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Abstract

Metallic coil embolization is a common method for the endovascular treatment of visceral 

artery aneurysms (VAA) and visceral artery pseudoaneurysms (VAPA); however, this treatment is 

suboptimal due to the high cost of coils, incomplete volume occlusion, poor reendothelialization, 

aneurysm puncture, and coil migration. Several alternative treatment strategies are available, 

including stent flow diverters, glue embolics, gelfoam slurries, and vascular mesh plugs—each 

of which have their own disadvantages. Here, we investigated the in vitro capability of a 

shear-thinning biomaterial (STB), a nanocomposite hydrogel composed of gelatin and silicate 

nanoplatelets, for the minimally-invasive occlusion of simple necked aneurysm models. We 

demonstrated the injectability of STB through various clinical catheters, engineered an in vitro 
testing apparatus to independently manipulate aneurysm neck diameter, fluid flow rate, and flow 

waveform, and tested the stability of STB within the models under various conditions. Our 

experiments show that STB is able to withstand at least 1.89 Pa of wall shear stress, as estimated 

by computational fluid dynamics. STB is also able to withstand up to 10 mL s−1 pulsatile flow 

with a waveform mimicking blood flow in the human femoral artery and tolerate greater pressure 

changes than those in the human aorta. We ultimately found that our in vitro system was limited 

by supraphysiologic pressure changes caused by aneurysm models with low compliance.

Keywords

shear-thinning biomaterials; visceral artery aneurysms; pseudoaneurysms; silicate nanoplatelets; 
minimally invasive; hydrogels; catheters

1. Introduction

Visceral artery aneurysms (VAA) and visceral artery pseudoaneurysms (VAPA) are rare, 

but deadly vascular malformations that can present in an emergency setting as an acute 

rupture or as an incidental finding on medical imaging.1,2 Of the VAA found incidentally on 

imaging, 10–20% will proceed to rupture, resulting in a 20–70% mortality rate, depending 

on the aneurysm location and availability of treatment.3 The treatment of a VAA that has 

either ruptured or is at a high risk of rupturing involves either surgical repair or endovascular 

treatment.1 Endovascular treatment has emerged as the preferred method, since its mortality 

is only 2.7% compared to 23.9% with surgical treatment,4 can be more widely utilized in 

patients with comorbidities, and is associated with reduced lengths of hospital stays.5

Endovascular placement of metallic coils into VAA and VAPA is the current mainstay 

of treatment;6,7 however, metallic coils are associated with less than 50% occlusion of 

the aneurysm sac,8 poor reendothelialization of the aneurysm orifice,9 coil migration into 

adjacent structures,10,11 recanalization/aneurysm recurrence,12 and high cost.13 They are 

also poorly suited for occlusion of VAPA, which commonly have narrow necks and have 
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a 76.3% risk of rupture,14 because complete parent vessel occlusion is usually required to 

avoid complications such as coil migration into adjacent viscera.7,15 Current alternatives to 

coils include stent flow diverters, which can be limited by surrounding vessel architecture 

and are highly expensive, glue embolics, which may be associated with a high degree 

of reflux and non-target embolization as well as catheter entrapment, gelfoam slurries, 

which are only temporary embolizing agents, and vascular mesh plugs, which are more 

expensive than coils and sacrifice distal blood flow.7 Onyx is another liquid embolic agent 

that forms a solid upon release from a catheter and has been used in the treatment of 

aneurysms;16 however, it has been associated with cases of catheter entrapment within the 

solidified material17 and contains dimethyl sulfoxide (DMSO), which is associated with 

angiotoxicity.18

Since no alternative agent has displaced metallic coils as the mainstay of aneurysm 

occlusion to date, we considered the potential of STB, a nanocomposite hydrogel composed 

of gelatin and silicate nanoplatelets, for aneurysm occlusion. STB has previously been 

shown to be successful in similar applications including superficial hemostasis promotion19 

and complete endovascular embolization of large blood vessels for hemorrhage treatment.20 

Potential advantages to STB include its non-adhesiveness, cost-effective production, and 

lack of DMSO. In this study, we seek to answer the question of whether STB can 

successfully occlude in vitro aneurysm models under varying shear stress. To accomplish 

this goal, we fabricate 3D-printed aneurysm models, connected to a physiological flow 

pump similar to prior systems,21–23 and manipulate flow rates and waveform patterns to test 

the STB stability. We hypothesize that STB will be stable under physiologically relevant 

flow conditions, but increasing shear stress on the STB within the aneurysm models will 

eventually cause STB failure, since prior studies have determined high wall shear stress 

as an initiator of aneurysm formation,24 as well as a driver of recanalization of aneurysms 

occluded by metallic coils and Onyx liquid embolic agent.25 The outcome of this study may 

provide insights for designing stable STB for minimally invasive aneurysm occlusion.

