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Abstract

Liver cancer ranks as the fifth leading cause of cancer-related death globally. Direct intratumoral
injections of anti-cancer therapeutics may improve therapeutic efficacy and mitigate adverse effects
compared to intravenous injections. Some challenges of intratumoral injections are that the liquid drug
formulation may not remain localized and have unpredictable volumetric distribution. Thus, drug delivery
varies widely, highly-dependent upon technique. An x-ray imageable poloxamer 407 (POL)-based drug
delivery gel was developed and characterized, enabling real-time feedback. Utilizing three needle devices,
POL or a control iodinated contrast solution were injected into an ex vivo bovine liver. The 3D distribution
was assessed with cone beam computed tomography (CBCT). The 3D distribution of POL gels
demonstrated localized spherical morphologies regardless of the injection rate. In addition, the gel 3D
conformal distribution could be intentionally altered, depending on the injection technique. When
doxorubicin (DOX) was loaded into the POL and injected, DOX distribution on optical imaging matched
iodine distribution on CBCT suggesting spatial alignment of DOX and iodine localization in tissue. The
controllability and localized deposition of this formulation may ultimately reduce the dependence on
operator technique, reduce systemic side effects, and facilitate reproducibility across treatments, through
more predictable standardized delivery.

Introduction

Localized needle-based percutaneous delivery of anti-cancer agents directly into tumors offers significant
benefits over traditional intravenous drug delivery’. This method potentially improves therapeutic
outcomes and bioavailability by enabling higher local drug concentrations?2. Intratumoral injections have
been increasing in popularity?. Anti-cancer agents that may be delivered include immunotherapy
options*~8 and chemotherapy drugs®~".

To improve drug delivery kinetics and localized retention, drugs can be incorporated into hydrogels for
delivery. This approach reduces the leakage of injected drugs towards healthy tissue by increasing

formulation viscosity 2718, Potential benefits of hydrogels include sustained release of cargo and high
concentration of doses at the target tissue over longer periods. Hydrogels can be delivered via minimally
invasive needles, with potential for enhanced reproducibility through reduction in technical variation,
leading to more predictable drug distribution. Loading anti-cancer agents into hydrogels has been

reported extensively'® with an existing variety of mechanisms triggering gelation that include
thermosensitive, pH-sensitive, photosensitive, or dual-sensitive2?~23 stimuli.

An example of a thermosensitive hydrogel is Poloxamer 407 (POL), a triblock copolymer that self-
aggregates into micelles due to its amphiphilic nature?*. POL is used as an inactive ingredient approved
in drug formulations for intratympanic, oral, and topical applications?®. The formation of a 3D-ordered
structure is driven by the critical micellization concentration and temperature?42°. The addition of
contrast agents enables visualization in image-guided interventions.
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POL as a liquid embolic and iodine contrast agent have been used previously in preclinical studies'??’.
Both hydrogels were imageable under x-rays allowing image-guided catheter and needle-based delivery of
hydrogels.

Despite the precision in needle placement using imaging techniques, injection techniques vary and lacks
standardization of methodologies, such as injection parameters of infusion rate, volume, and needle
type?®. Injection parameters to optimize volumetric distribution of hydrogels have been tested in an ex
vivo bovine liver model?® with multiple needle types, however, further systematic characterization of
hydrogels and optimization of injection parameters are needed to better predict performance to facilitate
translation to clinic.

To fill this gap, this study aimed to demonstrate that POL formulations, known for their sustained drug
release properties, are effective for localized injections irrespective of the variations in needle devices and
injection parameters. This work was intended to contribute towards standardization of intratumoral
injection methods for further study in clinical settings.

Results

Development and properties of an x-ray imageable drug-loaded POL formulation

To optimize POL formulation to be used as an injectable material, six different concentrations of POL
(17,18,19,20,21, and 22%, w/v) were characterized for gelation times and then three different
concentrations of POL (17, 18, and 22%, w/v) were systematically characterized for rheology. The
gelation times decreased as the concentration of POL increased (Fig.S1a). The gelation temperature also
decreased with increasing POL concentration and decreased after adding the iodinated contrast agent
iodixanol to the formulations (Fig.S1b-f). POL22 was selected as a suitable concentration for successful
localized injection, balancing injection time and gel formation once at body temperature because of its
rapid gelation time of at body temperature (37°C) and gelation temperature below 37°C. The gelation time
for POL22 was 12+ 1 s (Fig.S1a). The gelation temperatures for POL22 +iodine containing 2, 5,and 10
mg/mL of DOX at 37°C were 22 + 0.2°C, 21.9 £ 0.2°C, and 23 1 0.3°C, respectively. Overall, adding drug to
the system did not affect the gelation temperature (Fig. 1a).

POL22, with iodixanol and DOX, showed viscoelastic properties characteristic for gels as evidenced by G’
exceeding G” values (Fig. 1b) at 37°C. For POL22 containing iodine and 10mg/mL the G’ was 10637 +
214.8 Pa, G" was 618.12 + 56.9 P, and complex viscosity of 4350 + 88 Pas. The increase of DOX from 2
mg/mL to 5 mg/mL resulted in a 1.2-fold increase in G’ (p = 0.0083) and complex viscosity (p =0.0021),
whereas an increase from 5 mg/mL to 10 mg/mL resulted in a 0.7-fold decrease in these values (p <
0.0001 for G’, and p = 0.0019 for complex viscosity) (Fig. 1b).

Although we envision injecting these materials as liquids for in situ gelation, they can be delivered by

needle injection as gels. POL22 with iodixanol and DOX formulations could recover their initial G’ values

(solid-like behaviour) after high strain. The addition of iodixanol or DOX does not affect the ability to
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recover G’ of the gels, therefore, the formulations are thixotropic (Fig. 1c). When 10 mg/mL of DOX were
incorporated into POL22 +iodixanol, the flow point value recorded was 8.2% * 1 (Fig. 1d). The frequency
range tested showed gel behavior at 37°C for POL22 with iodine and DOX as G’ exceeded G”, indicating
that the material behaved as a viscoelastic gel and remained stable over time (Fig. 1€).

