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A B S T R A C T

Numerous studies in the literature have proposed the use of thermo-responsive hydrogels for filling cavities after 
tumor resection. However, optimizing the injection process is challenging due to the complex interplay of various 
multi-physics phenomena, such as the coupling of flow and heat transfer, multi-phase interactions, and phase- 
change dynamics. Therefore, gaining a fundamental understanding of these processes is crucial. In this study, 
we introduce a thermo-sensitive hydrogel formulated with poloxamer 407 and Gellan gum as a promising filling 
agent, offering an ideal phase-transition temperature along with suitable elastic and viscous modulus properties.

We performed multi-physics simulations to predict the flow and temperature distributions during hydrogel 
injection. The results suggested that the hydrogel should be kept at 4 ◦C and injected within 90 s to avoid 
reaching the transition temperature. Cavity filling simulations indicated a symmetric distribution of the 
hydrogel, with minimal influence from the syringe’s position.

The temperature gradient at the cavity edge delays gelation during injection, which is essential to guarantee its 
administration as a liquid. The hydrogel’s viscosity follows a sigmoidal function relative to temperature, taking 
five minutes to reach its maximum value. In summary, the multi-physics simulations carried out in this study 
confirm the potential of thermo-responsive hydrogels for use in post-tumor surgery treatment and define the 
conditions for a proper administration. Furthermore, the proposed model can be widely applied to other thermo- 
responsive hydrogels or under different conditions.

1. Introduction

Cancer presents a global health challenge that requires innovative 
approaches to improve the effectiveness of therapeutic interventions 
while reducing systemic side effects. The traditional systemic adminis-
tration of anticancer agents often results in the widespread distribution 
of drugs throughout the body, leading to dose-limiting toxicity and 
reduced therapeutic efficacy. Among the emerging strategies, hydrogels 
are becoming increasingly significant as they can fill cavities post-tumor 
resection and their properties can be adjusted by altering factors such as 
polymer type, crosslinking degree, transition temperature, etc.

Recent studies have demonstrated the use of hydrogels for treating 
various types of cancer, including ovarian (Xu et al., 2018) and lung (Lv 
et al., 2020). Additionally, another hydrogel, OncoGel™ developed 
several years ago for glioma treatment (Elstad and Fowers, 2009), is 

currently undergoing clinical trials.
The application of these hydrogels for breast cancer treatment is 

considered particularly promising due to the specific characteristics of 
this cancer type: ease of administration, clear diagnostic images prior to 
administration, and the absence of surrounding tissues. Furthermore, 
these hydrogels can help in breast reconstruction (Yang et al., 2021). 
The use of hydrogels as a post-resection therapy for breast tumors has 
been extensively reviewed (Zhang et al., 2022).

In recent years, significant efforts have been dedicated to harnessing 
the distinctive properties of thermo-sensitive hydrogels. These “intelli-
gent biomaterials” can undergo reversible phase transitions in response 
to external stimuli, such as temperature changes, making them a 
promising option for precise and localized drug delivery in cancer 
therapy. In this regard, thermo-sensitive hydrogels stand out as an 
advanced solution to tackle these challenges by providing a platform for 
controlled drug release at the tumor site (Lacroce and Rossi, 2022; 
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Mohammadi et al., 2022).
One of the most studied polymers for this purpose is Poloxamer 407, 

also known as Pluronic F-127. This thermosensitive polymer not only 
inhibits breast cancer resistance protein (BCRP) but has also been 
approved by the FDA (Shriky et al., 2020; Ul Khaliq et al., 2023). 
Hydrogels formed with this polymer maintain a liquid state at low 
temperatures and transition into a non-flowing gel at temperatures close 
to the physiological range (37⁰C). This characteristic is crucial for ac-
curate administration and stable drug release in the cavity post-surgery 
(De Dios-Perez et al., 2023).

The temperature for the sol-gel transition is influenced by the 
poloxamer concentration in the hydrogel. Lower concentrations, start-
ing at 15% w/v, are associated with higher transition temperatures, 
making them easier to administer at room temperature (Kushan and 
Senses, 2021). However, a high poloxamer concentration is necessary to 
ensure proper behavior in vivo. Jons et al. (2022) demonstrated a sig-
nificant correlation between the storage modulus (G’) and the hydro-
gel’s persistence in tissue, indicating that hydrogels with G’ values 
exceeding 100 Pa can persist for over 30 days in mice. Additionally, 
Yang et al. (2021) suggested that hydrogels used for cavity filling after 
breast tumor resection should have a G’ value around 104 Pa, achievable 
only with PF-127 concentrations exceeding 20 %.