2. Materials and methods

2.1. STB formulation

STB was formulated according to a method we previously described.19 Briefly, a stock 

solution (18% w/v) of gelatin type A derived from porcine skin (Sigma-Aldrich, MO, USA) 

in Milli-Q water (40 °C), as well as a stock solution (9% w/v) of LAPONITE® XLG-XR 

synthetic silicate nanoplatelets (Southern Clay Products, Inc. Louisville, KY) in cold Milli-

Q water (4 °C) were prepared. The nanoplatelet gel was then allowed to warm to room 

temperature before portions of the stock solutions were mixed together with the addition of 

extra Milli-Q water to yield the final 6% w/v nanocomposite with 75% of the weight being 

silicate nanoplatelets. The constituents were then mixed via 5 rounds of vortexing at 3000 

rpm for 5 min, followed by manual mixing with a spatula for 2 min. The STB was then 

stored at 4 °C until use.
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2.2. Injection force of STB

The force required to vertically depress a syringe plunger and move STB through catheters 

was measured using an Instron mechanical tester (model 5943, MA, USA). STB was loaded 

into either a 3 mL or 1 mL syringe (BD Biosciences, CA, USA, internal diameters of 8.66 

and 4.78 mm, respectively), connected to a catheter via a Luer lock mechanism, and secured 

to the Instron mechanical tester using a tensile grip at the bottom. The upper compressive 

plate of Instron was depressed at a constant rate of 33.96 mm min−1, which allowed for 

an STB injection rate of 2.0 mL min−1 through a 3 mL syringe connected to various sizes 

of catheters. These catheters were each 100 cm in length and included 4 F, 5 F, and 6 F 

sizes. An additional 3.1 F microcatheter of length 150 cm was tested in connection with a 1 

mL BD syringe. An injection force plateau between 25 and 30 N for STB injected through 

a 3 mL BD syringe connected to a 4 F catheter was used as a quality-control measure to 

ensure that the STB quality was similar to our previous reports.20 The same constant rate of 

depression was used for both 3 mL and 1 mL BD syringes. The injection force was recorded 

as the force of depression at 6 s of constant depression. The force required for injection 

was measured using a 100 N load cell and recorded using the Bluehill software (Bluehill3, 

Danderyd, Sweden).

2.3. Fabrication of 3D-printed in vitro aneurysm models

The in vitro aneurysm models were designed in two parts, top and bottom halves, allowing 

for facile dismantling. The top half comprised a hemisphere of the assigned aneurysm 

sac (diameter 1 cm or 3 cm). The bottom part consisted of the bottom hemisphere sac, 

connected by a 5 mm long neck of variable diameters (2 mm to 6 mm) to a cylindrical 

blood vessel with a diameter of 6 mm and a length of 75 mm. To accomplish this, we 

first developed a computer-aided design (CAD) model of desired aneurysm sizes and parent 

artery (Figure 1A). Components were fabricated by 3D printing the hemispheres and blood 

vessels with the necks using acrylonitrile butadiene styrene (ABS) filament (Lulzbot, ND, 

USA) (Figure 1B), before being polished (Figure 1C). These pieces were glued into custom-

built laser-cut (Wavelength Laser Services, Inc., MA, USA) acrylic boxes that were then 

filled with polydimethylsiloxane (PDMS) (Ellsworth Adhesives, CA, USA) at a 10:1 base-

to-crosslinker ratio and cured in the oven for 1 h at 80°C. The PDMS was removed from the 

molds, and the remaining ABS was dissolved from the PDMS casting using acetone (purity 

> 99%, Fisher Scientific, PA, USA) (Figure 1D). The completed models were assembled 

between two acrylic plates bolted together to compress the two pieces of aneurysm model 

during flow experiments (Figure 1E).