In vitro release profiles were evaluated on iodine and drug formulations with and without gel since these
elution profiles could be helpful for predicting the imageability of the x-ray contrast agent in vivo. With the
material contained within a dialysis cassette, POL extended the half-life of iodine release from the
dialysis cassette compared to free iodine in normal saline solutions (control) (Fig.S6a). Fifty percent of
the iodine for the control experiment eluted at 4.8 h + 1.3. In contrast, the half-lives of the iodine released
from POL17 and POL22 were 4.8h + 0.7h and 8.6h + 1.5 respectively. POL22 extended the iodine release
half-life by 1.8 times compared to the control experiment (p = 0.02, n = 3). The in vitro release profile of
DOX from the iodinated POL22 formulation was also evaluated and compared to control groups (Fig. 1f).
Over the initial 7 hours, the formulations with and without gel exhibited a zero-order kinetic release. The
release rate was estimated to be 0.3+ 0.0,0.5+0.1,and 0.9+ 0.1 mg/h for 2, 5, and 10 mg of DOX
respectively in the control groups (lodine + DOX; no gel). For the iodinated POL22 formulation, the release
rates of the drug were 0.1+ 0.0,0.5+ 0.0, and 0.6 + 0.2mg/h for gel containing 2, 5, and 10 mg/mL of
DOX respectively.

The in vitro imageability of iodine dilutions with CBCT and fluoroscopy was determined qualitatively and
quantitatively with different imaging protocols. The relationship between Hounsfield units (HU), a
measure of radiodensity on CT images, and iodine concentration (mg/mL) demonstrated linearity across
the 120 and 100 kVp protocols, with correlation r2 values of 1. Correspondingly, the slope of these linear
plots was 15.7 and 23.9 (Fig. 2a). An illustrative CBCT image acquired at 100 kVp demonstrating iodine
serial dilutions is provided. The qualitative visibility was observed with an iodine concentration as low as
4-8 mg/mL (Fig. 2b). The iodine formulations surpassing the Rose criterion (CNR >2.5) stood at 2
mg/mL for both imaging protocols at 120 kVp and 100 kVp. The value represents the lower limit of iodine
detection in this idealized phantom. Lower kVp provides higher signal-to-noise ratio in x-ray images®®
compared to 120 kVp and higher sensitivity. Radiographic and fluoroscopic imaging are less sensitive to
iodine than CT, but the density difference at the higher concentrations remains evident (Fig. 2b and Fig.
2c)

Ex vivo evaluation of injection parameters for three devices in bovine liver

Three needle types were studied: a single end-hole needle (SEHN), a multiple side hole needle (MSHN),
and multiple prong injection needle (MPIN). To evaluate the maximum volume that can be localized
before extravasation, this critical volume was evaluated ex vivo, using injection volumes equivalent to
that of 2, 3, and 4 cm diameter spheres, 4 mL, 8.6 mL, and 14 mL, respectively. The critical volume to
perform the ex vivo evaluation of injection parameters with iodinated-POL was 4 mL, as 8.6 mL and 14
mL volumes led to material leakage in the majority of the tested times. In some cases, 8.6 mL, and 14 mL
injected gels were localized (Fig.S7).
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Radiological and fluoroscopic Imageability of the gels were also assessed. POL22 + lodine gels were
imageable under fluoroscopic single image acquisitions during and after injection in bovine livers. Four
milliliters of gel were injected with SEHN 18G, MSHN 19G, and MPIN 18G. Rounded morphologies were
obtained for gels injected with SEHN (Fig. 3a, left) and MSHN (Fig. 3a, middle) The MPIN with the needles
deployed 2 cm (MPIN-2cm) (Fig. 3a, right), produced three localized gel depots. The fluoroscopic images
demonstrated localized injections with POL22 gels in tissue.

The morphological and size characterization of gels post-injection was determined for varying injection
parameters. Three-dimensional volumetric reconstructions were generated following segmentation of 4
mL injections of POL22 + lodine into ex vivo bovine livers, imaged with CBCT at 80 kVp (Fig. 3b). The
injections were performed at 10, 100, and 1000 mL/h using SEHN 18G and MSHN 19G. Needle sizes of
18G and 19G were used because of their capability to deliver viscous materials such as POL. For the case
of MPIN 18G needles, 10 and 100 mL/h were used. The gels formed spheroidal and ellipsoidal shapes
post-injection. SEHN 18G and MSHN 19G produced depositions measuring 21.3+ 0.7 mm x 20.7+ 0.6
mm and 22.0+2.2 mm x 18.5+ 1.7 mm in diameter, respectively. MPIN 18G, with the needle array
deployed 1 cm (MPIN-1cm), achieved a deposition measuring 23.3 +2.2 mm x 18 + 3.5 mm. The same
needle, with the array deployed MPIN-2cm, resulted in three spherical-like gel depositions, each with
diameters of 12.7+0.3x 11.0+ 0.4 (n = 8).

Using the same needle devices, iodine injections of 40 mg/mL (without gel) were performed and showed
a high degree of leakage of material to nearby blood vessels (Fig. 3c).

Experiments using the MPIN device required use of a high-pressure syringe, as standard plastic syringes
deformed under the pressures exerted to force extrusion of the gel through the three 27G needles of the
device. The MPIN was unsuitable for infusing POL at a 1000 mL/h rate because of syringe deformation.
Therefore, further analysis did not include this condition.

Table 3 summarizes the ex vivoimaging calculated for a variety of injection parameters such as needle
type and injection rate for iodinated POL22 segmented at 80 kVp. The volumes calculated for
formulations with POL were close to the 4 mL theoretical value except for MPIN-1cm infused at 100
mL/h. Infused formulations without POL had higher standard deviations in segmented volume. Overall,
POL injections were more reproducible compared to direct iodine injections.
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Table 1

Overview of parameters and results for 4 mL infused gels: needle type, infusion rate, mean radiopacity,
calculated injected volume, surface area, and percent volume error.

Formulation

POL22 +
lodine

Freeiodine

Needle ty‘?s; injection

rate (mL/

SEHN; 1000
SEHN;100
SEHN; 10
MSHN; 1000
MSHN; 100

MSHN; 10

MPIN-Tcm; 100

MPIN-1cm; 10

MPIN-2cm; 100

MPIN-2cm; 10

SEHN; 10

MSHN; 10

MPIN-T1cm; 10

MPIN-2cm; 10

Mean
radiopacity
(HU)

828.1+ 39
822.2+124.9
892.6 £ 89.9
321.5+31.8
881.1+145

856.2+34.6

724.4+83.3
732.4+164.8

700.1+33.9
525.9+128.7
342.8+213.8
297.7+46.5
309.2+260.3

378.8+28.3

Calculated
volume

from
segmentation
(mL)
48+0.6
53%0.3
43+1.4
3.9+0.1
4.8+1

4.79+0.3

23+0.38
3.6+0.6

3.7+04

40+1.2
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(cm?)
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16.2

