created via CAD (Figure 4A–D-i) and bio-
printed at high spatial fidelity (Figure 4A–D-ii). To examine the
feasibility of various printing modalities, ConC and RinC mod-
els were created using micro-extrusion bioprinting and the GT
logo was prepared using DLP-based bioprinting. For both print-
ingmodalities,multi-material (contrast) geometries were reliably
and reproducibly fabricated (n > 8). Visibly white regions in the
printed designs comprised the Gd2O3 NP bioink, while visibly
dark regions comprised the AuMA NP bioink.
Axial slices from conventional CT images (Figure 4A–D-iii)

provided a coarse view of the internal construct geometry. How-
ever, these single-energy, grayscale images lacked the ability
to clearly distinguish material boundaries and quantify mate-
rial concentrations. Spectral PCCT (Figure 4A–D-iv), on the
other hand, provided higher contrast single-energy bin images
(grayscale, top left) and provided a spatial map of Au and Gd2O3
concentrations. We also presented these quantitative maps as
color-coded images in which the red and green intensities cor-
respond to Au and Gd2O3 concentration, respectively. An ax-
ial slice (top right), coronal slice (bottom left), and 3D render-
ing (bottom right) are also shown to visualize the multimaterial
construct (Figure 4A–D-iv). The presence of Au in the center of
VasC and GT logo designs and Gd2O3 in the center of ConC
and RinC designs demonstrated the robust quantification of con-
trast agents regardless of spatial position. Additionally, the 3D na-
ture of these images allowed for material quantification despite
depth-dependent printing irregularities. Overall, PCCT imaging
enabled visualization of contrast agents that weremeasured to ex-
hibit concentrations ranging from 2.5 to 25 mm for AuMA NPs
and from 7 to 37 mm for Gd2O3 NPs.
To evaluate the precision and reproducibility of scaffold fea-

tures in PCCT images for various scaffold geometries, we com-
pared measurements of feature dimensions in CT images with
the CAD model or the printed construct (Figure 4E,F). For the
ConC design, PCCT images exhibited a larger inner diameter

Adv. Healthcare Mater. 2023, 12, 2302271 © 2023 Wiley-VCH GmbH2302271 (8 of 18)
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Figure 4. Spectral photon-counting computed tomography (PCCT) of bioprinted constructs of varying geometries, containing multiple contrast agents
and their quantitative analysis. Four different scaffold geometries were printed, including an A) concentric circle (ConC), B) rectangle in circle (RinC), C)
vascular tree in circle (VasC), and D) Georgia Tech (GT) logo. For each scaffold geometry (A–D), row (i) shows the CADmodel of the design with Gd2O3
NP and AuMA NP bioinks depicted in different regions. Row (ii) shows photos of extrusion-bioprinted constructs from side (left) and axial/top (right)
views where Gd2O3 bioinks appear white and AuMA NP bioinks appear black. Row (iii) shows conventional CT image slices for each scaffold design,
with X-ray attenuation in grayscale (Hounsfield unit, HU). Row (iv) shows the lowest-energy bin PCCT axial slice (top left) in grayscale (HU) along with
axial (top right) and coronal (bottom left) slices of the color-coded Gd (green) and Au (red) decomposed images, as well as a 3D rendering (bottom
right). Material map slices are windowed according to the color bars on the far right of this figure. E,F) Fidelity quantification based on the PCCT imaging
of E) ConC and F) RinC designs, obtained by normalizing the dimensional measurements in PCCT images by those in the CAD file (left), or by those in
the bioprinted construct (right) (n = 3 per group). Insets show representative PCCT images used for the quantifications. Scale bars in (A) and (B) and
(E) and (F) show 2 mm and in (C) and (D) show 4 mm. All concentration values are in mm.

(printed with Gd2O3 NP bioink) compared to the CAD design
(ratio of 1.29 ± 0.01), while it was consistent with the inner di-
ameter measurement in the printed constructs (ratio of 0.92 ±
0.03). The outer diameter in ConC design (printed with AuMA
NP bioink) showed a close agreement with both the CAD design
(1.02 ± 0.04) and the measured value in the bioprints (1.00 ±
0.03) (Figure 4E). These results indicate that for the concentric
circles (ConC) geometry, PCCT imaging did not generate signifi-
cant error in the structural dimensions of bioprinted constructs,
confirming the adequate spatial resolution of the technique for

future quantitative applications. The RinC group also showed an
adequate level of fidelity, overall, with width, height, and outer
diameter measurements in PCCT matching those of the bio-
printed samples (ratios of 0.78, 1.02, and 0.96 for the width,
height, and diameter, respectively) (Figure 4F). While the width
ratio between PCCT and print showed notable deviation (0.78 ±
0.02), the width ratio between CT and CAD design approached
1.00 (1.06 ± 0.04), suggesting that the PCCT signal closely reca-
pitulated the intended design parameters. There was some sig-
nificant deviation in the rectangle height measurement between

Adv. Healthcare Mater. 2023, 12, 2302271 © 2023 Wiley-VCH GmbH2302271 (9 of 18)
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Figure 5. Spectral photon-counting computed tomography (PCCT) imaging of subcutaneous implants in mice to track the location of bioprinted con-
structs and quantify the concentration of Gd2O3 and AuMANP contrast agents in the scaffolds. A)Wild typemice were bilaterally implanted post-mortem
with a bioprinted disc-shape construct containing no contrast agent (control, right side of the chest, the blue arrows) and a bioprinted concentric circle
(ConC) implant containing Gd2O3 and AuMA NP contrast agents (left side of the chest, the white arrows). B–D) Grayscale PCCT images from a single-
energy bin, including a 3D rendered image (B), axial slice (C), and two oblique slices through the implanted constructs (top and bottom) (D). Images
are shown in Hounsfield unit (HU) as displayed on the far-right side (−1000 to 1500 HU). E–G) Color-coded images of Gd (green) and Au (red) material
basis maps, including a 3D rendered image (E), axial slice (F), and two oblique slices through the implanted constructs (G). Au and Gd maps are shown
in mm concentration. Each map was windowed according to the color bars to the right of the decomposed images and then combined as a composite
RGB image. Note that the bones appear yellow in the decomposed images. Blue and white arrows point to the control and ConC implants. Scale bars
show 5 mm in all images.