Regarding model dimensions, we fabricated saccular aneurysm models with varying neck 

diameters ranging from 2 mm to 6 mm, and a sac diameter of either 1 cm or 3 cm. These 

most resemble VAPA, which tend to have narrower necks. The diameters of the spherical 

aneurysm models were chosen to reflect the size of typical small and large aneurysms that 

are commonly treated clinically.23 The 3 cm models were used to assess the feasibility and 

time of injecting large volumes of STB into large aneurysm sacs, since larger aneurysms 

inherently take longer to fill. The 1 cm models used for 24 h pulsatile flow experiments for 

STB largely for material conservation—since the STB-fluid interface was the primary area 

of interest in these experiments, and it is the same area for both the 3 cm and 1 cm models.
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Other relevant dimensions in our aneurysm models include a neck length of 5 mm and a 

parent blood vessel diameter of 6 mm. A neck length of 5 mm enabled us to better visualize 

the material loss before being carried away by the main underlying vessel, which helped 

determine the mechanism of STB loss. The diameter of parent blood vessel was selected 

to be 6 mm since this was the average diameter of the most common celiac truck branches 

to be affected by VAA: splenic artery = 5.3 mm, common hepatic artery = 5.0 mm, celiac 

trunk = 7.9 mm.24 In reality, the shapes of VAA and VAPA are highly variable, and we 

recognize that it is not practical to create models for every subtype of aneurysm shape and 

that some features of our design decrease stresses placed on the STB in the aneurysm sac. 

For example, we used a straight parent blood vessel in our models, and it is known that 

increased parent vessel curvature increases aneurysm inflow volume rates and velocities.25 

Additionally, the aneurysm neck was oriented perpendicularly to the parent blood vessel, 

which decreases the normal stress of fluid flow toward the aneurysm compared to if the 

aneurysm were located at the origin of a bifurcation.26 These effects decrease fluid flow 

into the aneurysm sac, which is associated with a higher likelihood of successful aneurysm 

occlusion/thrombosis.27 We also recognize that saccular aneurysms tend to form at blood 

vessel bifurcations and curvatures that lead to abnormal wall shear stress,28 and that splenic 

artery aneurysms—the most common form of VAA—tend to form along more tortuous 

vessels.29 Knowing that our fabrication method could be easily manipulated to produce 

patient-specific aneurysm models in the future, and that we could increase shear stress by 

increasing flow rates and aneurysm neck widths, we chose to construct basic symmetrical 

models that allowed for consistent STB loading and recovery for the purpose of this study.

2.4. Aneurysm model filling with a catheter

As a proof-of-concept demonstration of the feasibility of filling an in vitro aneurysm model 

with a catheter, we navigated a 100 cm long 5 F catheter into a 3 cm aneurysm model 

experiencing a pulsatile flow of Dulbecco’s phosphate buffered saline (DPBS) (Fisher 

Scientific, Hampton, NH) at 10 mL s−1 that mimics the flow waveform of the human 

femoral artery. Then, STB was injected through the catheter by hand and filled the aneurysm 

model in less than 1 min (Figure 1F and Supplemental Video 1). Images were taken to 

demonstrate the stability of the material and the required time to fill the large aneurysm.

2.5. In vitro flow experiments (3 min visualizations and 24 h mass recovery)

For in vitro flow experiments, each model (2 mm to 6 mm neck diameters) was opened and 

both hemispheres were filled completely with STB with either a spatula or a syringe. The 

two hemispheres were then placed together between acrylic plates that were bolted together 

to compress the two PDMS pieces. Each model was then linked to other models in series via 

plastic tubing (inner diameter of 6 mm, length of 50 mm) and connected to an AccuFlow-Q 

physiological flow pump system (Shelley Medical Imaging Technologies, Toronto, Canada). 

The pump, after being filled with DPBS, was turned on to generate either a constant flow or 

a pulsatile flow (AccuFlow-Q femoral artery setting) of the chosen flow rate (mL s−1). Each 

experiment was repeated at least 3 times. For 3 min visualization experiments, the stability 

of the STB within each aneurysm model was observed to evaluate the material loss. If even 

a small amount of STB exited the aneurysm sac, this was deemed an experimental failure. 

For the 24 h mass recovery experiments, the PDMS aneurysm models were weighed before 
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and after being loaded with the STB to determine the exact mass of STB left over. The flow 

was stopped after 24 h, and the aneurysm models were opened. A spatula was used to collect 

the remaining STB in the aneurysm sac and transfer it to a pre-weighed Eppendorf tube. The 

material was deep frozen for 24 h at −80 °C and then freeze-dried (Labconco, MO, USA) for 

48 h to remove any fluid from the dry STB mass. Additionally, a control sample of STB not 

exposed to the fluid flow was weighed before and after freeze-drying to determine the exact 

percent mass in each STB batch, which was approximately 6%. The precise STB dry mass 

percent for each batch was used to compare against the STB recovered from the models and 

calculate the percent remaining after 24 h.