253

6.7

2.5

16.7

16.5

72.8
9.8

9.3

0.8

35

102.2

17.8

39.6

To evaluate the morphometry of POL22 injections as a function of the infused volume, volumes of 4, 8.6,
and 14 mL of the gel were injected at 1000 mL/h using SEHN and the resulting sphericities and solidities
were calculated (Fig. S7). The sphericity and solidity of 4 mL of iodinated POL22 were evaluated for
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SEHN, MSHN, and MPIN needle devices at different injection rates (Fig. 4a and Fig. 4b). Sphericities
across all needle devices and injection rates were compered and were generally close to one, except for
the MPIN-2cm, as it produced three separate depositions (Fig. 4a). SEHN demonstrated sphericities of
0.9+0.0,0.9+0.0,and 0.9+ 0.0 at injection rates of 10, 100, and 1000 mL/h respectively. MSHN
injections exhibited sphericities of 0.9+ 0.0,0.9+0.0,and 0.9+ 0 at 10, 100, and 1000 mL/h respectively.
A 10 mL/h injection with MPIN-1cm produced a sphericity of 0.7 £+ 0.1 and a 100 mL/h injection with the
same needle presented a sphericity of 0.8 + 0. For MPIN-2cm, the sphericity was 0.6 £ 0.0 at 10 mL/h and
0.6 £ 0.1 at the 100 mL/h injection rate. Similarly, solidities approximated one across all needle devices
and injection rates, except for MPIN-2cm. SEHN showed solidities of 0.9+ 0.0,0.8 +0.0,and 0.9+ 0.0 for
10, 100, and 1000 mL/h injection rates respectively. MSHN reported solidities of 1.0+ 0.0,0.9+ 0.1, and
0.9 0.0 for 10, 100, and 1000 mL/h. The solidity decreased to 0.7+ 0.1 at 10 mL/h and 0.8 £ 0.0 at 100
mL/h for MPIN-1cm.

The sphericity and solidity of 4 mL POL22 gels injected at 10 mL/h were assessed across the three
needle devices and compared with a free iodine (Fig. 4c) with decreased sphericity and solidity for iodine
without gel. For instance, the sphericity and solidity of the gel-free formulation for SEHN decreased by
48.9% and 85% respectively in contrast to its free iodine formulation analogue. In the case of MSHN, the
sphericity decreased by 21.5%, and the solidity by 70.8% compared to the POL22 formulation.

The 3D spatiotemporal distribution of the infused gel was evaluated across the three needle devices (Fig.
5a-d). All injections were localized post-injection in tissue with minimal vessel leakage. Each deposition
after each incremental infusion of 1 mL exhibited high sphericity with rounded edges for both SEHN and
MSHN (Fig. 5a and Fig. 5b). For the MPIN-1cm, the sphericity degree was less than that for SEHN and
MSHN (Fig. 5¢). Although leakage reduced these morphometric values, the separated gel depositions
from each needle tip (A, B, and C) for MPIN-2cm were also spherical (Fig. 5d). The solidity of SEHN, and
MSHN were also high compared to MPIN-1cm. For MPIN-2cm, the solidities were high for each deposition
from each needle tip. In the case of iodine injection, the distribution was nonlocalized and irregular in
shape, with a high degree of extravasated material (Fig. 5e-h). Table S3 summarize the sphericities and
solidities for each needle device for quantitative assessment.

To evaluate the predictability of the injections in 3D, the distance from the centroid of each injection to
the needle tip for each 1 mL infused was calculated across the three needle devices, up to the total
volume of 4 mL (Fig. 6a-d). The relationship between the distance (in mm) and the infused volume
yielded a linear pattern for SEHN (y = 0.8x + 3.8, R2 = 1) (Fig. 6a), MSHN (y = 0.5x + 10.3, R? = 1) (Fig. 6b),
and MPIN-1cm (y =0.3x+11.3, R = 0.9) (Fig. 6¢). For the MPIN-2cm device, a linear plots was produced
(y=0.4+3.1,R? =0.9) (Fig. 6d).This plot revealed a linear correlation between volume and distance to the
center, except for one instance, which showed a deviation due to some degree of leakage.

The 2D spatiotemporal gel dynamics in bovine tissue depicted a clearly outlined growth of the injected
material across the three needle devices for a 4 mL injection at 10 mL/h (Fig. 7a). Formulations
containing gel exhibited an expansion in the outlined area with each incremental 1 mL injected, as
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demonstrated by color coding. However, delineating the expansion of the injected material posed a
challenge for formulations without gel across all three needle devices (Fig. 7b). The circularity and
solidity of each gel deposition over time were analyzed for each injection (Table 5, and Fig. 8). SEHN and
MSHN generated one deposition per mL injected (Table 5). For the case of MPIN-1cm (Fig. 8a and Fig.
8b), circularity and solidity values for each injection were reported separately because in some cases they
produced more than one gel deposition per mL injected. The first 1T and 2 mL of injection resulted in
multiple distinct areas due to the needle's three tips as separate points of origin, whereas for 3 and 4 mL,
the material coalesced into a single gel deposition. Circularity measurements for 3 and 4 mL of infused
material were 0.6 £ 0.1 and 0.7 £ 0.1 respectively, with solidity measurements of 0.9+ 0.0 and 0.9 £ 0.0.
For MPIN-2cm (Fig. 8c and Fig. 8d), each injection was reported separately since each needle produced
three separate depositions. The average circularity for each deposition across the three injections was
0.9+0.0for1mL,09+0.0for2mL,0.9+0.0 for3 mL,and 0.8+0.2 for4 mL. The 4 mL injection result
showed a higher standard deviation due to slight leakage to a vessel from one of the three tips during one
of the injections. The average solidities (Fig. 8d) for each of the three depositions per incremental 1 mL
were1+0.0forTmL,1+0.0for2mL,1+0.0 for3 mL,and 0.9+ 0.0 for 4 mL. Table S4 summarizes the
sphericities and solidities for each needle device for quantitative assessment.

Depending on the MPIN needle technique, the 3D morphology of the injected gel changed. Table S5
summarizes the obtained morphologies from the MPIN injections. Figure 9a depicts the morphology of
various MPIN injection techniques. Depending on the MPIN needle technique, the SA/V ratio also
changed for the techniques (Table S5) and the results were as follows: technique one (4.8 + 0.3 cm™),
technique two (4.4 + 0.3 cm™), technique three (7 £ 0.9 cm™), technique four (5.3 + 0.8 cm™), and
technique five (7.5 + 1.1 cm™) (Fig. 9b). The results of SA/V from MPIN-1cm and MPIN-2cm were also
calculated with values of 4.5+0.3 cm™ and 5.4+ 0.8 cm™, respectively. 3D gel structures deposited in

tissue with SEHN and MSHN devices exhibited SA/V ratios of 3.2 cm™ that is akin to theoretical values
corresponding to spherical shapes with 1 cm radius.

Drug distribution in tissue.