CT and CAD (0.49 ± 0.05), which was also noticeable in the pho-
tos of printed constructs (Figure 4B,ii). This may be attributed
to possible errors in the movement trajectory of extrusion print-
head and over/under extrusion of the ink. The process of embed-
ding printed crosslinked constructs in agar, as well as possible
swelling of constructs post printing could have also contributed
to the structural changes in bioprints.[87,88]

We next evaluated the suitability of generated 3D CT signal
from bioprinted geometries to perform quantitative volumetric
fidelity analysis[89] by directly superimposing the CT signal to the
3D CAD design (Figure S6, Supporting Information). Quantified
signed differences and pass/fail analysis for 3D printed mesh
structures, containing AuMA NPs, showed small deviations of
the CT signal from the CAD design (Figure S6C,D, Supporting
Information). While the signed distance method yields a wider
range of interpretations, the pass/fail approach allows for an ab-
solute analysis of areas that contain the greatest amount of error
when compared to the design. These 3Dmeasurements would be
a great complementary step, in addition to the 2D fidelity mea-
surements presented earlier (Figure 2), as a systematic holistic
approach that allows detection of the defects/errors that may oc-
cur during and/or post bioprinting processes. The implementa-
tion of this methodology into future bioprinting workflows pro-
vides a new outlet for qualitative and quantitative evaluation of
the bioprinting accuracy and adjusting the design and printing
parameters accordingly.[89]

Taken together, the in vitro PCCT results in this study
(Figure 4) support the feasibility of design and implementation
of more complex structural and functional features within bio-
printed implants, such as vascular structures, cellular compo-

nents, and drug eluting features, and enabling their noninvasive,
quantitative tracking via PCCT. These are key areas for continued
development of the next generation of precision and personal-
ized regenerativemedicine treatments. Such advanced CT-visible
scaffolds could be used to treat a variety of diseases, including is-
chemic heart injuries (i.e., cardiac patch devices[90-92]).
Following the in vitro PCCT analysis of bioprinted constructs

with varying geometries, we examined the use of spectral PCCT
for the detection and quantification of contrast agent-laden 3D
bioprinted constructs implanted in an animal model (Figure 5).
Post-mortem C57BL6 mice were bilaterally implanted (subcuta-
neous) with printed disc-shaped empty constructs (control) and
ConC constructs loaded with multiple contrast agents, on the
right and left torso of the mouse, respectively (Figure 5A). Small
animal spectral PCCT imaging enabled the detection and quan-
tification of Gd2O3 and AuMA NP contrast agents with mini-
mal apparent false signal in the control construct (Figure 5B–
G). This is while the control constructs lacking a contrast agent
could not be detected (Figure 5B–D). PCCT imaging of bio-
printed constructs (Figure 5E–G) markedly enhanced the dis-
cernment of construct location compared to image contrast gen-
erated from X-ray attenuation differences in conventional CT im-
age slices (Figure 5B–D). Of note, the quantified ranges of Au
and Gd2O3 reagents within the implanted scaffolds (5–30 mm
and 2.5–50 mm, respectively) were in close agreement with those
measured for Au and Gd2O3 NPs in the in vitro assays for the
ConC design (Figure 4, 2.5–25 mm and 7–37 mm, respectively).
The bone tissue appeared yellow in the decomposed images since
calcium, which was not included as a basis material, was repre-
sented as a sum of the Gd and Au bases.
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Spectral PCCT was able to discriminate structural features
loaded with different NP contrast agents within the bioprinted
constructs by leveraging photon-energy dependent differences in
the X-ray attenuation of Au (AuMA NPs) and Gd (Gd2O3 NPs).
This is achieved using photon-counting detectors, which sort the
detector-incident photon events using different configurable en-
ergy thresholds. In contrast, conventional CT acquisitions were
unable to discern between Au and Gd2O3 content due to the in-
ability of traditional energy integrating detectors to discern inci-
dent photon energies.
Future studies will explore new encapsulation methods,[93]

as well as new, more effective chemical conjugation methods
with the polymer (e.g., GelMA) matrix[94,95] to further enhance
the contrast agent retention within the printed structures. Fu-
ture work could also explore the possibility of incorporating/co-
encapsulation of therapeutic molecules, together with CT con-
trast agents, as a novel, indirect, and quantitative method to
monitor drug release from implants. CT reagent could further
be utilized to track transplanted cells and/or genetic materials
within the bioprinted constructs,[96] which could significantly in-
crease the impact of these systems particularly in the regener-
ative medicine applications. Studying the CT visibility of these
engineered implants for longer time periods in vivo, and various
disease-specific animal models, would be of great importance.
More in-depth SEM and energy dispersive spectroscopy (EDX)
analyses in the future works would generate important insight
into the pore structure/connectivity and NP distribution within
various bioink constructs. While cell culture assays on the de-
veloped CT-visible bioinks indicate adequate levels of biocom-
patibility, future studies could provide more in-depth and tissue-
specific bioactivity of these materials. Simultaneous bioprinting
of viable cells and contrast agents can create functional, patient-
specific implants with significantly enhanced potential for clini-
cal applications. Finally, for theNP systems used in bioink formu-
lations, pharmacokinetics, biodistribution, clearance, and toxicity
of NPs should be carefully examined prior to the implementation
of CT-visible bioprinted scaffolds into clinical studies.[97,98] De-
pending on the size of contrast agents, their clearance could oc-
cur through the kidney (<5 nm, e.g., Omnipaque, Gadavist, and
Aurovist (Au NP) used in this study[99,100]), liver (20–100 nm, e.g.,
Gd2O3, Au, andAuMANPs[101,102]), and eventually elimination by
the mononuclear phagocytic system (MPS) in lymph nodes and
the spleen (>200 nm, e.g., Iod-loaded liposome NPs[103]).

