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The widespread use of video-assisted thoracoscopic surgery (VATS) has triggered the rapid expansion in
the field of computed tomography (CT)-guided preoperative localization and near-infrared (NIR) fluor-
escence image-guided surgery. However, its broader application has been hindered by the absence of
ideal imaging contrasts that are biocompatible, minimally invasive, highly resolvable, and perfectly loca-
lized within the diseased tissue. To achieve this goal, we synthesize a dextran-based fluorescent and iodi-
nated hydrogel, which can be injected into the tissue and imaged with both CT and NIR fluorescence
modalities. By finely tuning the physical parameters such as gelation time and composition of iodinated
oil (X-ray contrast agent) and indocyanine green (ICG, NIR fluorescence dye), we optimize the hydrogel
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for prolonged localization at the injected site without losing the dual-imaging capability. We validate the
effectiveness of the developed injectable dual-imaging platform by performing image-guided resection
of pulmonary nodules on tumor-bearing rabbits, which are preoperatively localized with the hydrogel.
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Introduction

Computed tomography (CT)-guided preoperative localization
and intraoperative identification of pulmonary nodules have
garnered significant attention in regard to the widespread use
of video-assisted thoracoscopic surgery (VATS)." VATS has
become a standard method of minimally invasive procedures
for the resection of pulmonary nodules when the percutaneous
thoracic needle biopsy is impossible or resection of pulmonary
nodules is required. Its wide application, however, is limited
by the inability of clinicians to clearly distinguish lesions and
the frequent requirement for intraoperative palpation due to
lung collapsing.”
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The injectable dual-imaging marker, therefore, can emerge as a powerful tool for surgical guidance.

Several preoperative localization methods, such as hook-
wires, microcoils, radiotracers, radiocontrast agents, and dyes,
have been developed to circumvent the shortfalls associated
with VATS.'”™° However, these methods suffer from drawbacks
which include dislodgement (hookwires), radiation exposure
to healthcare professionals (microcoils and radiocontrast
agents), poor resolution (radiotracers), and rapid diffusion
(dyes).

Indocyanine green (ICG) is one of the near-infrared (NIR)
probes approved for determining cardiac output, hepatic func-
tion, and liver blood flow, and for use in ophthalmic angiogra-
phy by the United States Food and Drug Administration (FDA).
Therefore, it has been utilized in various clinical settings, for
example, during lymphatic flow visualization, segmentectomy,
or gastrointestinal conduit perfusion.’®* ICG has also been
recently utilized for pulmonary nodule localization, as it can
be clearly detected in the lung tissue even in the case of
anthracosis while not hampering the surgeon’s field of
view.""*>"” However, the problem of rapid diffusion, being
hydrophilic in nature, to surrounding tissues still remains as
its unsolved limitation.'® In addition, it suffers from a low
tissue penetration depth of less than 1 cm, making the identi-
fication of deep-seated pulmonary nodules difficult.'>*°
Therefore, there is a necessity to develop an imaging contrast
agent which can prevent dye leakage and allow the visualiza-
tion of deep-seated pulmonary nodules. Recently, we intro-
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duced a fluorescent iodinated emulsion comprising a mixture
of ICG solution and iodinated oil (Lipiodol®) for preoperative
localization and intraoperative imaging in human subjects.*!
Although the emulsion had several advantages over other
single-component dye localization materials in terms of dye
leakage and penetration depth, inconsistent mixing caused by
manual preparation methods and ICG leakage to surrounding
normal tissues are drawbacks that still need to be overcome.?