2.6. Blood mimicking fluid (BMF) flow experiment

BMF (Shelley Medical Imaging Technologies, Toronto, Canada) was used to fill the 

AccuFlow-Q pump. This was done to visually assess how an increase in fluid viscosity 

of the BMF (4.1 ± 0.1 mPa s) may change the visual stability of STB at different conditions. 

The experimental setup was the same as the 24-h mass recovery experiments except that the 

mass recovered was not measurable because the BMF could not be removed from the STB.

2.7. Computational fluid dynamics (CFD) simulation

Three-dimensional finite element simulations were conducted using COMSOL 

Multiphysics® version 5.5 to model the flow in arterial geometries with an aneurysm 

filled with STB. Parameters such as the aneurysm size, flow rate, flow pattern, and neck 

diameter were explored. The computational domain is a finite length 3D conduit that is 

100 mm long with an inner diameter of 6 mm, connected to an aneurysm sac through a 5 

mm long cylindrical neck. To mimic the in vitro experimental protocol, the neck (i.e., STB-

fluid interface) was capped. Both steady-state and time-varying flow (pulsatile flow) were 

considered at the flow rates of 10 to 15 mL s-1. Reynolds-averaged Navier-Stokes equations 

were solved over the 3D computational domain, and turbulent closure was achieved by using 

k-ω turbulence model.30 The Reynolds number in these studies varied between 3600 and 

6000. The computational domain was divided into approximately 540,000 tetrahedral, prism, 

or triangular mesh elements, and near-wall condition was treated with the wall function. 

Inlet and outlet boundary conditions were applied at the computational domain with the 

no-slip condition at the wall. The maximum shear stress values due to both dynamic and 

turbulent viscosity were estimated at the STB-fluid cross-section inside the parent artery.

2.8. In vitro pressure measurement in aneurysm model

The pressure was measured within the in vitro system using a wireless pressure sensor 

(PASCO Scientific, CA, USA) and SPARKvue software version 4.0.0.18. The pressure 

sensor was connected to the in vitro system via a 3-way valve such that pressure changes 

within the system were detected by the sensor without disrupting forward fluid flow.

2.9. Statistical analysis

All statistical analyses and graphing were performed using GraphPad Prism (Version 8) 

software. One-way analysis of variance (ANOVA) with multiple comparisons using Fisher’s 

least significant difference post-test was performed for data groups when comparing the 
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means of two groups (example: percent remaining of 10 mL s−1 pulsatile flow in 6 mm 

model versus 15 mL s−1 pulsatile flow in 6 mm model). One-way ANOVA with multiple 

comparisons using the Tukey post-test was performed for data groups when comparing the 

means of all groups (example: percent remaining for each flow pattern compared to other 

flow patterns). Statistically significant differences were defined as P ≤ 0.05. Asterisks and 

corresponding P values were defined as the following: * = P ≤ 0.05, ** = P ≤ 0.01, *** = P ≤ 

0.001, **** = P ≤ 0.0001.

3. Results and discussion

3.1. STB formulation, properties, and injectability

We first prepared a stable and injectable STB, comprising silicate nanoplatelets and gelatin 

(Figure 2A). The STB formulation is 6% w/v nanocomposite with 75% of it being 

silicate nanoplatelets for our investigation. We previously found that this STB has desirable 

viscoelastic properties while remaining injectable through catheters due to its ability to flow 

under high shear rates.19,20,31 Through clinically relevant catheters, STB was injectable and 

formed a self-sustaining structure upon injection (Figure 2B). To ensure the consistency 

of STB fabrication, we measured the force required to inject the STB through a range of 

clinical catheters (100 cm long, 4–6 F) attached to a 3 mL syringe at a constant rate (33.96 

mm min−1) of syringe depression (Figure 2C). The injection force plateaus did not fluctuate, 

attesting to a homogenous STB, and their values depended on the catheter diameter: the 

larger the catheter diameter, the smaller the injection force plateau value. As an example, the 

injection force via the 5 F catheter was between 25 N and 30 N, being consistent with our 

prior reports using the same injection parameters.20 The effect of clinical catheter gauges on 

the STB injection force plateaus for 3 mL and 1 mL syringes are shown in Figures 2D and 

2E, respectively. Given the relationship of force equaling the product of area and pressure, 

the STB demonstrated a substantial reduction in force required for injection using a 1 mL 

syringe with a smaller internal diameter compared with the 3 mL syringe (4.78 mm versus 

8.66 mm, respectively). Of note, an additional 3.1 F microcatheter of length 150 cm was 

tested in connection with the 1 mL BD syringe.