3. Conclusions

In this study, bioinks comprisingmolecular (Iod and Gd) and NP
(Iod-loaded liposome, Au, AuMA, and Gd2O3) CT contrast agents
were used to 3D bioprint hydrogel scaffolds of varying geometries
at adequate levels of structural fidelity. In-depth analysis of the
release behavior of contrast agents from the constructs demon-
strated the poor retention of molecular agents; hence, these types
of clinically used reagents are not optimal for monitoring of bio-
printed constructs. NP contrast agents, on the other hand, pro-
vided a stable and robust signal over time durations that are suit-
able for most clinical applications. Printed NP contrast agent-
laden constructs were evaluated by conventional CT versus spec-
tral PCCT in vitro and in a subcutaneous mouse model. Con-
structs printed with multiple bioinks containing distinct contrast

agents (Gd2O3 and AuMA NPs) showed distinguishable, robust
PCCT signal, which enabled noninvasive monitoring of the im-
planted scaffold position and quantification of contrast agent con-
centrations. This study, therefore, demonstrates the feasibility of
design and developing a novel theranostic platform with poten-
tial for clinical applications in treating a variety of diseases, in-
cluding cardiovascular disease (i.e., as CT-visible cardiac patch).
The integration of multi-material 3D bioprinting together with
functionalized nano-biomaterials and PCCT imaging provides a
robust means for tissue engineers to advance the field toward
the development of next-generation precision and personalized
medicine platforms.

4. Experimental Section
Preparation of GelMA Bioinks: The GelMA used in this study was syn-

thesized using a similar protocol as in previous studies.[55,56,59] Briefly,
PBS was used to dissolve gelatin powder at 10% (w/v) at 50 °C, with
methacrylic anhydride (MA, Sigma) added dropwise at the same temper-
ature over a 3-h period. To stop the methacrylate reaction, warm PBS was
added to the solution, followed by dialysis in deionized (DI) water for 1
week at 40 °C. During this process, the water was changed three times
a day. Subsequently, the mixture solution was lyophilized and stored at
−20 °C in a dark environment. Stock solutions of 20% GelMA were pre-
pared by the reconstitution of lyophilized GelMA in PBS with 1% w/v Ir-
gacure (Sigma).

Preparation of CT Contrast Agents: Two sets of CT contrast agents, that
is, molecular andNP contrasts, were used in this study.Molecular contrast
agents included gadolinium (Gd) (Gadavist, Bayer HealthCare Pharma-
ceuticals Inc.) at molecular weight of 604.7 g mol−1 (≈1.2 nm) and iodine
(Iod) (Omnipaque 350, GE Healthcare Inc.) at molecular weight 821.14 g
mol−1 (≈1.2 nm). Nanoparticle (NP) contrast agents included Gd2O3 NP
(Nanostructured & Amorphous Materials Inc.) in the form of power with
a molar mass of 362.5 g mol−1, gold (Au) NP (VivoVist, Nanoprobes) in
1015.40 mm concentration and 15 nm particle size, and methacrylated Au
(AuMA) NPs (preparation described below) (Table 2).

Preparation of GelMA Bioinks Laden with Various CT Contrast Agents:
Printing syringes of bioinks laden with CT contrast agents, including Iod,
Gd, Gd2O3 NPs and Iod-loaded liposome nanocapsules, were prepared
using 1.8 mL of 20% GelMA and 1.2 mL of the corresponding contrast
agent stock solution. Thus, the final concentration of GelMA was adjusted
at 12% and the concentration of Iod, Gd, Gd2O3 NPs, and Iod-loaded li-
posomes in the bioinks were adjusted at 49.8, 41.6, 22.3, and 49.8 mm,
respectively (Table 2).

To prepare the GelMA bioink containing Au NP contrast agents, a
stock solution of 33.33% GelMA was prepared by the reconstitution of
lyophilized GelMA in PBS with 0.83% w/v LAP (Sigma). Printing syringes
of Au NP were prepared using 1.8 mL of 33.33% GelMA and 1.2 mL of
Au NP stock solution. Final concentration of GelMA and Au NP were 20%
(w/v) and 20.2 mm, respectively (Table 2). The concentrations of all con-
trast agents were selected based on the standard curves of X-ray attenu-
ation for each agent, to achieve a clinically relevant level of CT contrast
(≥150 HU).

Synthesis of AuMANPs—Preparation of GelMA Bioinks Containing AuMA
NPs: AuMA NPs were synthesized by surface functionalization of bare
Au NPs, prepared by the citrate reduction method,[104] with mercap-
tosuccinic acid (MSA) which was subsequently covalently-linked to 2-
aminoethyl methacrylate (AEMA, 90%, C6H11NO2·HCl, Sigma-Aldrich)
using carbodiimide/succinimide chemistry, as previously described in
detail.[53] Briefly, 0.5mmol ofMSA-functionalized AuNPs (AuCOOHNPs)
were added to 200 mL ethanol (80% v/v) containing 1.44 g 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma-Aldrich)
and 0.65 g N-hydroxysulfosuccinimide (NHS, Sigma-Aldrich). The result-
ing mixture was then added with another 200 mL ethanol (80% v/v),
containing 0.495 g fully dissolved AEMA, such that the molar ratio of
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Table 3. Summary of the bioprinting parameters used in this study to print various bioink groups.

Bioink GelMA
bioink (1)

GelMA
bioink (2)

Iod bioink Gd bioink Gd2O3 bioink Au bioink AuMA bioink Iod-liposome
bioink

[GelMA] wt% 12% 20% 12% 12% 12% 20% 20% 12%

Contrast agent — — Molecular Molecular NP NP NP NP

Print temp [°C] 24 24 19 20 25 20.5 20.5 20.5

Print speed [mm−1s] 6 6 5 5 5 5 5 5

Print pressure [kPa] 55–90 105–120 200 170 140–200 200 90–130 80

Crosslinking intensity [mW cm−2] 7 30 7 7 7 30 30 7

Crosslinking time [min] 4 4 4 4 4 4 4 4

NP: nanoparticle. GelMA: gelatin methacrylate. Iod: iodine. Gd: gadolinium. Au: gold. AuMA: methacrylated gold.