Here, we report an injectable surfactant-free fluorescent
and iodinated hydrogel for preoperative localization and dual
image-guided surgery (Fig. 1). Hydrogel is a crosslinked
polymer network comprising a large amount of water (typically
70-99%).>* It has been leveraged in clinics as a drug delivery
system due to its excellent biocompatibility and capability to
encapsulate a variety of drugs.”> Owing to their tunable physi-
cal and chemical characteristics such as gelation time and
pore size, hydrogels can serve as a versatile platform for
specific application-based requirements.”*?* To this end, we
synthesize a dextran-based injectable hydrogel, by utilizing the
chemical principles of the thiol-Michael Addition Click
reaction.”**® Dextran is a naturally occurring polysaccharide
which has extensively been used in medicinal applications due
to its biocompatibility.”®*” The hydrogel containing both ICG
and iodinated oil is optimized for visualization in the diseased
tissue under both fluorescent and CT imaging. The effective-
ness of the developed injectable hydrogel for use in preopera-
tive localization and dual image-guided surgery is validated
in vivo.

(1) Preoperative localization with a dual-imaging hydrogel
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Fig. 1 Schematic illustration of preoperative localization and dual

image-guided surgery of pulmonary nodules using an injectable fluor-
escent and iodinated hydrogel.
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Materials and methods
Preparation of hydrogel precursors

Dextran-based injectable hydrogel precursors were synthesized
according to previous literature.>® Briefly, dextran was dis-
solved in 0.1 M NaOH at a concentration of 4% (w/v) and was
reacted with 1.25x molar excess of divinyl sulfone under
ambient temperature with continuous stirring. Different
degrees of modification (DM) of dextran hydroxyl groups were
achieved by controlling the reaction time. To stop the VS con-
jugation reaction, 6 M of HCI was added dropwise to the reac-
tion mixture until pH became 4. The resulting solution was
then dialyzed against deionized (DI) water for 3 days using
Spectra/Por® dialysis membrane (MWCO: 3500 Da). Afterward,
the solution was freeze-dried and subjected to 'H Nuclear
Magnetic Resonance (NMR) analysis by Bruker Avance III' HD
400 MHz NMR spectrometer. The success of Dex-VS synthesis
was confirmed by comparing the integral signals at § = 6.9 and
6=2.

Thiol-modified dextran (Dex-SH) was synthesized by first
adding 1 M phosphate buffer to adjust the pH of the Dex-VS
solution to 7.4. Then the solution was added with 5x molar
excess of dithiothreitol (DTT) and reacted for 40 minutes
under N, purging. The reaction was then stopped by lowering
the pH of the reaction mixture to pH 4 by adding 1 M HCI. The
resulting solution containing Dex-SH was dialyzed against an
acidic medium (pH 4) using Spectra/Por® dialysis membrane
(MWCO: 3500 Da) to remove residual DTT present in the
mixture. After dialyzing for 3 days, the solution was freeze-
dried for "H NMR analysis to check for the disappearance of
VS signals. At the same time, the amount of chemically active
thiol groups was quantified by Ellman’s assay according to the
manufacturer’s protocol.

Formation of injectable fluorescent and iodinated hydrogels

Freeze-dried powders of Dex-VS and Dex-SH were respectively
dissolved in phosphate-buffered saline (PBS) (pH 7.4) to the
desired gelation concentrations. Indocyanine green (ICG,
Daiichi-Sankyo Co., Tokyo, Japan) was added to each solution
of Dex-VS and Dex-SH to the final concentration of 0.001%
(w/v). Different volumes of iodinated oil (Lipiodol®) were also
added to the respective solutions of hydrogel precursors.
Afterward, each solution of Dex-SH and Dex-VS which contains
the desired amounts of ICG and iodinated oil, were ultra-soni-
cated at 40 kHz for 10 minutes by using Branson 3510-DTH
Ultrasonic Cleaner and were mixed to form a hydrogel. The
gelation times of various hydrogels synthesized were deter-
mined by pipetting up and down method according to pre-
vious literature.”® In brief, the time taken for the injectable
hydrogel to clog the pipette tip was measured.