3.2. In vitro flow experiments

After confirming the STB injectability into the in vitro models as shown in Figure 1F, 

the stability of STB under physiological pulsatile flow was assessed using an in vitro 
experimental setup shown in Figure 3. Using 1 cm diameter aneurysm models with neck 

widths ranging from 2 mm to 6 mm (Figure 3A), the models were connected to a pump in 

series, as shown in Figures 3B and 3C, with STB filling each aneurysm sac (Figure 3D). 

Relatively narrow necks were selected to model VAA and VAPA that are most suitable for 

coil embolization.32 First, maximum flow rates tolerated by the STB for at least 3 min were 

determined . For all aneurysm neck diameters, ranging from 2 mm to 6 mm, STB remained 

stable for 3 min at 10 mL s−1 pulsatile flow; however, at a flow rate of 15 mL s−1, all 

aneurysm models visibly lost a portion of their STB content within the first 3 min—mostly 

occurring within the first 30 s. Using the same process, STB stability was assessed within 

the aneurysm models under up to 25 mL s−1 constant fluid flow (the maximum that the 

pump could generate), and STB remained visibly stable in all aneurysm models for 3 min.
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The proportion of STB remaining in the aneurysm models after 24 h exposure to fluid 

flow was quantified. Figures 3E presents the percentage of STB mass remaining in the 

models with varying neck widths under pulsatile flow. STB was fully recovered from the 

aneurysm models after exposure to 10 mL s−1 pulsatile flow; however, ~10–20% of STB 

was lost under 15 mL s−1 pulsatile flow. As evident in Figure 3E, there is no significant 

correlation between STB loss and neck size for both pulsatile flow rates. Similar to the 

3-min observation experiments, either no STB was lost (under 10 mL s−1 pulsatile flow) or 

STB loss occurred within the first 30 s (under 15 mL s−1 pulsatile flow), with no further 

changes visible over the next 24 h. Comparing the average STB percent remaining for all 

neck widths, there was no significant difference in recovery between zero (no) flow, 15 

mL s−1 constant flow, and 10 mL s−1 pulsatile flow, but a significantly lower STB percent 

remained in the models for 15 mL s−1 pulsatile flow, as shown in Figure 3F. These findings 

demonstrate that if STB is initially stable, its resilience does not diminish over the course of 

24 h under substantial flow rates. As a comparison, the human femoral artery has an average 

flow rate of 5.9 ± 0.3 mL s-1.33

To test if the STB stability within the in vitro aneurysm models would be affected differently 

by a fluid with a viscosity similar to blood (rather than DPBS), we performed 3-min 

observational experiments with BMF, which had a viscosity of 4.1 ± 0.1 mPa s. Matching 

prior experiments performed using DPBS, STB was visibly stable within the first 3 min at 

10 mL s−1 pulsatile flow and was partially lost within the first 15 s at 15 mL s−1 pulsatile 

flow (see Supplementary Figure S1). Recovered STB after 24 h could not be quantified due 

to the BMF containing glycerol and abundant nylon microparticles diffused within the STB 

over the course of 24 h, adding mass to the STB. Interestingly, the STB changed color from 

white to red in 24 h, highlighting the penetration of dyed BMF into the STB matrix over 

time without any visible structural change to the STB (Figure S1). This hints at the potential 

permissibility of STB to blood penetration and remodeling in vivo after aneurysm occlusion 

and hemostasis, though this needs to be validated in future studies.

3.3. Computational fluid dynamics modeling

To better understand the observation that aneurysm neck width did not influence the stability 

of STB, the shear stress exerted to STB under various flow rates was quantified via 3D finite 

element flow simulations using CFD, a method that has been validated in experimental in 
vitro aneurysm models.34,35 The in vitro system was modeled according to its dimensions, 

shown in Figure 4A, with the blood vessel capped at the top of the neck, reflecting the 

aneurysm occlusion by STB. Flow streamlines for 15 mL s−1 pulsatile flow, shown in Figure 