To investigate drug distribution in tissue, 4 mL of POL22 + iodine containing 20 pg/mL DOX were infused
into bovine liver using SEHN, MSHN, and MPIN devices at 10 mL/h. SEHN injections exhibited circular
patterns with optical and CBCT imaging circularity values both at 0.8 £ 0.1, indicating accurate targeting
(Fig. 10a1). DOX concentration was highest at the center of the injection, decreasing towards the edges
(Fig. 10.a2). MSHN injections showed circularity of 0.8 + 0.1 (optical) and 0.7 + 0.1 (CBCT), with a ratio of
0.9, (Fig. 10.b1). Fluorescence intensity measurements across the injection site suggested a more even
distribution (Fig. 10.b2, and Fig. 10.b3). MPIN-1cm provided similar circularity values of 0.7 £ 0.1 (optical)
and 0.8+ 0.1 (CBCT), in the plane of the needle tips with a 1.2 ratio, highlighting a varied drug distribution
consistent with the multiple infusion points (Fig. 10.c1-c3). A 0.2 mL gel deposition analysis, from
injection technique 5, showed uniform distribution with circularity of 0.7 £ 0.1 (optical) and 0.7 £ 0
(CBCT), and a 0.98 ratio of circularity (Fig. 10.d1-d3). Figure 10e-i illustrates tissue samples, CBCT
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images, fluorescence imaging, and drug maps, showing qualitative correlation and varied distribution
profiles per device.

Gross pathology of injected material.

The gross examination of the liver after gel injection shows a gel core with gel permeating into the
hepatic tissue (Fig. 11a). This distribution was similar for the gel containing 2 mg/mL of DOX, where the
infused material localized primarily in the center. The diameters of the material following injection of 4
and 14 mL of hydrogel were 2.2 mm and 3.2 mm, respectively (Fig. 11b). These observations were further
corroborated by CBCT imaging (Fig. 11b). These results confirm the high degree of localization of gel
with drug and therefore its predictability post-injection.

Discussion

This study investigated a poloxamer-based hydrogel, radiologically visible, as a drug delivery system. The
gel was able to be injected in liquid and solid form and showed slow release in vitro. It was demonstrated,
ex vivo, the importance of injection parameters for precise gel deposition and predictable drug deposition.

The gelation time and temperature varied principally with the concentration of poloxamer with only
modest variations with the addition of the studied concentrations of iodixanol and doxorubicin. This
permits rational selection of the formulation since the gel needs to be capable of free flow with low
viscosity while being injected and then, ideally, rapid gelation in situ®'32. Low viscosity after injection in
vivo would permit undesirable movement or redistribution of the gel and drug away from the target
delivery area and extravasation into surrounding vessels®!. The selected formulation, POL22, can be
delivered as liquid or as gel by syringe and will form gel at body temperature once injected into an organ
or tumor due to its thixotropic properties as shown from the rheological analysis. Gelation time could be
titrated with changes in POL content to meet specific needs or titrate conformality according to specific
drug mechanism or target.

From the in vitro elution profiles, it can be inferred that direct injections of iodine and DOX without gel
would be fleeting due to rapid distribution and tissue perfusion. The use of POL22 as a drug carrier,
should lead to slower release kinetics compared to DOX solutions. This was demonstrated with ex vivo
injections of iodine or POL22 with iodine into bovine liver. This reduction in release may increase the
biological residence time of the drug at the targeted treatment region and serve as a drug reservoir, such
that the therapeutic dose will remain high over a longer time period compared to the direct injection of
DOX under perfusion conditions®3. In clinical settings, this could allow reduction of repeated drug doses
due to its sustained release kinetics, while also reducing systemic exposure to acute peaks of toxic
agents3+3%_ Although in vivo interstitial and intravascular pressure and flow may alter results, the free-
flow behavior of free iodine injection observed ex vivo supports the concern regarding risk of nonlocalized
drug deposition and therefore burst release in vivo®® with resulting systemic exposure compared to
localized injections with gels. The characteristics of injectability and gel localization of iodinated POL22
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met the clinical requirements for localization, predictability, and reproducibility'®. The high localization of
iodinated POL22 gels is attributed to their rapid G’ recovery from liquid-like to a gel-like state post-
injection and their fast gelation kinetics at physiological temperature.

The addition of iodixanol (iodine) permitted imaging of the injection and gel distribution. Suitable
concentration of iodine to permit imaging with CBCT and fluoroscopy was determined. As with DOX,
elution of iodine from the gel was prolonged compared to a simple solution, suggesting that the initial
distribution of the gel could be matched to that seen on imaging. This was confirmed with CBCT imaging
of POL22 with iodine and fluorescence imaging of DOX showing congruent distribution. While differences
in the drug and iodine diffusion within the gel, transport into tissue, and tissue pharmacokinetics may
lead to loss of co-localization of drug and iodine over time, the initial deposition can be defined, meeting
a key development goal. The unpredictability of direct percutaneous delivery of free iodine seen in this
study is similar to the clinical challenge encountered during intratumoral injections with high volumetric
variability among injection parameters?®. The localization of infused material such as free iodine can be
also impacted with the needle type and injection technique. For example, use of the MPIN had more

28,37

localized distribution in tissue, as evaluated clinically and preclinicallyzg. However, the presence of

multiple needles increases the risk of direct intravascular administration.

The high degree of sphericity observed for injected POL22 with iodine, regardless of infusion rate,
suggests the potential for creating localized treatment zones or volumes of drug deposition. High solidity
values close to one for both SEHN and MSHN indicate 3D uniformity, which may result in more
predictable and controllable treatment zones. After delivery, measures of sphericity and solidity may help
to quantify treatment zones, margins, and localization. Across the three needle types, the injected gel
formulation maintained an individual but consistent configuration which allows for a defined morphology
injection with each needle device. The clearly distinguishable boundaries of the growing material during
injection offer spatial predictability when considering potential treatment zones per milliliter injected.

Having information such as distance to the needle tip and 3D volumetric distribution might influence
planning of needle tip placement or drug delivery, and inform any required intraprocedural positioning®8.
For example, the confirmation of needle positioning, necessary adjustments, and even needle advances
can be verified through CT imaging. Despite the presence of artifacts due to the metal content of the
needles, CT with metal artifact reduction tools and registration with pre-operative imaging offers a
reliable means of visualizing the needle's position and allows for a sequential evaluation of gel treatment.

3940 either with CT imaging alone orin

These techniques can be incorporated into clinical workflows
combination with other modalities such as ultrasound for image fusion applications*?~*3. Such
workflows may include planning, targeting, monitoring, and making intraprocedural iterative

modifications??.