Au:EDC:NHS:AEMA was 1:15:6:6. The mixture was vigorously stirred un-
der nitrogen protection for 24 h at room temperature to obtain AuMANPs.
After the reaction, AuMANPs were collected by centrifugation at 8400g for
30min and washed thrice with DI water. The final AuMANP stock solution
was concentrated to 101mm as verified by inductively-coupled plasma op-
tical emission spectroscopy (ICP-OES).[104]

To prepare the AuMA NP bioink, a stock solution of 40% GelMA was
prepared by the reconstitution of lyophilized GelMA in PBS and 2.8mL of a
1.25%w/v LAP solution. Subsequently, 0.7 mL of AuMANP stock solution
(101 mm, as explained above) was added. Thus, the final concentrations
of GelMA and AuMA NPs in the bioink were 20% and 10 mm, respectively
(Table 2). The concentration of AuMA NP was selected based on the stan-
dard curve of X-ray attenuation for Au, to achieve a clinically relevant level
of CT contrast (≥150 HU).

Synthesis of Iod-Loaded Liposome Nanocapsules: The Iod-loaded lipo-
somes were prepared using the thin film hydration method. Briefly, a lipid
mixture consisting of L-𝛼-phosphatidylcholine type XVI-E from fresh egg
yolk (Egg-PC) (Sigma Aldrich) and cholesterol (Sigma Aldrich) in a 70∶30
molar ratio was dissolved in chloroform at a lipid concentration of 50 mg
mL−1 in a flat bottom glass vial. The chloroformwas slowly evaporated un-
der vacuum in a desiccator overnight to obtain a homogeneous and thin
lipid film in the bottom of the vial. A hydration solution was prepared by
mixing an Iod solution (1 mm) with 10× PBS buffer to reach a final con-
centration of 1× PBS. The hydration solution was heated to 37 °C prior to
be used to hydrate the lipid film with a lipid concentration of 40 mm. The
lipid film was left for 120 min at 37 °C and gently stirred for 30 min using a
vortex. The lipid solution was then sonicated in a bath for an extra 30 min
at 37 °C. The multilamellar vesicle suspension generated by hydration of
the lipid film was then sequentially extruded with ten passes through a
400 nm Nucleopore membrane (Whatman, Buckinghamshire, UK) using
an Avanti mini extruder (Avanti Polar Lipids Inc., Alabama, US). The re-
sulting solution was then centrifugated to remove the buffer containing
non-encapsulated Iod and recovered in 1× PBS buffer. An Amicon ultra
centrifugal filter (100 kDa) was used to perform three washes with fresh
PBS 1× and remove the rest of non-encapsulated Iod. The solution of li-
posomes prepared was then kept at 4 °C until use.

Dynamic Light Scattering Analysis of Liposome Nanocapsules: To deter-
mine the diameter distribution of the Iod-loaded liposome NPs synthe-
sized in this study, dynamic light scattering (DLS) technique using a Ze-
taSizer Nano ZS instrument (Malvern Instruments Ltd., Worcestershire,
UK) was used as previously described.[105,106]

STL Design Preparation and Bioprinting of Tissue Constructs Containing
Single Contrast Agents: The 3D CAD design of a disk-shaped construct
(5 mm in diameter and 1.5 mm in height) was designed using Fusion
360 (Autodesk). The structure was exported as an STL file and placed on
Repetier Host (Hot-World GmbH & Co) for slicing. The resulting g-code
with instructions to print four replicates of the design was loaded into ami-
croextrusion bioprinter (BioX, CELLINK). Printing syringes containing the
prepared functionalized bioinks (laden with one of the CT contrast agents,
prepared as above) were installed into a temperature-controlled printing

head. A 27-gauge tapered needle was used for micro-extrusion. Printing
temperature, pressure, and speed were optimized for each bioink until ap-
propriate extrusion and layer depositing was observed (Table 3). Following
the printing step, AuMA—GelMA constructs were photocrosslinked using
UV light at 30 mW cm−2 for 2 min on each side. Constructs prepared with
other bioinks were subjected to the same treatment with a UV intensity
of 7 mW cm−2 (Table 3). Post crosslinking, constructs were either freshly
used (for release studies) or were embedded in 3% agar and stored at
−80 °C freezer to inhibit potential diffusion of contrast agents and pre-
serve the printed tissue structure for further evaluation (CT imaging).

STL Design Preparation of Tissue Constructs Containing Multiple Contrast
Agents: Three disk-shaped constructs were designed in Fusion 360 (Au-
todesk). These designs consisted of a concentric circle (ConC), a rectangle
in circle (RinC), and a vascular tree in circle (VasC) (Table 4). The ConC and
RinC designs were 5 mm in outer diameter, 1.5 mm in height, and used
Gd2O3 in the inner and AuMA NP in the outer part. The inner circle of
ConC was 2.5 mm in diameter. The rectangle in RinC was centered in the
disk with dimensions of 2 mm × 3 mm (Table 4). The VasC design con-
sisted of a vascular tree, printed with AuMA NP bioink, embedded in the
center of a disk, printed with Gd2O3 bioink. The disc was 10 mm in diame-
ter and 2 mm in height. The vascular tree component had inlet/outlet ves-
sels each at 1 mm diameter and 1.75 mm length, bifurcating at a 90° angle
into the middle channels at 1 mm diameter and 2 mm length (Table 4).