4B, demonstrate less fluid flow into the neck for the 2 mm aneurysm neck compared with 

the 6 mm one (Figure 4C). In estimating shear stress at the STB-fluid interface, as shown 

for 15 mL s−1 pulsatile flow for the 2 mm neck and 6 mm neck in Figures 4D and 4E, 

respectively, numerous cases were found in which STB was stable at high shear stress, yet 

unstable at much lower values of shear stress, depending on the flow pattern and aneurysm 

neck width. For example, as shown in Figure 4F, the maximum shear stress of 0.98 Pa was 

exerted on the STB at the STB-fluid interface for the 6 mm neck diameter model under 15 

mL s−1 constant flow. Under this condition, the material was completely stable in the in 
vitro models for 24 h. Conversely, the maximum shear stress estimated from the computer 
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modeling for the 2 mm neck diameter model under 15 mL s−1 pulsatile flow was 10×10−3 

Pa (Figure 4F), yet the material was lost at this condition. These results demonstrate that 

although neck diameter is a key factor in regulating shear stress at the STB-fluid interface, 

the magnitude of shear stress is not correlated to the STB loss. In addition, the shear stress 

tolerated by STB for the 6 mm neck diameter model under 25 mL s−1 constant flow was1.89 

Pa.

3.4. Pressure assessment within in vitro system

Since the magnitude of shear stress failed to explain STB loss in the in vitro models, we 

investigated the effect of pressure change on the STB loss, as shown in Figure 5. Upon 

recording pressure change profiles for 10 mL s−1 and 15 mL s−1 pulsatile flows, we found 

supraphysiologic pressure ranges and rates of pressure change. In contrast to human blood 

pressure profiles, which is normally in the range of ~112 to 117.3 kPa (80 to 120 mmHg) 

and has a maximum rate of negative pressure change −50.3 ± 3.2 kPa s−1,36 10 mL s−1 

pulsatile flow was found to have a pressure range of ~ 95 to 107 kPa (Figure 5A) and 

a maximum rate of negative pressure change of ~ −107.3 ± 2.3 kPa s−1, and 15 mL s−1 

pulsatile flow had a pressure range of ~ 92 to 111 kPa (Figure 5B) and a maximum rate of 

negative pressure change of ~ - ± 9.5 kPa s-1. While the pressure changes under 10 mL s−1 

pulsatile flow were tolerated by the STB for 24 h (Figure 5C), pressure changes under 15 

mL s−1 pulsatile flow were sufficient to cause STB loss within the first 30 s, as shown in 

Figure 5D. This was followed by STB stability for the remainder of the 24 h after the initial 

material loss.

3.5. In vitro flow experiments with a neck-less aneurysm model

To demonstrate that shear stress is also an important determinant of material stability in 

addition to pressure changes, we exposed STB to higher shear stress by testing the material 

in an aneurysm model without a neck. We used the same dimensions as the 6 mm necked 

aneurysm models, except the aneurysm sac was a hemisphere filled with STB in continuity 

with the parent vessel rather than a sphere attached to a neck (Figure S2). When exposed 

to 15 mL s−1 pulsatile flow for 24 h, 100% of STB was consistently lost, in contrast to 

the small percentage of material lost under the same flow pattern when the aneurysm neck 

was present. By independently increasing shear stress on the STB without changing other 

experimental parameters, we show that additional STB loss can occur with increasing shear 

stress. Though material failure caused by high shear stress was our initial hypothesis, it was 

most surprising to find that supraphysiologic pressure changes can cause STB loss even in 

settings of low shear stress.

3.6. Compliance assessment of models

The role of rapid negative pressure change as a cause of material loss or failed aneurysm 

embolization has not been highlighted previously in the literature, in contrast to the flow 

parameters, such as shear stress.37–39 The negative pressure change observed in our study 

represent an unanticipated limitation of the in vitro models that precluded us from being able 

to assess the stability of STB under entirely physiologic conditions. The low compliance of 

the PDMS models combined with a pump that delivers a set volume per pump cycle resulted 

in an unrealistically large pressure ranges, causing STB to initially escape through the 
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aneurysm neck during the negative pressure phase, as shown in Figure 5D and Supplemental 

Video 2. To estimate the total compliance of our model system, we considered the ratio 

of stroke volume to pulse pressure (systolic minus diastolic pressure) as an estimate of 

total arterial compliance in humans.40,41 With a stroke volume of 8.33 mL for the 10 mL 

s−1 pulsatile flow condition and a stroke volume of 12.5 mL for the 15 mL s−1 pulsatile 

flow condition, and the pulse pressures determined from pressure recordings in Figure 5 

A-B, total compliance of our model system was estimated around 0.68 mL kPa−1 (0.09 mL 

mmHg−1), significantly lower than the 10.73 mL kPa−1 (1.43 mL mmHg−1) average total 

arterial compliance in humans.40 To achieve a more physiologic pulse pressure of 5.3 kPa 

(40 mmHg), our compliance in our system would need to be increased about 2.3 times for 

the 10 mL s−1 pulsatile flow condition and about 3.5 times for the 15 mL s−1 pulsatile flow 

condition–requiring an entirely different aneurysm model fabrication process.