In general, lower volumes will have higher dose control compared to lower volumes. The surface-area-to-

volume ratio (SA/V) can be modulated according to the specific injection technique used, particularly with

the MPIN. The myriad locations and patterns in which gel can be injected by varying the needle depth and
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the manner in which MPIN is rotated can significantly change this ratio, even with a constant injection
volume. This shows the potential for tailored treatment zones based on device configuration and drug
delivery method. The ability to tune drug distribution with needle devices and techniques suggests
suitability for different tumor shapes, enhancing drug delivery precision.

There were limitations to the study. The testing of tissue injection was conducted in normal bovine liver
without blood flow or tissue perfusion biology that would affect drug kinetics. However, a main goal of
the study was to characterize the deposition rather than pharmacokinetics following delivery. Further, the
proposed application of the drug-eluting gel is for clinical cancer therapy where the tissue properties of
the tumor, including physical properties and the biochemical milieu, will differ from normal liver and will
be unique to the tumor. As next steps in evaluation, in vivo pharmacokinetics studies can be used to
demonstrate the improved locoregional delivery with reduced systemic exposure. Next steps in translation
might include animals modeling, or specific drug selection for potential clinical study.

Conclusions

This study provides characterization of poloxamer-based hydrogels for injections in the liver. The x-ray
imageability of the hydrogel allows for real-time observation and precise control during image-guided
procedures. Cone beam computed tomography (CBCT) enabled accurate monitoring of a predictable and
localized delivery of therapeutic agents, such as DOX, in an ex vivo bovine liver model. The 3D
distribution of the hydrogel is controllable by needle selection, injection parameters, and techniques
which represent a substantial improvement over traditional methods that inject low viscosity materials.
This study emphasizes the 3D controllability of the hydrogel, including the ability to modulate the
surface-area-to-volume ratio (SA/V). Controlling SA/V enables the modulation of therapeutic effects
within targeted treatment zones. The precision and predictability in delivering potential anti-cancer agents
has potential to minimize systemic side effects. This approach promises to improve treatment planning,
reduce variability in drug delivery, and foster a higher degree of standardization. The strong correlation
between optical imaging and CBCT underlines the feasibility of using x-ray-based imaging for planning
and predicting drug distribution, to promote controlled feedback for procedures that otherwise suffer from
variability. This research elucidates the critical interplay between injection techniques, imaging
technology, and hydrogel properties, while seeking new standards for precision in image-guided localized
drug delivery.

Materials and methods

Preparation of x-ray-imageable and nonimageable poloxamer-based
hydrogels

X-ray-imageable Poloxamer 407 (POL) (Sigma Aldrich, St. Louis, MO, USA) formulations were prepared

according to the cold method previously described by Huang et a/?/, with modifications to generate five
concentrations of POL, 17, 18, 20, 21, and 22% (w/v) (POL17, POL18, POL20, POL21, and POL22,
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respectively), in normal saline (Quality Biological, Gaithersburg, MD, USA) with iodixanol (Visipaque 320
mg I/mL, GE Healthcare (Boston, MA, USA) added to a final concentration of 40 mg I/mL. Briefly, the
respective amounts of poloxamer, iodixanol, and normal saline were added to a total volume of 50 mL.
The solution was maintained at 4°C under magnetic stirring for at least 12 h. A similar procedure
generated nonimageable POL formulations at the same poloxamer concentrations without iodixanol.

Selection of iodine concentration for CBCT and fluoroscopy imaging.

Serial dilutions of iodixanol in saline were prepared at 0.25,0.5,1, 2, 4, 8, 16, 32, 40, and 64 mg I/mL in 2
mL vials**. The samples were suspended inside a cylindrical water phantom to mimic x-ray attenuation
in patients and imaged with CBCT and fluoroscopy (Allura Xper FD20, Philips, Best, the Netherlands)**.
CBCT images were acquired with clinical imaging protocols at 120 kVp, 148 mA and 100 kVp, 184 mA.
Cylindrical regions of interest (ROI) of Tmm radius and 8.265 mm height were used and segmented for
each dilution in the CBCT, and attenuation in Hounsfield units (HU) was measured using open-source
software (3D Slicer, URL https://www.slicer.org/). A linear regression analysis was performed to
determine the relationship between CT numbers (HU) and mg I/mL, where a higher slope represents

greater sensitivity to the detection of iodine*°. The contrast-to-noise ratio (CNR) was calculated with a
detectability threshold defined by the Rose criterion as CNR of 2.5 (Eq. 1)*® where p,;,, and Mbackground are
the HU values in the test solutions and background, respectively while 6, and Op4ckgroung are the
standard deviations. The iodine detectability threshold was used to determine the iodine concentration
range that will be visible***’. Fluoroscopic images of the vials were acquired using the same cylindrical
phantom.

Hoyial — MBackground

(Eq.1) CNR =

O Background

Gelation times

The gelation times of the imageable and non-imageable gels were qualitatively estimated via the tube
inversion method?%48. Briefly, 400 pl of the POL preparation at 4°C was added to 8mL glass vials (Duran
Wheaton Kimble, Millville, NJ, USA). The material was allowed to equilibrate at room temperature for 5
min and then the tube was submerged in a 37°C water bath and periodically inverted. The time after
water bath submersion at which the formed gel remained at the bottom of the glass vial was recorded.

Oscillatory Rheology

Gelation temperature and viscoelastic properties of the materials were characterized using a Discover
HR20 rheometer (TA Instruments, New Castle, DE) equipped with a 25.0 mm stainless steel parallel plate
geometry with 500 um gap. To prevent drying artifacts, mineral oil (ASTM oil standard) was applied to
the geometry and stage with all the samples prior analysis.
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Gelation temperature. The effects of gel concentration (%, w/v) and iodixanol on the gelation temperature
(Tget) Were determined. POL formulations (17, 18, and 22%, w/v) with and without 40 mg I/mL were
subjected to a temperature ramp from 5 to 37°C according to experimental parameters adapted from
Baloglu, et 8*°/. The samples were subjected to 0.2% strain and 6.0 rad/s angular frequency. Herein, we
report the gelation temperature according to literature convention®%°1. The gelation temperature is the
midpoint storage modulus value taken from temperature-sweep rheological data that measures a free-
flowing poloxamer colloid transitioning to the gel state. Ty, was also determined for POL22 containing 2,
5,and 10 mg/mL of DOX and iodine.