Physical characterization of hydrogels

The rheological properties of the hydrogels synthesized were
measured with an Anton Paar rheometer. Parallel plates of
25 mm diameter were utilized in this study. To determine the
storage (G') and loss (G") moduli of hydrogels synthesized,

This journal is © The Royal Society of Chemistry 2024
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600 pl of hydrogel were gently placed in between the parallel
plates with a gap height of 1 mm. Afterward, frequency sweep
tests were performed in the frequency range spanning from
0.1 rad s* to 100 rad s~ at 0.1% strain at 25 °C.

Emulsion stability index (ESI, %) measurements

The emulsion stability index (ESI, %) was calculated with
slight modifications from the previous literature.** Upon gela-
tion, the liquid volume of the emulsion was measured and the
following equation was utilized to calculate ESI: ESI = V /V, x
100%, where V; is the volume of liquid emulsion and V, is the
total volume of the mixture before gelation.

Release profiles of ICG and iodinated oil

Pre-formed hydrogels containing ICG and iodinated oil were
subjected to ICG fluorescence and CT signal measurements by
IVIS Spectrum In Vivo Imaging System (PerkinElmer) and CT
(Brilliance 64, Philips), respectively. Afterward, the hydrogels
were incubated in a PBS reservoir for 24 hours at 37 °C, and
any changes in fluorescent and CT signals were tracked and
analyzed.

In vivo optimization of hydrogels in canine subjects

This animal experiment was approved and conducted in
accordance with the guidelines provided by the Institutional
Animal Care and Use Committee of Korea University College
of Medicine (IACUC approval number: KOREA-2019-0175). Two
male canines (Optipop; body weight, 30 kg) were used in the
study. All canines were anesthetized by injecting 5 mg kg™ of
xylazine (Rompun™, Bayer Korea Inc Seoul) and zoletil
(Zoletil™, Virbac) intramuscularly. To evaluate the degree of
colocalizations, 0.2 ml of hydrogels containing different
volume fractions of iodinated oil were injected into the pul-
monary lobes of the canine using a 26-G needle under C-arm
fluoroscopy (Koninklijke Philips). The C-arm and fluorescent
images of lung surfaces were assessed using Pinpoint® thora-
coscope (Novadaq Technologies Inc) and C-arm fluoroscopy
(Koninklijke Philips). All lobes were then resected with an
endostapler to take ex vivo images with Pinpoint and C-arm.
Signals obtained from the region of interest were measured
using Image ] software (64-bit Java 1.8.0_172, National
Institute of Health), and the signal of tumor-to-normal tissue
ratio (TNR) was calculated.®® The X-ray and fluorescent images
of the same lobe were normalized against the image area to
calculate the degree of colocalization.

In vivo imaging in rabbits

This animal experiment was approved and conducted in
accordance with the guidelines provided by the Institutional
Animal Care and Use Committee of Korea University College
of Medicine (IACUC approval number: KOREA-2019-0175). A
total of 2 female New Zealand White rabbits weighing between
2.5 kg and 3.0 kg were used in this study. The animals were
purchased from Doo Yeol Biotech in South Korea and were
housed in a metallic rabbit cage. Rabbits were maintained
under controlled temperature, humidity, and illumination.

This journal is © The Royal Society of Chemistry 2024
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Food and water were provided freely. Two rabbit lung tumor
models were developed to confirm the effectiveness of the
developed fluorescent and iodinated injectable hydrogel.
Computed tomography (CT) guided injection of VX2 tumor
tissues on a rabbit was performed to develop lung nodules as
previously described.>® During procedures, all animals were
anesthetized by injecting 5 mg kg™" of xylazine (Rompun™,
Bayer Korea Inc Seoul) and zoletil (Zoletil™, Virbac)
intramuscularly.