Extrusion-Based Bioprinting of Tissue Constructs: Both components of
each design, as described above, were exported separately as STL files,
and aligned back together on Repetier Host (Hot-World GmbH & Co) for
slicing. A g-code with instructions to print a single replicate at a time was
loaded into a microextrusion bioprinter (BioX, CELLINK). The AuMA NP
and Gd2O3 bioink syringes were placed in temperature-controlled printing
heads with a 27-gauge tapered needle. Printing temperature, pressure, and
speed were optimized until both bioinks showed appropriate extrusion,
layer deposition, and interaction with one another (Table 3). Optimized pa-
rameters for the ConC and RinC designs were the following: AuMA NPs—
20% GelMA (20.5 °C, 5 mm−1s, 90 kPa) and Gd2O3 NPs—12% GelMA
(25 °C, 5 mm−1s, 140 kPa). After printing, all replicates were immediately
photocrosslinked with UV light at 30 mW cm−2 for 2 min on each side. All
constructs were embedded in 3% agar immediately after crosslinking to
avoid possible diffusion/leakage of contrast agents. Embedded samples
were stored at −80 °C until use (imaging).

DLP-Based Bioprinting: A model of the GT logo was derived from of-
ficial vector graphics provided by Georgia Tech, which were then trans-
formed into an SVG file format and imported into Fusion360 (Au-
todesk) as previously described,[107-109] to generate a 3D STL file of the
logo (dimensions reported in Table 4). A Lumen X+ DLP bioprinter
(CELLINK) was used to fabricate high-resolution constructs with com-
plex embedded geometry, that is, the GT logo. A custom formulated
bioink (CytoInk6000)[107,108,110] that was specifically tailored was used
to produce high fidelity DLP bioprints. Briefly, 10% (w/v) of porcine
GelMA (Sigma and in-house methacrylated), 10% (w/v) cold water
fish gelatin (Sigma), and 2.5% (w/v) polyethylene glycol dimethacry-
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Table 4. Summary of the 3D scaffold geometries used in this study.

Construct geometry

Diameter, d [mm] 5 5 5 10 12

Height, h [mm] 1.5 1.5 1.5 2 1.5

Inner part
dimensions [mm]

— Inner diameter: 2.5
Height: 1.5

Rectangle: 2 × 3
Height: 1.5

Vessel diameter: 1
Height: 2

Bifurcation angle: 45o

“T” width: 6
Height: 1.5

Bioink(s)
used

All single contrast
agents

Outer: AuMA NP
Inner: Gd2O3 NP

Outer: AuMA NP
Inner: Gd2O3 NP

Outer: Gd2O3 NP
Inner: AuMA NP

Outer: Gd2O3 NP
Inner: AuMA NP

[bioink] [%] 12% GelMA (Iod, Gd,
Gd2O3,

Iod-liposome)
20% GelMA (Au,

AuMA)

20% GelMA (AuMA)
12% GelMA (Gd2O3)

20% GelMA (AuMA)
12% GelMA (Gd2O3)

20% GelMA (AuMA)
12% GelMA (Gd2O3)

10% GelMA, 10% CWF
gelatin, 2.5%
PEGDMA6000

(AuMA)
12% GelMA (Gd2O3)

NP: nanoparticle. GelMA: gelatinmethacrylate. I: iodine. Gd: gadolinium. Au: gold. AuMA:methacrylated gold. CWF gelatin: cold water fish gelatin. PEGDMA6000: polyethylene
glycol dimethacrylate (PEGMDA) at 6000 molecular weight:

late (PEGDMA6000) (Sigma, in-house methacrylated) was combined and
1% (w/v) of lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
added to serve as a photoinitiator and 1× pen/strep to prevent contami-
nation. The reagents were suspended in PBS and incubated overnight at
37 °C, protected from light. The bioink was then adjusted to pH of ≈7.5
and 1.5 mm of Tartrazine was added, to serve as a photoabsorber. The fi-
nal bioink mix was incubated at 37 °C for another 3 h, then stored at 4 °C
until use in downstream applications. Where Gd2O3 NPs or AuMA NPs
were necessary to add to the bioink, these were resuspended in the PBS
prior to addition to the dry reagents, to maintain the above listed ratios.
As prepared, and if protected from light at 4 °C, the bioinks were stable
with minimal bioprinting capability degradation for at least a month.

Due to the limitation of DLP bioprinting to use only one bioink, plan
was to print the more complex component, that is, the GT logo, and then
cast the rest of the disc construct using a printed model. The GT logo
model was imported into the Lumen X+ slicer software to generate the
layer-by-layer printable directions. The AuMA NP bioink (in CytoInk6000
formulation, Table 4) was used to print the logo. Also, a 20 mW cm−2

405 nm blue light, 7 s per layer, with 14 s for first layer burn-in were used
as the bioprinting parameters for all bioinks done on the Lumen X+. The
completed GT model from bioprinted runs were recovered from the stage
and incubated overnight in a 50 mL conical tube, filled with 1× PBS and
1× pen/strep to remove the non-crosslinked bioink. Subsequently, the GT
logo was positioned into a circle-shape mold (12 mm diameter, 1.5 mm
height) and cast with the Gd2O3 NP bioink (in 12% GelMA, Table 4), fol-
lowed by crosslinking for 2 min at 20 mW cm−2 under UV light. The ring
mold was then removed, and the completed constructs were placed in a
50 mL conical tube (Corning) containing 1× PBS with 1× pen/strep to re-
move any excess bioink. Constructs were subsequently embedded in 3%
agar and stored at −80 °C until use, as above, to preserve the contrast
agent distributions within the structures.

Bioprinting Fidelity Assessment: Printability of various bioinks was eval-
uated via, first, characterizing their micro (strand)-scale fidelity on two-
layer lattice structures created via extrusion bioprinting (BioX, CELLINK).
Strand diameter ratio (rd), strand angle ratio (r𝛼), strand uniformity ra-
tio (rU), and inter-strand area ratio (rA) was measured as representative
of strand-level fidelity using the protocol established before.[19,55,59,108] In
this method, rd determines the accuracy in the printed strand diameter,
r𝛼 measures the precision in the angle between the two layers of strands,
rU quantifies the uniformity (straightness) of the extruded strands, and

rA quantifies the surface area variation of the quadrilateral areas created
by four crossing strands, and. These ratios were obtained by dividing the
measured (experimental) values by the theoretical value for each parame-
ter in the CAD design using the following equations:

rd =
diameter of printed strand

diameter of designed strands = 0.3 mm
(1)

r𝛼 =
angle between two printed strands

designed angle between strands = 60◦
(2)

rU =
length of printed strand

length of designed strand = 1.1 mm
(3)

rA =
surface area between printed strands

surface area between designed strands = 1 mm2
(4)

Therefore, calculated values approaching 1 would suggest a 100% accu-
racy/fidelity in bioprinted strands and deviations from 1 would represent
the error inmicro-fidelity.[19,55,59,108] Ratio calculations were performed us-
ing measurements from each replicate (n = 5) on ImageJ. We used 4× op-
tical images to measure rd, r𝛼 , and rA using the angle, freehand selection,
and straight-line tools, respectively, on ImageJ. The 1.25× optical images
were used to measure rU by tracing the center of printed strands with the
freehand line tool. In each replicate, measurements of 6 different strands
were taken to calculate rU (three vertical and three horizontal segments),
and 12 measurements were used to calculate rd, r𝛼 , and rA.