Viscoelastic properties. The viscoelastic properties and thixotropic behaviour of POL gel formulations
(17,18, and 22%, w/v) with and without 40 mg I/mL were determined with a time sweep experiment
monitoring the G’ and G” for 1 h at 0.2% strain and 6 rad/s at 37°C. Then, a 1000% oscillation strain was
applied for 1 min followed by 60 min at 0.2% strain to evaluate the recovery of the materials. The percent
recovery was calculated from the plateau G’ value before high shear strain and the recorded G’ value at 0,
10, and 56 min post-shearing. Frequency sweeps were performed at 0.2% oscillation strain from 0.1 to
100 rad/s, and amplitude sweeps at 6 rad/s were performed from 0.1 to 1000% oscillation strain to
determine the linear viscoelastic regions and flow points of the materials. The flow point was calculated
as the modulus crossover point (G’ = G”, tan 6 = 1) with the software TRIOS (TA instruments) using the
cubic/linear method. The same methodology was used to evaluate the viscoelastic behaviour of POL22
containing 40 mg I/mL iodine and 2, 5, and 10 mg/mL of DOX.

In vitro elution profiles of x-ray contrast agent and doxorubicin

In vitro iodine release kinetics of POL formulations (17, 18, and 22% (w/v)) with 40 mg/mL were obtained
by filling a dialysis cassette (Pur-A-Lyzer Midi 3500, Sigma Aldrich) (3.5 kDa molecular weight cut-off)
with the POL formulation and incubation in a shaker (Roto-Therm Plus, Ward'’s Science, Rochester, NY,
USA) under constant shaking (rocking mode, 10) at 37°C in 40 mL of normal saline. Aliquots were taken
at0,1,2,3,4,5,6,7,21,45,and 69 h with volume replacement. Absorbance was measured at A = 281
nm?®2 with a Cell Imaging Multimode Reader (Cytation 5 Bio Tek, Agilent) and compared to an iodixanol
standard calibration curve. Following the same procedure, the DOX concentration from POL22 with 2, 5
and 10 mg/mL of drug was calculated from absorbance measurement at A = 483 nm with a calibration
curve.

Ex vivo gel injection

Injection needles. Three needle types were studied: an 18G, 10 cm needle with a single-end hole (single-
end hole needle, SEHN, Chiba biopsy needle, Cook Regentec, Bloomington, IN, USA); a 19G, 7.5 cm needle
with multiple holes on the side of the needle shaft (multiple side hole needle, MSHN, ProFusion
Therapeutic Injection Needle, Cook Regentec, Bloomington, IN, USA); and, two variants of a device with an
18G needle capable of deploying three curved injection prongs at variable distances. The first could
deploy a maximum of 2 cm (short tip, ST) while the second had a deployment range of up to 5 cm
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(regular). These are collectively referred to as the multi-pronged injection needle (MPIN, Quadra-Fuse, Rex
Medical, Conshohocken, PA, USA).

Temperature control. Bovine livers were submerged in 10 L of 1X phosphate buffered saline at 37°C and
allowed to equilibrate. The temperature was controlled by a calibrated Ink Bird Tech thermocouple (Ink
Bird Tech Shenzhen, China) and a Ktopnob heating coil (Ktopnob Silver Spring, MD, USA). To ensure the
tissue reached 37°C, two thermocouples were inserted at different positions within the liver as previously
reported °3.

CBCT and fluoroscopic imageability and injectability assessment of poloxamer 407 gels. POL22 with 40
mg |I/mL, was injected into an ex vivo bovine liver previously heated to 37°C under submersion in PBS
10x, 7.4 pH (Gibco Thermo Fisher Scientific, Waltham, MA, USA). Before each injection, a CBCT scan was
conducted to locate potential injection sites in the liver that were relatively devoid of hepatic vessels.
Once these sites were identified, the needle was connected to silicon tubing (Smith Medical ASD, Dublin,
USA), and a syringe (Monoject, Dublin, OH, USA) which was preloaded with the gel and maintained on ice.
A 12 mL syringe filled with gel was used for SEHN and MPIN, while a 6 mL high pressure syringe
(Medallion, Merit Medical, South Jordan, UT, USA) was employed for the MPIN needles. Prior to
attachment, the gel was advanced to the needle tip, after which the syringe was connected to a
programmable injection pump (Harvard Apparatus PhD Ultra Syringe Pump, Holliston, MA, USA) prior to
needle insertion.

Following insertion of the needle, its position within the liver was verified using CBCT. The threshold
volume that could be injected without causing extravasation in the ex vivo livers was determined by
evaluating injections of 4 mL, 8.6 mL, and 14 mL using the SEHN at an injection rate of 1000 mL/h.
These target volumes correspond to the volume of spheres with diameters of 2 cm, 2.5 cm, and 3 cm,
respectively.

Once the critical volume threshold preceding gel extravasation was identified, 4 mL injections at 10, 100,
and 1000 mL/h were performed to examine the impact of injection parameters on the morphology of the
gel deposit. A series of 4 mL control injections of saline (no gel) with 40 mg I/mL at 10 mL/h were also
conducted. CBCT imaging was performed. The mean radiopacity and volume of the segmented iodinated
injected gel were calculated. The percent of volume error was calculated using Eq. 2. For subsequent
analysis, the gel morphologies were segmented and exported as stereolithography (STL) files.

theoreticalvolume — experimentalvolume

(Eq. 2) %ofvolumeerror = x 100

theoreticalvolume

Table 2 provides a summary of the ex vivo liver injection parameters investigated with CBCT imaging.
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Table 2

Summary of injection parameters with different needle devices: single end hole needle (SEHN), multiple
side hole needle (MSHN), and multi-pronged injection needle (MPIN).

Formulation Needle type Volume Injection rate Gauge
Image-able Gel: POL22,40 SEHN 4, 8.6, and 1000 mL/h 18
mg I/mL 14 mL
SEHN 4 mL 10,100,and 1000 18
mL/h
MSHN 10,100,and 1000 19
mL/h
MPIN (deployed 1 cm 10,100,and 1000 18
and 2 cm mL/h
No Gel: Normal saline, 40 SEHN 4 mL 10 mL/h 18
mg I/mL
MSHN 10 mL/h 19
MPIN (deployed 1 cm 10 mL/h 18
and 2 cm

Morphology of injected gel. The sphericity and solidity of the gel injections, as outlined in Table 1, were
calculated using 3D Slicer and Blender (Blender Foundation, Amsterdam, Netherlands). The equations
employed to assess solidity and sphericity are as follows:

v
Eq. 3) Solidity =
(Eq. 3) Solidity Convexhullvolume
71'%(6‘/)%
Eq.4) Sphericity = ————
(Eq.4) Sphericity SA

‘V' represents the volume and ‘SA’ signifies the surface area for the sphericity calculation. 3D Slicer was
used to determine the SA and V of the infused material. Blender software was utilized to calculate the
convex hull volume, which is defined as the smallest convex volume set that encompasses the previously
segmented volume of the gel injections, after importing the STL file to the Blender software.