To check for the retentive tumor localization ability of the
optimal hydrogel formulation comprising 20% (v/v) of iodi-
nated oil, 0.2 ml of the hydrogel was injected at the periphery
of a rabbit pulmonary nodule under fluoroscopic CT guidance.
After 24 hours, a thoracotomy was performed. The X-ray and
fluorescent imaging of lung surfaces was assessed using CT
and our custom-manufactured intraoperative color and fluo-
rescence-merged imaging system (ICFIS) as previously
described.’®*° Ex vivo images of the resected lobes were also
imaged under CT and ICFIS.

Results

Preparation of an injectable fluorescent and iodinated
hydrogel

The main objective of this study is to synthesize an injectable
hydrogel that contains both ICG and iodinated oil for use in
preoperative localization and image-guided surgery. As such,
we synthesized vinyl sulfone- (Dex-VS) and thiol-modified
dextran (Dex-SH) as hydrogel precursors, as gelation is trig-
gered upon mixing these two precursors at physiological con-
ditions due to the occurrence of the Michael addition reaction
(Fig. 2A). Such hydrogels, however, are only applicable in clini-
cal settings if the gelation time is fine-tuned to around 30
seconds, as hydrogels with faster or slower gelation times than
30 seconds would result in clogging of an injection needle or
poor localization within the tissue, respectively (Fig. S17). As
such, we controlled two rate-determining parameters, specifi-
cally, degree of modification (DM) and gelation concentration
(Cy), to screen for the optimal hydrogel formulation with the
clinically relevant gelation time. In this regard, Dex-VSs with
various DMs were synthesized by changing the reaction time
while fixing the molar amount of divinyl sulfone and the pH.
The DM by VS conjugation at different reaction times was cal-
culated by analyzing "H NMR spectra by comparing the inte-
gral signals at § = 6.9 and 6 = 4.87-5.29 (Fig. S2). We found an
increase in the DM of Dex-VS with respect to the reaction time
(Fig. 2B). In this manner, we synthesized three kinds of Dex-VS
with different DMs (10%, 20%, and 30%), for further thiol con-
jugation and optimization. Dex-SH synthesis was performed by
reacting Dex-VS with a 5x molar excess of thiol-containing
dithiothreitol (DTT) to convert the entire VS moiety of Dex-VS
to SH groups. The success of SH conjugation was confirmed
by 'H NMR and Ellman’s assay (Fig. S3 and Table S1f). In
addition to varying the DM, we controlled the polymer concen-
tration which is another parameter that governs the gelation

Biomater. Sci, 2024,12, 2943-2950 | 2945
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Fig. 2 Synthesis and characterization of an injectable fluorescent and iodinated hydrogel. (A) Chemical reaction scheme of the Michael Addition
reaction occurring between vinyl sulfone (Dex-VS) and thiol-modified dextran (Dex-SH) forming an injectable hydrogel. (B) Synthesis of vinyl sulfone
modified dextran precursors with different degrees of chemical modifications (%) by varying the reaction time. (C) Gelation times of hydrogels
formed at various dextran precursor concentrations and DMs. The red arrow indicates the hydrogel formulation selected for preoperative localiz-
ation (n = 6). (D) Comparison of CT signals before and after incubating a hydrogel (DM: 20%, concentration: 10% (w/v)) in PBS at 37 °C for 24 hours
(n = 3). (E) Comparison of fluorescent signals before and after incubating a hydrogel (DM: 20%, concentration: 10% (w/v)) in PBS at 37 °C for
24 hours (n = 3). AU, arbitrary units. (F) Storage and loss modulus of the hydrogel (DM: 20%, concentration: 10% (w/v)) encapsulating 0.001% (w/v)
ICG and 20% (v/v) iodinated oil (n = 3). The results were statistically analyzed by using an unpaired two-tailed Student'’s t-test. NS, not significant.