The low compliance of the present aneurysm models is also evident by estimating the 

normalized vessel compliance per unit length, which can be calculated using vessel radius, 

vessel wall thickness, and the modulus of elasticity for PDMS.42 Considering similar PDMS 

mixing ratios, curing temperatures, and curing times, the Young’s modulus of our PDMS 

models is around 1.49 MPa.43 Using this modulus of elasticity and aforementioned vessel 

dimensions, the normalized compliance of the PDMS models per unit length is 4.03 × 

10−7 Pa−1–only about 1.3% of the normalized compliance of the human aorta (3.13 × 

10−5 Pa−1).42 Though this value does not represent the entire system compliance, which 

is also affected by connector tubing and pump inflow reservoir variables, it highlights the 

importance of increased vessel compliance for future aneurysm models.

With previous in vitro aneurysm testing systems not considering system compliance,44,45 

including those testing endovascular treatments such as coils and stents,46,47 the critical 

role of compliance in our STB testing system was an unexpected and important finding. 

Future in vitro aneurysm testing systems, particularly those for testing non-metallic material 

occlusion of aneurysms, must consider system compliance for generating realistic pressure 

ranges; methods for increasing compliance of synthetic vessels without changing model 

dimensions include decreasing the material’s modulus of elasticity and decreasing vessel 

wall thickness.42,48 While simple in theory, producing synthetic blood vessels with a 

compliance matching native ones has proven to be challenging from an engineering 

standpoint.48,49 Various methods have attempted to produce compliant, thin synthetic 

blood vessels, including molding,42,50 brush-spin-coating,51 and dip-coating,52 usually 

using silicone or latex.48 Such models may be useful for future in vitro aneurysm testing 

applications, but come with their own limitations, including variable wall thickness and 

compliance50 and poor compliance congruity over a range of physiologic pressures.48 

Though reassured by the STB’s tolerance of supraphysiologic pressure ranges under 10 

mL s−1 pulsatile flow for 24 h, we note that limitations in our testing system and other in 
vitro systems make further testing necessary, particularly in animal aneurysm models.53

4. Conclusions

We show that catheter-directed STB injection is a minimally invasive method capable of 

occluding saccular aneurysms/pseudoaneurysms in vitro. The biomaterial can be easily 
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prepared, injected by hand, and completely fill aneurysm spaces. It is effective in holding its 

gel form after injection and remaining in place within in vitro aneurysm models exposed to 

constant fluid flow rates up to 15 mL s−1 for 24 h. The material also withstood a pulsatile 

flow rate of 10 mL s−1 for 24 h, mimicking flow through the human femoral artery. The 

STB did not disintegrate over this period to any degree that could be detected by both 

visual inspection and mass quantification. STB was also able to withstand at least 1.89 Pa 

of wall shear stress, as estimated by computational fluid dynamics, without visible mass 

loss. We found that our in vitro system was limited by supraphysiologic pressure changes 

caused by PDMS aneurysm models with low compliance, rather than shear stress, resulting 

in STB failure. Though this is a critical consideration for the design of future in vitro testing 

systems, we were encouraged by the STB resistance to negative pressure changes that were 

wider ranging and more rapidly changing than those in the human aorta. The ultimate 

applicability of STB for the occlusion of human aneurysms will depend on further testing in 

more realistic in vitro models and particularly in animal aneurysm models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Fabrication of in vitro aneurysm models and filling them with STB.
(A) CAD-based fabrication of aneurysm model components, including a parent artery and 

the saccular aneurysm pieces. (B) 3D-printing of aneurysm model components using ABS. 