Time course of gel Injection volume and distribution.

The spatiotemporal volumetric distribution of the gel was examined by injecting 4 mL of POL22 with 40
mg I/mL into an ex vivo liver at 10 mL/h. CBCT scans (100 kVp) were acquired att=0, and at 6, 12, 18,
and 24 min during the injection, corresponding to 0, 1, 2, 3, and 4 mL of injected volume, respectively. The
SEHN, MSHN, and MPIN devices were assessed, with the MPIN deployed at both 1 and 2 cm. Gel volumes
were segmented at each time point and exported as a STL file. Afterwards, the volumes were displayed as
3D color-coded distributions per mL injected using MATLAB (R2020a version, Mathworks, Natick, MA).
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Using the segmented volumes per mL injected, 2D cross-sections were created by importing the STL files
to Meshmixer software (Autodesk Inc. (2019) Autodesk Meshmixer. http://www.meshmixer.com),
generated at each timepoint for each needle device. For SEHN, using the cutting tool in Meshmixer, planes
were generated longitudinal to the needle axis and the same procedure was applied for MSHN adding an
orthogonal plane. For MPIN, an orthogonal plane was generated with respect to the tip of each of the
three needles. Each 2D section was manually converted to grayscale using Paint software (Microsoft,
Redmond, WA) for subsequent conversion to color contours with a customized code in MATLAB.

The sphericity (Eq. 3) and solidity (Eq. 4) for each injected volume were calculated. The circle-like shape
(circularity) and determination of convex or concave shape (solidity) for the 2D cross-sections were also
computed (MATLAB).

The centroid point [P, = (X, Yo Zo)] of the 3D distribution after each milliliter injection was computed
using Blender. The distance (d) between the centroid and the needle tip [P,, = (x,,, Y. Z,)] was calculated
using the formula:

(Eq- 5) d (Pc' Pn) = \/((xn - mc)2 + (yn o yc)2 + (zn - zc)z)
MPIN injection technique variations.

The volumetric distribution and surface-area-to-volume (SA/V) ratio of MPIN injections were
characterized for five variations in technique. All injections used POL22 with 40 mg I/mL at 100 mL/h.

1. Using a short tip needle, the prongs were deployed 1 cm, i.e., the distance between the tips was 1 cm
(MPIN-1cm). After incremental injection of 2 mL, the prongs were advanced to 2 cm for the
remaining volume of 2 mL, without rotation of the device.

2. Using a short tip needle, the prongs were deployed 2 cm (MPIN-2cm). During the injection of 4 mL,
the prongs were retracted in four 0.5 cm increments from 2 cm to 0.5 cm, without rotation of the
device.

3. Using a long tip needle (“regular”), the prongs were deployed 5 cm. During the injection of 4 mL, the
prongs were retracted in five T cm increments from 5 cm to 1 cm. Approximately 0.8 mL were
injected per deployment increment, without rotation of the device.

4. Using a long tip needle (“regular”), 4 mL were injected as defined in technique 3. The prongs were
then withdrawn, the needle rotated 60°, and the prongs redeployed to 5 cm. Another 4 mL was then
injected in the same manner for 8 mL total.

5. Using a long tip needle (“regular”), 2 mL were injected as defined in technique 3. The prongs were
then withdrawn, the needle rotated 60°, and the prongs redeployed to 5 cm. Another 2 mL was then
injected in the same manner for 4 ml total.

Gross pathology.
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Liver specimens that included the imageable gel were excised utilizing fluoroscopy to localize the gel.
Tissues were flash-frozen in 2-mercaptoethanol that had been previously cooled in liquid nitrogen, and
subsequently stored at -80°C before further processing. The tissue samples were sectioned along the
needle shaft axis using a 3D-printed mold equipped with cutting slots at 5 mm intervals®*. These sections
were then photographed and examined for any signs of tissue fractures. The lengths of the major and
minor axes were subsequently measured to evaluate the gel distribution.

2D Drug dose distribution across three needle devices.

DOX distribution in tissue was determined after 4 mL x-ray imageable POL22 with 20 pg/mL of DOX was
delivered with SEHN, MSHN, and MPIN-1 cm devices at 10 mL/h injection rates over 4 mL. In addition,
with the same DOX dose, two MPIN techniques were performed as depicted in 2.7.7. The techniques were
2 and 5 without rotation at 100 mL/h with 4 mL and 2 mL respectively. The 5 mm tissue section (2.7.8)
were imaged under an /n vivo Imaging System (IVIS lll, PerkinElmer, Whaltham, MA) (A, = 480 nm and
Aem = 620 nm) and CBCT (80 kVp). To determine DOX distribution profiles, the fluorescence intensity of
DOX was determined along a line through the center of the injection using the Living Image software
(PerkinElmer, Whaltham, MA). Drug concentration was estimated with fluorescence intensity compared to
a calibration curve based on 5, 10, and 20 ug/mL of DOX in a black 96-well plate (Greiner Bio-one,
Monroe, NC). The maximum DOX concentration was not expected to exceed 20 ug/mL. The average of
CBCT and optical imaging circularities, calculated from MATLAB were divided to determine similarity.

Statistical analyses.

Statistical analyses were performed using GraphPad Prism 9 (GraphPad Software, Boston, MA,
www.graphpad.com). One-way ANOVA complemented by Tukey's multiple comparison test was
employed to compare gelation times, sphericities, and solidities. The ttest was utilized to compare the
sphericities and solidities of gel and non-gel specimens and to compare circularities of CBCT and optical
images. Descriptive statistics were presented as mean + standard deviation. Unless otherwise noted, all
experiments were conducted in triplicate.
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Gelation time, viscoelastic properties, and drug elution profiles. (a) Temperature ramp from 5 °C to 37 °C
forimageable POL22 and 2, 5, and 10 mg/ml of DOX in normal saline along with their respective G’ and
G". (b) Storage modulus (G’), loss of modulus (G”), and complex viscosity at 37 °C forimageable POL
with 2, 5, and 10 mg/ml of DOX. (c) Thixotropic behavior of POL22 containing 10 mg/mL of DOX. (d)
Oscillation strain sweep for iodinated POL22 formulations containing with 10 mg/mL of DOX. (e)
Frequency sweep for iodinated POL22 formulations with 10 mg/mL of DOX. (f) Drug elution profiles for 2,
5,and 10 mg/ml DOX from the gel are shown along with solutions of DOX and iodine as control groups.
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Figure 2

Imaging of iodinated contrast. (a) Attenuation in Hounsfield units (HU) of iodixanol as measured on
CBCT versus iodine concentration using 100 and 120 kVp imaging protocols. (b) Multiplanar reformatted
CBCT image. (c) Fluoroscopic image of iodine dilutions. lodine concentration, mg I/mL, are shown for
each tube.
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(b)