kinetics. We observed a decrease in the gelation time with
respect to an increase in the DM and the gelation concen-
tration (Fig. 2C). Two formulations, namely, a hydrogel with
DM of 20% and C, of 10% (w/v) and a hydrogel with DM of
30% and C, of 7.5% (w/v), were found exhibiting the clinically
desired gelation time of approximately 30 seconds (Fig. 2C, a
red box). Among these two formulations, we selected the
hydrogel with DM of 20% and C, of 10% (w/v) as higher
amounts of VS would decrease the solubility of Dex-VS while
higher C, would decrease the mesh size of the overall hydrogel
network, which would eventually hinder the diffusion of an
emulsion of iodinated oil and ICG solution.>***

To formulate a hydrogel that can be utilized for preopera-
tive CT and intraoperative dual imaging, we dissolved ICG in
two aqueous solutions containing each hydrogel precursor.
ICG concentration of 0.001% (w/v) was used in this study as
the brightest fluorescence signal was visualized at this concen-
tration according to previous literature.>® On the other hand,
we varied the volume fractions of iodinated oil in the precursor
solution from 0% (v/v) to 30% (v/v) to determine the optimal

2946 | Biomater. Sci, 2024,12, 2943-2950

amount of iodinated oil required for the gelation time and CT
imaging. To check whether the incorporated iodinated oil
would influence the gelation kinetics, different volume frac-
tions of iodinated oil were mixed with the precursor solution
containing the ICG, and ultrasonicated for 10 minutes prior to
gelation. Afterward, gelation time was measured by mixing
equal volumes of emulsified precursor solutions. Gelation
time measurement by pipetting up and down method revealed
that the incorporation of iodinated oil from 0 to 30% (v/v) had
negligible effects on the gelation kinetics (Fig. S4t). At the
same time, when the CT values of hydrogels containing
different amounts of iodinated oil were measured, no enhance-
ment in CT signals with respect to an increase in the volume
fraction of iodinated oil was observed (Fig. S51). Upon examin-
ing the structural integrity of the hydrogels, the formed hydro-
gel was physically separated from the oil phase when formu-
lated with 30% (v/v) of iodinated oil (Fig. S6A and S6Bf). To
quantify such a phenomenon, we calculated an emulsion
stability index (ESI, %) for the hydrogels. As expected, the
hydrogel with 30% (v/v) of iodinated oil had an ESI of approxi-

This journal is © The Royal Society of Chemistry 2024
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mately 50% (unstable emulsion) while the hydrogels contain-
ing 10% (v/v) and 20% (v/v) of iodinated oil had an ESI of
100% (stable emulsion) (Fig. S67).

As image-guided surgery is clinically performed after
6-24 hours of preoperative localization of pulmonary nodules,
we examined whether the hydrogel can maintain CT and fluo-
rescent signals in vitro during this period. The hydrogel con-
taining 20% of iodinated oil was incubated in PBS at 37 °C for
24 hours and the CT value and the fluorescent intensity were
measured before and after incubation. We observed no signifi-
cant decrease in either CT value or fluorescent intensity after
incubation (Fig. 2D and E). In addition, this hydrogel exhibited
a higher storage modulus (G’) of 5 kPa than a loss modulus
(G") of 100 Pa in all ranges of frequencies tested, indicating
the successful formation of the elasticity-dominating hydrogel
network (Fig. 2F). Based on these results, we proceeded to
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characterize the hydrogels containing 10% (v/v) and 20% (v/v)
of iodinated oil in animal models.

In vivo optimization of injectable hydrogels in canine lungs

To characterize the dual-imaging property in vivo, each hydro-
gel containing ICG and 10% (v/v) or 20% (v/v) of iodinated oil
was injected into the pulmonary lobes of canines under C-arm
guidance (Fig. 3A). In both hydrogels, X-ray and fluorescent
signals were detected under C-arm and Pinpoint while the
control hydrogel without ICG and iodinated oil did not show
any signals (Fig. 3B). The X-ray and fluorescent signals were
also well detected on the resected lungs (Fig. 3C). Two hydro-
gels containing 10% (v/v) and 20% (v/v) of iodinated oil did
not show significant difference in the fluorescent signals while
the X-ray signal of the hydrogel with 20% (v/v) of iodinated oil
was significantly higher than that of the hydrogel with 10%
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In vivo optimization of injectable fluorescent and iodinated hydrogels in canine lungs. (A) C-arm guided hydrogel injection. (B) C-arm and fluor-