(C) Polishing the surface of 3D printed ABS pieces to render the surfaces smooth. (D) 

Formation of negative PDMS mold using the 3D printed ABS pieces, and the removal of 

ABS yielding aneurysm models with the following dimensions: blood vessel diameter, d: 

6 mm, neck height, h: 5 mm, neck diameter (width), w: variable (2, 3, 4, 5, or 6 mm), 

and aneurysm sac diameter, D: variable (1 cm or 3 cm). (E) Navigation of a catheter into 

a 3 cm diameter aneurysm model. (F) Time course of STB filling of the 3 cm aneurysm 

model using a microcatheter under pulsatile flow in less than 1 min. The STB is stained with 

commercial yellow food dye.
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Fig. 2. Formulation and properties of shear-thinning biomaterial (STB).
(A) Gelatin and LAPONITE® XLG-XR (silicate nanoplatelets) are mixed to form STB, 

which is injected into an aneurysm using a catheter. (B) Picture of colored STB loaded 

into a syringe and injected via a catheter. (C) Injection force versus injection time and (D) 

injection force plateaus for STB injected through catheters connected to a 3 mL syringe at 

a syringe depression rate of 33.96 mm min-1. (E) Injection force plateaus for STB injected 

through catheters connected to a 1 mL syringe at the same rate of syringe depression as in 

panel D. One-way ANOVA with multiple comparisons (Tukey post-test) were performed: * 

indicates comparison with 3.1 F; # shows comparison with 4 F; and $ is for the comparison 

with 5 F (***, ###, or $ $ $ indicate p < 0.001; **** ####, or $ $ $ $ show p < 0.0001).
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Fig. 3. Stability of STB in aneurysm models over 24 h.
(A) Schematic of 1 cm aneurysm models used in 24-h flow experiments, with the neck 

width ranging from 2 to 6 mm. (B and C) Experimental setup showing the AccuFlow-Q 

Physiological Flow System connected to aneurysm models in series. (D) Close-up image 

of a 1 cm aneurysm model with a 4 mm neck width, showing the sac filled with STB. (E) 
Comparison of the percent STB recovered from models with neck widths ranging from 2 to 

6 mm exposed to 10 mL s−1 and 15 mL s−1 pulsatile flows after 24 h, showing significant 

differences (One-way ANOVA with multiple comparisons (Fisher’s post-test); * p ≤ 0.05) 

for all aneurysm neck sizes except the 4 mm neck. (F) STB percent remaining after 24 h 

from all neck sizes for zero flow, 15 mL s−1 constant flow, 10 mL s−1 pulsatile flow, and 

15 mL s−1 pulsatile flow, showing significant differences (One-way ANOVA with multiple 

comparisons (Tukey post-test); **** p ≤ 0.0001) for 15 mL s−1 pulsatile flow compared 

with all other flow patterns.
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Fig. 4. CFD simulation of fluid flow in aneurysm models.
(A) Simulation computational domain, comprising a finite length 3D conduit that is 100 mm 

long with an inner diameter of 6 mm, connected to an aneurysm sac through a 5 mm long 

cylindrical neck of a diameter varying from 2 mm to 6 mm. For the simulation, the neck was 

capped at the STB-fluid interface to reflect the in vitro experiments in which STB filled the 

aneurysm sac. (B and C) Flow streamlines determined by CFD for 15 mL s−1 pulsatile flow, 

demonstrating more fluid flow into the aneurysm neck for the 6 mm neck compared with the 

2 mm neck. (D) Shear stress as determined from CFD modeling at the STB-fluid interface 

for the 2 mm neck aneurysm model experiencing 15 mL s−1 pulsatile flow. (E) Shear stress 

as determined from CFD modeling at the STB-fluid interface for the 6 mm neck aneurysm 

model experiencing 15 mL s−1 pulsatile flow. (F) Magnitude of maximum shear stress at the 

STB-fluid interface for the 2 mm and 6 mm neck-size aneurysm models under 15 mL s−1 

pulsatile flow and 15 mL s−1 constant flow, demonstrating a discordance between maximal 

shear stress and material stability (STB was stable for 24 h under 15 mL s−1 constant flow 

regardless of aneurysm neck size, whereas it was lost within 24 h under 15 mL s−1 pulsatile 

flow regardless of aneurysm neck size).
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Fig. 5. Supraphysiologic pressure changes resulting in STB loss.
Pressure versus time for 10 mL s−1 and (B) 15 mL s−1 pulsatile flow. (C) Images of 1 cm 

aneurysm models ranging from 2 mm to 6 mm neck widths under 10 mL s−1 pulsatile flow 

at varying time points, demonstrating the stability of STB for 24 h. (D) Images of 1 cm 

aneurysm models ranging from 2 mm to 6 mm neck widths under 15 mL s−1 pulsatile flow 

at varying time points, showing STB loss within the first 30 s, followed by no additional 

material loss for the remainder of the 24 h.
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