Figure 3

Fluoroscopic and cone beam CT (CBCT) imaging following injection of 4 mL of POL22 with iodine or
iodine alone at 10 mL/hr into ex vivo bovine liver. Three needles were used: SEHN, MSHN, and MPIN
deployed at 1 cm (MPIN-1cm) and deployed at 2 cm (MPIN-2cm). (a) Fluoroscopic images following
injection of POL22 with iodine with SEHN, MSHN and MPIN-2cm showing the gel deposition (higher
density areas) relative to the needle locations. (b) POL22 with iodine injections. 3D surface renderings
(left) and corresponding cross-sectional images (right) based on CBCT imaging. (c) Injections of iodine
alone. 3D surface renderings (left) and corresponding cross-sectional images (right) based on CBCT
imaging

Page 25/32



(a) (b)

11 1] L3 3 1 ] L3 13 13 1 1]
EExE — YT
10 HERE  RkEkE 1.0 i Ty
P I I 1 OSERN Tl T Ll O SEN
T i E H%fh”m cm =08 I i MPIN (1 cm)
= 0.3 0 MPIN {2 cm g O MPIN (2 em)
— _ L
206 ! I .06 I
2 b=
= 0.4 =04
3 »
o2 0.2
0.0
0.0 I T T I T T
10 100 1000 10 . 100 1000
Infusion rate (mL/h) Infusion rate (mL/h)
c d
(©), 5. @) e
] L 1 ]
el L
- ik L 1 ]
ERE @ SEHN — b SEHN
S 4.00 & * . 0 MSHN =) -, 0 MSHN
- 1. = @ MPIN-1 cm < 1.0 - @ MPIN-1 cm
1I:“-l'I|I ] I] MPIN-2cm - m u MPIN-2 )
E 3 cm
5 5
S 0.5 e
o on 0.5
N e I |-|‘| 0.0 : |l| : |1|
Gel No gel Gel No gel
Formulation Formulation
Figure 4

Morphometric analysis of POL22 with iodine injections into ex vivo bovine liver. (a) Sphericity of 4 mL
injections as influenced by the infusion rate and the needle device utilized; n=4 for SEHN at 1000 mL/h.
(b) Solidity of 4 mL injections as a function of the infusion rate and needle device. (c) Sphericity of 4 mL
injections at an infusion rate of 10 mL/h, compared with their free iodine counterparts, n=4 for MSHN-no
gel. (d) Solidity of 4mL injections at 10 mL/h, compared with their free iodine counterparts, n=4 for
MSHN-no gel. Sample sizes were n=3, except as noted. *p<0.05,**p<0.01,***p<0.001, and ****p<0.0001.
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Figure 5

Three-dimensional temporal progression and volumetric distribution of needle injections, 4mL at 10
mL/hr in ex vivo bovine liver. The transparent surface renderings of the volumes at 1 mL increments (1, 2,
3, and 4 mL total injected volumes) based on cone beam CT across different needle devices are
superimposed. (a-d) POL22 with iodine and (e-h) iodine alone. Four needles were used: SEHN (a, e),
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MSHN (b, f), MPIN deployed 1 cm (MPIN-1cm) (c, g), and deployed 2 cm (MPIN-2cm) (d, h) For POL22
with iodine utilizing MPIN-2cm (d), A, B, and C denote the three needle tips.
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Figure 6

Relationship of injected POL22 with iodine to the needle tip. Measurement of the distance from the
centroid of the injected POL22 with iodine (4 mL) to the needle tip in ex vivo liver, based on cone beam CT,
for four needles: SEHN, MSHN, MPIN-1cm, and MPIN-2cm (a-d, respectively). For MPIN-2cm, n=9.
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Figure 7

Two-dimensional spatiotemporal distribution over time of needle injections, 4 mL POL22 with iodine at
10 mL/hr in ex vivo bovine liver. The surface contours of the volumes at 1 mL increments (1, 2, 3, and 4
mL total injected volumes) based on cone beam CT are superimposed. Four needles were used: SEHN,
MSHN, MPIN deployed 1cm (MPIN-1cm) and deployed 2cm (MPIN-2cm) (a) POL22 with iodine. (b) iodine

alone. White arrow depicts leakage.
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Circularity and solidity for POL22 with iodine, 4 mL injected at 10 mL/hr in ex vivo bovine liver. The
circularity (a, c) and solidity (b, d) based on cone beam CT for MPIN deployed 1 cm (a, b) and deployed
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2cm (c, d). Three injections were performed for each device and the values of circularity and solidity are
reported for each injection at 1 mL increments (1, 2, 3, and 4 mL total injected volumes).
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Figure 9

Distribution of POL22 with iodine, 4 mL injected at 10 mL/hr, for MPIN injection techniques (1) through
(5), as defined in the section, MPIN injection technique variations. (a) 3D surface renderings (left) and
corresponding cross-sectional images (right) based on CBCT imaging. Distance scale bars are shown. (b)
Surface area to volume (SA/V) ratios for each injection technique, *p<0.01, **p<0.006, ***p<0.0003,
****p<0.0001. For techniques 1, 2, and 4, n=3; technique 3, n=6; technique 5, n=4.
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Figure 10

Comparison of cone beam CT (CBCT), optical imaging of DOX, and DOX drug mapping following
injection of 4 mL POL22 with iodine and DOX, 20 mg/mL. Three devices were used: SEHN, MSHN, and
MPIN. Three procedures were used for the MPIN: MPIN-1cm; MPIN deployed 2 cm and retracted during
injection (technique 2); and, MPIN deployed 5 cm and retracted during injection (technique 5). (a-d,
column 1) Circularity of optical imaging of DOX on the cut surface of the bovine liver compared to iodine
on corresponding multiplanar reformatted sections on CBCT. (a-d) Relative concentration of DOX in
ug/mL over the diameter for three infusions (column 2, minor axis; column 3, major axis). (e-i) Gross
section (column 1), multiplanar reformatted sections on CBCT (column 2), DOX fluorescence intensity
with optical imaging (column 3), and drug mapping (column 4). ns, not significant
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Figure 11

Gross pathology and imaging of bovine liver frozen following injection of POL22 with and without DOX.
(a) Cut liver showing injections of POL22 with iodine, without DOX (left) and with 2 mg/ml of DOX (right).
The injection core (asterisk) and gel extending into liver tissue (yellow arrow) are shown. (b) Gross image
of the tissue section (left) and corresponding cone beam CT image (right) for 4 mL (top, white arrow) and
14 mL (bottom, arrow head) injections of POL22 with iodine but without DOX.
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