We next quantified bulk (macro-scale) fidelity of bioprinted constructs,
performed on the disk-shaped scaffolds prepared via extrusion bioprint-
ing (BioX, CELLINK). Bright field optical images of the complete printed
constructs were taken using a smartphone camera. Disk diameter (D) was
measured on ImageJ using the straight-line tool by taking four diameter
measurements in vertical, horizontal, and diagonal directions. The rD ra-
tio was calculated by dividing the measured parameter to that in the CAD
design

rD =
diameter of printed disc

diameter of designed disc = 5 mm
(5)
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Similar to the micro-scale fidelity, a rD ratio of 1 indicated optimal bulk
printing fidelity. Four replicates (n = 4) were measured both before and
after they were subjected to UV photocrosslinking.

Mechanical Characterization of Bioprinted Constructs: GelMA-based
printouts were crosslinked by UV exposure from both top and bottom
sides by flipping the samples (identical top and bottom crosslinking).
A constant light intensity of 7 mW cm−2 and crosslinking duration of
2 min was used for all 12% GelMA based bioinks. For 20% GelMA-based
bioinks, the crosslinking duration stayed the same, but the intensity was
raised to 20 mW cm−2. The modulus of elasticity (E) of printed sam-
ples were measured using the microindentation test (Mach-1 mechani-
cal testing system, Biomomentum Inc., Quebec, Canada) as previously
described.[46,56,107-109] Briefly, a 500 μm spherical probe was employed to
indent the surface of bioprinted samples with different compositions (n
= 6), with the indenting depth of 100 μm at a speed of 2 μm s−1. The
force–displacement unloading curves were recorded and used to calcu-
late the stiffness of the sample (S) from the linear tread line slope (initial
5–20%), and the reduced elastic modulus (Er) was derived following the
equation[111]

Er =
√
𝜋

2𝛽
S√
A (hc)

(6)

where 𝛽 is a constant and equals 1 in these tests, A(hc) is projected contact
area at the contact depth of hc and can be obtained from the following
equation:

A (hc) = 2𝜋Rhc − 𝜋h2c (7)

where

hc = hmax − 𝜀
Pmax

S
(8)

where hmax and Pmax are the peak unloading displacement and unloading
force, respectively, and 𝜖 is a constant with a value of 0.75 for the spherical
indenter used here.[112] The elastic modulus, E, can be calculated using
the following equation[111]

1
Er

=
(
1 − v2

)
E

+
1 − v2i
Ei

(9)

where v is the Poisson’s ratio of tested material with a value of 0.5, and
vi is 0.5 for the indenter tip material. Ei represents the elastic modulus of
the probe, with a value of 2 GPa.

Rheological Measurements of Gel Solutions: Rheological parameters of
hydrogel samples were measured using an AR 2000 rheometer (TA Instru-
ments) with a 25-mm parallel plate geometry. For this purpose, 800 μL of
each bioink solution was pipetted onto the bottom plate of the rheome-
ter and the gap size was set at 400 μm. Excess hydrogel solution was re-
moved from the rheometer with Kimwipes (Kimtech). A solvent trap was
used to prevent evaporation during experiments. Time sweep and temper-
ature sweep assays were performed on the 12% GelMA, 20% GelMA, 12%
GelMA + Gd2O3 NP, and 20% GelMA + AuMA NP bioink groups. Time
sweep experiments were conducted for 10 min, at 1% strain and 1 Hz fre-
quency as the evolution of the storage moduli (G′) and the loss moduli
(G′′) were observed. For time sweep experiments, a constant tempera-
ture of 24 °C (for 12% GelMA), 24 °C (20% GelMA), 25 °C (12% GelMA +
Gd2O3 NP), and 20.5 °C (20%GelMA+ AuMANP) were applied. Temper-
ature sweep measurements were conducted to determine the G′ and G′′

from 15 to 40 °C at the rate of 1 °C min−1, covering all printing tempera-
tures used in this study.Hydrogel solutionswere sheared at 1Hz frequency
and 1% strain.

Scanning Electron Microscopy Imaging: A disc-shape scaffold contain-
ing a vascular tree was printed and examined under vacuum in the scan-
ning electron microscope (Axia ChemiSEM, Thermo Fisher, Waltham,

MA). The operating voltage was 8 kV. Specimen preparation included dry-
ing the construct in ambient air and temperature and sputter coating the
surface with 10–12 nm gold-palladium alloy for conductivity, using a Quo-
rum 150 V ES Plus (Quorum Technologies, Laughton, East Sussex, United
Kingdom). Quantitative SEM analysis for pore size distribution was con-
ducted using n = 3 replicates. Clear pores with distinguishable walls and
structure were selected and used for the pore size distribution analysis.
For each pore, measurements of diameter were performed from five dis-
tinct angles for a total of 750 data points per SEM image. The data across
samples were compiled. Analyses included a frequency distribution of pore
diameter and a nonlinear regression curve for a Gaussian distribution.