escent in vivo images right after injection of hydrogels which contain different volume fractions of iodinated oil (n = 3). (C) Ex vivo C-arm and fluorescent
images after lung tissue resection with hydrogels with different concentrations of iodinated oil (n = 3). Signal to background ratios of the c-arm and fluor-
escent images. (D) Merged image of c-arm and fluorescent images, the green area indicates ICG, and the gray area with a white dotted line indicates iodi-
nated oil. Degree of colocalizations between CT/X-ray and fluorescent signals were compared for two different hydrogels each containing 10% (v/v) or
20% (v/v) of iodinated oil, respectively. The results were statistically analyzed by using an unpaired two-tailed t-test. NS, not significant.
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(v/v) of iodinated oil. No statistically significant difference was
noted upon examining the degree of colocalizations between
CT/X-ray and fluorescent signals on the resected lungs injected
with the two hydrogels (Fig. 3D). This result indicates that
hydrogels were well-formed regardless of the volume fractions
of iodinated oil. However, the hydrogel with 20% (v/v) of iodi-
nated oil was chosen as an optimized formulation owing to its
stronger X-ray signal (see Movie S17).

Preoperative localization and dual image-guided surgery of
pulmonary nodules using an injectable hydrogel

To perform the preoperative localization and dual image-
guided surgery of pulmonary nodules, a VX2 tumor with glob-
ular structures was first developed in the rabbit lung (Fig. 4A).
After that, the hydrogel containing ICG and iodinated oil was

L
4/

Lungteancer
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injected around the pulmonary nodule under C-arm guidance
(Fig. 4B). CT images demonstrated that the hydrogel was well
localized at the periphery of the tumor immediately after injec-
tion and retained its signal intensity for 24 hours upon CT-
guided preoperative localization (Fig. 4C). Intraoperative fluo-
rescence imaging at 24-hour post-localization revealed that the
fluorescence signal of the hydrogel was also clearly detected in
the nodule region. The CT and fluorescence signals were also
sufficiently bright for tumor localization. Ex vivo dual imaging
of the resected lung tissue also confirmed that the X-ray and
fluorescence signals of the hydrogel were co-localized in the
nodule without significant separation (Fig. 4D). These results
demonstrated the localization ability of the optimized hydro-
gel-based dual imaging platform in the pulmonary nodule and
for use in image-guided surgery.

C Computed Tomography (CT)

Fluorescent Imaging

0 hour

24 hours later

24 hours later

Fig. 4 Pulmonary nodule localization by the optimized hydrogel in vivo and dual image-guided surgery. (A) Rabbit lung cancer model. (B) CT-
guided injection of the optimized hydrogel. (C) CT and fluorescent images after 24 hours of CT-guided injection of the optimized hydrogel. (C) CT
and fluorescent images after 24 hours of CT-guided injection of the optimized hydrogel. (D) C-arm and fluorescent ex vivo images of resected lung

cancer identified by the optimized hydrogel.
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Discussion