Biocompatibility Assays: 100 μL of each bioink solution (12 and 20%
GelMA without NPs, 12% GelMA + Gd2O3 NP, and 20% GelMA + AuMA
NP) were cast into wells of 24-well plates and crosslinked via UV light,
resulting in disc-shape constructs at approximate height of 0.5 mm and
diameter of 14 mm. The 12% GelMA bioinks (with and without Gd2O3
NPs) were crosslinked at 7 mW cm−2 for 45 s for the top surface and 45 s
for the bottom surface. The 20% GelMA bioinks (with and without AuMA
NPs) were crosslinked with UV light with intensity of 20 mW cm−2 for 45
s on the top surface and 45 s on the bottom surface. After crosslinking,
constructs were washed with sterile PBS (3×2 min) and kept in PBS until
cell culture.

Human umbilical vein endothelial cells (HUVECs) (ATCC) were cul-
tured in HUVEC media and media was changed every 3 days. At 90% con-
fluency, cells were passaged and seeded onto the bioprinted constructs.
HUVECs were seeded onto the surface of the bioink substrates at 5 × 103

cells per well. For the AuMA NP group, HUVECs were seeded at 1 × 104

cells per well. To assess cell viability using AlamarBlue assay, at different
time points (days 1, 3, and 7), culture media was aspirated from each well
and replaced with fresh media containing AlamarBlue reagent (1:9 vol-
ume ratio).[113-115] After a 4-h incubation, 100 μL of incubated reagents
were transferred to a 96-well plate (n = 3 per group per time point). Ala-
marBlue reduction percentage was calculated based on the different light
absorption at 550 and 600 nm wavelengths, using a microplate reader
machine (BioTek Instruments, US). In addition, Live/Dead assay (Milli-
pore) was performed at day 7 of culture by mixing a 1:1 ratio of cell culture
medium and PBS and adding 5 μL Calcein AM, and 20 μL propidium io-
dide per 24 mL. After aspirating media in each well, 1 mL of dye solution
was added to each well and incubated for 30 min. Following incubation,
scaffolds were washed with culture media and imaged via a fluorescence
microscope (DFC3000 G, Leica) at 20×magnification.

In Vitro Examination of Contrast Agent Retention Profile in Bioprinted
Constructs—Micro-CT Imaging: Standard curves of X-ray attenuation for
all contrast agents (Iod, Gd, Gd2O3 NPs, Au NPs) were measured and
plotted with a conventional laboratory micro-CT (μCT-40, Scanco Medical
AG) with serial dilutions of each contrast agent, including 0, 5, 16, 25, 40,
50, 70mm, inDI water. Subsequently, disc-shape constructs of dimensions
(d = 5 mm and h = 1.5 mm) were bioprinted using contrast agent-laden
bioinks, according to the parameters listed in Tables 2–4, using the Bio
X printer (CELLINK). To print the constructs, bioinks were formulated at
adequate contrast agent concentrations to ensure obtaining clinically rel-
evant X-ray attenuation for soft tissue imaging (>150 HU, based on the
standard curves).[57] Specifically, the concentrations used were 42 (Iod),
50 (Gd), 20 (Au NP), and 22 mm (Gd2O3 NPs).

All molecular contrast agent (Iod and Gd) bioinks were printed in four
replicates (n = 4) for each timepoint of the release study, that is, t = 0, 0.5,
1, and 2 h. Similar approach was used to quantify the release of NP con-
trast agents from printed constructs; however, since the NPs were sought
to have greater retention and slower release than themolecular agents, the
timepoints studied for NPs were extended to t = 24 and 504 h (3 weeks)
(n = 4). Following bioprinting and crosslinking, all constructs were imme-
diately submerged in 2 mL of PBS in a 24-well plate and either underwent
static conditions (no movement) or dynamic conditions (on rocking plate
at 40% intensity). At each time point, the samples were removed from
solution, rapidly placed in a falcon tube with 2 mL of solidified 3% agar
at the bottom, and immediately embedded with liquid 3% agar. Embed-
ded samples were placed in a dry ice container and transferred to −80 °C
to preserve the sample from any further diffusion/release. To quantify the
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release at each given time point, frozen samples were retrieved and imme-
diately imaged via micro-CT (μCT-40, Scanco Medical AG) at 70 kVp tube
potential, 36 μm voxel size, 144 μA beam current, and 250 projections at
200 ms integration time.

Spectral PCCT Image Acquisition, Reconstruction, and Material Decom-
position: PCCT images of bioprinted multi-contrast agent constructs
were acquired via two different PCCT systems. In the first round, PCCT
imaging was performed on a custom micro-PCCT imaging system (Duke
University),[116] equipped with a SANTIS 1604 CdTe-based PCD fromDEC-
TRIS, Ltd. This detector has a pixel pitch of 0.15mm, a 16×4 cmactive area,
and four configurable energy thresholds. The system had a MicroFocus X-
ray source with a tungsten anode (Thermo Scientific, model PXS10). The
object of interest was placed on a stage which was rotated and vertically
translated to acquire projection data in a helical trajectory. The source, ob-
ject, and detector were placed such that the system magnification is ≈2.5.
The source was set to a tube voltage of 120 kVp with a tube current of
200 μA. The PCD thresholds were 35, 50, 80, and 86 keV. The lowest energy
level was chosen to provide reference data with high photon counts and
low noise while the upper thresholds were chosen to surround the charac-
teristic K-edges of Gd (50.2 keV) and Au (≈80.7 keV). For this study, 1200
X-ray projections were taken over a total of three rotations and 25 mm of
translation.

PCCT reconstructions were jointly performed with log normalized
multi-energy projection data at a voxel size of 75 μmusing a multi-channel
iterative reconstruction algorithm.[117] This algorithm seeks to solve si-
multaneously the following optimization problem for all energies e:

X = arg min
X

1
2

∑
e
|| RX (e) − Y (e)||22 + 𝜆|| X ||BTV (10)

where, X represents the multi-energy tomographic data, Y represents
the log-normalized projection data, and R represents the system projec-
tion matrix. Noise in the reconstructions was reduced by minimizing the
data fidelity subject to the bilateral total variation (BTV) within and be-
tween energy levels. BTV was reduced using rank-sparse kernel regression
regularization.[117]

The four PCD energy threshold images were decomposed into Gd and
Aumaterial basis concentrationmaps using a post reconstruction decom-
position approach.[118] An orthogonal subspace projection was used to
enforce a non-negativity constraint on concentration values.[117] The de-
composed material maps were saved as RGB, color-coded images and
visualized using 3DSlicer (https://www.slicer.org/).

Second round of PCCT imaging was performed (University of Notre
Dame) on a commercially available system (MARS-12 and MARS-19,
MARS Bioimaging, Christchurch, NZ). This system was equipped with a
polychromatic X-ray source operating at 120 kVp, 2.5 mm aluminum filtra-
tion, and a photon-counting detector comprising a CdZnTe semiconduc-
tor sensor, 2 mm in thickness, bonded to a Medipox3RX chip[119] with a
110 μm pixel pitch and five energy bins in charge-summing mode. The X-
ray tube current was 24 μA which corresponded to a photon count rate of
10 photons ms−1 for a given pixel to mitigate potential error due to pulse
pileup. The image acquisition protocol utilized a helical scan with 720 pro-
jections per gantry rotation, a 45 mm field of view, and 250 ms integration
time to limit each detector pixel to a mean of 2500 total counts across en-
ergy bins. Source-object and source–detector distances were set at 209.8
and 274.8 mm, respectively, resulting in a magnification level of 1.31. En-
ergy thresholds were selected to create five energy bins at 7–30.5, 30.5–
43, 43–55, 55–65.5, and 65.5–120 keV. Careful selection of energy bins en-
sured equal photon counts across bins and leveraged differences in the
X-ray attenuation of Au and Gd2O3 across the photon energy spectrum,
including the K-edge discontinuities of Gd and Au at 50.2 and 80.7 keV,
respectively. CT reconstructions were performed with an isometric voxel
size of 100 μm and a nominal spatial resolution of 300 μm. Prior to image
acquisition, atypical and extreme pixels were selectively masked based on
atypical lower and upper thresholds and variances of photon counts.

For the second round of PCCT, material decomposition of multiple
contrast agents (Au, Gd2O3) was performed using constrained maxi-
mum likelihood estimation (MLE) in the image domain, adapting meth-

ods previously demonstrated for spatially coincident contrast and tissue
compositions.[33] Briefly, MLE was calibrated by an M × N material ba-
sis matrix, where M is the number of energy bins and N is the number
of elements or materials to be decomposed. The material basis matrix
was established by linear least squares regression of the X-ray attenua-
tion measured in each energy bin versus known concentrations of each
material composition in the material phantom. The X-ray attenuation was
measured as the mean attenuation within a 12 mm3 cuboidal volume of
interest located at the center of each Eppendorf tube in the phantom im-
ages. Elemental volume fractions were estimated from the known con-
centrations of compositions in the phantom based upon the mass and
density of Au, Gd2O3 and water. The fractional abundance of materials
within a given voxel in the sample phantom was determined using quad-
prog, a quadratic programming function in MATLAB (v9.9, MathWorks,
Inc.) such that solutions to the linear system of equations satisfied prior
assumptions of non-negativity and full additivity within each voxel. Follow-
ing material decomposition, all material volume fractions were scaled to
millimolar (mm) concentration using the material basis matrix and linear
regression models determined from the phantom.

Volumetric Fidelity Assessment: The DLP bioprinting approach de-
scribed above was utilized to fabricate a 3D mesh structure at adequate
resolution and fidelity, using 20%w/v porcine GelMA (150 bloom, Sigma),
20 mm PEGDMA (Biosciences), 1% w/v (LAP; Sigma), and 1.5 mm Tar-
trazine (Sigma). AuMA NPs were added to the filtered bioink at a final
concentration of 10 nm. A Lumen X+ (BICO; CELLINK) was used to print
at least six replicates of mesh geometry, with a random selection of n =
3 used for fidelity measurements. Standardized bioprinting parameters
were used, accounting for the light absorption reported for gold NPs in
the 405 nm range. Specifically, 15 mW cm−2 light intensity was used and
were crosslinked with each layer in the constructs for 9 s, with a burn-in
for the first layer of 18 s.

Following bioprinting, constructs were imaged via micro-CT, as de-
scribed above andCT scan stacks were imported into FIJI ImageJ. A 3Dme-
dian filter with a pixel width of 2 was applied to smooth the image surfaces
and loaded into 3D viewer mode. Using a threshold of 80, the data were
converted to an STL file and imported into the 3D point cloud processing
software (CloudCompare, www.cloudcompare.org). Using the software’s
built-in scissoring tool, the STL file of the scanned scaffold was edited to re-
move any undesired background areas. Both the scanned object’s STL and
the corresponding CAD design were then scaled to matching dimensions,
registered, and surface deviation calculations were performed. Adapting
previous methods, these deviations were illustrated through a signed dis-
tance and pass/fail error detection analysis.[89]

Subcutaneous Mouse Implantation of Bioprinted Constructs and PCCT
Imaging: To demonstrate quantitative spectral PCCT imaging of 3D bio-
printed scaffolds implanted inmice, fresh post-mortemwild-type C57BL/6
mice (n = 6) were subcutaneously implanted with non-contrast (empty
12% GelMA, as control) and NP contrast agent-loaded bioprinted con-
structs in a bilateral fashion within the torso. Implanted mice were placed
on a mouse bed for imaging with spectral PCCT settings as described
above for imaging bioprinted constructs. The mice were sacrificed after
use in other in vivo experiments conducted by colleagues at Emory Uni-
versity (all under active IACUC protocols). Immediately after they were
sacrificed, we received the bodies and used them for our imaging stud-
ies presented in this article.

Statistical Analysis: Experimental data was processed and expressed
using mean values ± SEM. Statistical significance was determined by a
t-test, one-way or two-way analysis of variance, and multiple comparisons
were performed by ANOVA test using GraphPad Prism with an acceptable
significance level of P < 0.05. In the entire study, *P < 0.05, **P < 0.01,
***P< 0.005, and ****P< 0.001 in comparison to the previous time point
for each group.
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