In this study, we developed an injectable fluorescent and iodi-
nated hydrogel for use in preoperative pulmonary localization
and intraoperative dual-imaging of deep-seated nodules which
can overcome the disadvantages of conventional localization
techniques, such as dye leakage to normal tissues and poor
penetration depth (Fig. 1).'*2° Dextran was utilized to syn-
thesize the hydrogel network for its well-known biocompatibil-
ity. For hydrogel synthesis, we exploited the Michael addition
Click chemistry specifically by substituting the hydroxyl groups
of dextran with vinyl sulfone and thiol groups, respectively.>***
The simple click method enables the polymers to become
clickable under physiological conditions thereby making it
suitable for a wide range of biomedical applications (Fig. 2A).
Further, to clinically apply the hydrogel, we carefully engin-
eered the gelation time of the hydrogel to 30 seconds, as
hydrogels with faster or slower gelation times than 30 seconds
would result in clogging of an injection needle or poor localiz-
ation within the tissue. As such, we controlled two rate-deter-
mining parameters, specifically, degree of modification (DM)
and gelation concentration (C,), to screen for the optimal
hydrogel formulation with the clinically relevant gelation time.
Consistent with previous literature, the gelation kinetics
exhibited a positive correlation with both parameters. Two
hydrogel formulations exhibited a gelation time of approxi-
mately 30 seconds (Fig. 2C). Among them, we selected the
hydrogel with DM of 20% and C, of 10% (w/v) for further
optimizations as higher amounts of VS would decrease the
solubility of Dex-VS while higher C, would decrease the mesh
size (&n) of the overall hydrogel network.>®?? Consequently,
these hydrogel properties were expected to hinder the aggrega-
tion and diffusion of emulsions.

FDA-approved imaging agents, ICG, and iodinated oil were
chosen to prepare the injectable dual-imaging hydrogel. ICG
was incorporated in the hydrogel at the concentration which
has been demonstrated to exhibit the brightest fluorescent
signal.*® Todinated oil was emulsified with the ICG-incorpor-
ated hydrogel precursors to form a hydrogel with 20% (v/v) of
iodinated oil. Higher oil content, for example, at 30% (v/v),
resulted in the reduction of the emulsion stability index as
indicated by the phase separation between the solid hydrogel
and the oil (Fig. S6t). On the other hand, the hydrogel contain-
ing the iodinated oil with a volume fraction lower than 20%
(v/v) was not considered for further investigation due to low CT
signal in vivo (Fig. 3B). These results indicate that the volume
fraction of iodinated oil should be 20% (v/v) for preparing a
highly stable emulsion-filled hydrogel with strong dual
imaging signals.

Hydrogels are known to prevent flocculation and coalesc-
ence of emulsion droplets by immobilizing the droplets within
the gel structure.® In line with this, the dual-imaging ability
and localization stability of the hydrogel containing an emul-
sion of ICG and iodinated oil were tested both in vitro and
in vivo. Upon incubation in PBS at 37 °C for 24 hours, the
hydrogel showed no significant reductions in both CT value

This journal is © The Royal Society of Chemistry 2024
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and fluorescent intensity (Fig. 2D and E), and no physical
change such as phase separation phenomenon (Fig. S6%)
occurred as indicated by no ICG and iodinated oil leakage
from the hydrogel.

In addition, the optimized fluorescent and iodinated hydro-
gel had a storage modulus of approximately 5 kPa which is
comparable to the stiffness of various tissues in the body
(Fig. 2F).>® When injected in the lung tissues under CT gui-
dance, both fluorescence and X-ray/CT signals were clearly
detected from the injected site 24 hours post-injection
(Fig. 3B, 4A and C), indicating that the hydrogel was immedi-
ately formed and localized in the tissue without physical separ-
ation. Further, when the ex vivo images of the resected lung
nodule were analyzed, colocalization of both fluorescent and
CT signals was observed (see Movie S1{ and Fig. 3D and 4D),
thus reflecting the ability of the developed hydrogel for use in
pulmonary nodule identification with dual imaging and
image-guided surgery.

Conclusions

We developed a versatile hydrogel-based platform capable of
preoperative localization and intraoperative dual imaging of
pulmonary nodules. The injectable hydrogel with CT/X-ray and
fluorescence dual imaging capability was optimized for deep
pulmonary nodule identification by carefully controlling the
gelation time and the volume fraction of iodinated oil in the
hydrogel. The results obtained in this study warrant further
clinical trials on human subjects to validate the effectiveness
of the developed injectable fluorescent and iodinated inject-
able hydrogel.
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