Moreover, the rheological properties of hydrogels can be altered by 
incorporating other polysaccharides such as chitosan, sodium alginate, 
gellan gum, or carrageenan (Lupu et al., 2023). Among these, gellan 
gum (GG) shows promise in regulating thermogelation as even a small 
concentration of it significantly impacts the gelation temperature and 
hydrogel viscosity (Dewan et al., 2017). In a previous study, various 
formulations of PF-127 were prepared to investigate farnesol drug 
release. The findings revealed that adding 0.5% w/v of GG to a 20% w/v 
PF-127 solution extended the degradation time of the formulation (due 
to the formation of a new polymer network with the addition of GG) and 
altered the drug release profile (De Dios-Pérez et al., 2023). Therefore, 
this study will combine PF-127 and GG in the designed hydrogels for 
these reasons.

According to the latest review on hydrogels from poloxamers by 
Marques et al. (2023), numerous studies have focused on the rheological 
behavior and mechanical strength of these hydrogels. However, there is 
limited literature on their injectability, despite it being a critical 
parameter. Some papers have computationally investigated hydrogel 
injection for treating myocardial diseases. For instance, Wang et al. 
(2018) and Fan et al. (2019) examined the stress in heart cavities 
post-hydrogel injection following myocardial infarction. Similarly, 
Curley et al. (2017) compared various types of needles and polymers for 
myocardial injection.

In addition to cardiac applications, other researchers have explored 
the use of hydrogels for various purposes. For instance, Phogat et al. 

(2023) examined the injectability of hydrogels for bone tissue rehabil-
itation from a rheological perspective, focusing on factors such as the 
required pressure, interactions between components, and cohesion. 
Similarly, Rossi et al. (2019) conducted injectability studies using uni-
axial tensile testing with various syringe and needle sizes, although they 
did not account for the temperature effect in their simulations.

In the case of PF-127, only four studies, to the best of our knowledge, 
have studied injectability to varying degrees. Soni and Yadav (2014)
demonstrated the ability to inject hydrogels at temperatures below 17 
◦C, although the administration temperature always exceeds this 
threshold. Additionally, Braet et al. (2021) explored the intraperitoneal 
administration of PF-127 nanoparticles through nebulization at high 
pressures for cancer treatment. Furthermore, Emerson et al. (2022)
developed a model to predict the size and shape of hydrogels containing 
cells and other polysaccharides such as alginate or agarose.

Finally, the only study regarding PF-127 administration via syringe is 
the one conducted by Yu and Chen (2021). In their research, the authors 
performed simulations on the coaxial extrusion of PF-127 hydrogel to 
investigate viscosity variations. However, they did not account for 
property changes due to temperature (crucial for thermosensitive 
polymers) and solely focused on analyzing the mixture, neglecting the 
process of deposition in a cavity.

Due to the lack of research justification, there is a strong need to 
study the administration of thermosensitive hydrogels during surgery to 
facilitate the transfer of this technology to real clinical practice (Mandal 
et al., 2020; Clegg et al., 2024). These hydrogels are highly 
temperature-sensitive, and it is crucial that the sol-gel transition does 
not occur before the injection is completed. Additionally, ensuring 
correct deposition in the tumor cavity is essential for effective drug 
release, as these hydrogels can be loaded with chemotherapeutic agents 
to prevent cancer recurrence.

Therefore, the main objective of this work is to provide a computa-
tional approach, based on experimental data, to the optimal method for 
thermosensitive hydrogel injection and cavity filling. The proposed 
model will consider the viscosity-temperature dependency. To achieve 
this objective, real tumor cavity geometries obtained from MRI scans of 
patients will be used, along with experimental data on hydrogel for-
mulations and their sol-gel transition characteristics. The study will 
generate the volume of fluid profiles (VOF) for cavity filling, along with 
temperature and viscosity profiles, to elucidate the process and provide 
a precise framework for translating these strategies into clinical practice. 
To validate the model, the PF-127 with the GG formulation described 
earlier was chosen for performing various simulations.

Nomenclature

ρ density, kg/m3

u fluid velocity, m s-1

τ Shear stress, Pa
I identity tensor
g gravity force, m s-12

F extra forces, N
T temperature, K
Fst stokes force, N
σ surface tension value, N/m
ki curvature, dimensionless
nint unit normal to the interface, dimensionless
δ Dirac delta function concentrated to the interface, m
φ level set function, dimensionless

Cp Specific heat at constant pressure, J/kg•K
q conductive heat flux vector, W/m2

q0 heat flux at the boundaries, W/m2

Q heat supplied to the system, W/m3

k thermal conductivity, W/m•K
Tout operation suite temperature, K
Tw temperature at the wall, K
h heat transfer coefficient, W/m2•K
γ amount of reinitialization or stabilization of the level set 

function, m s-1

εls thickness of the interphase region, m
I(φ) Heaviside function for level set function, dimensionless
µ viscosity, Pa•s
t time, s
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2. Materials and methods

2.1. Thermosensitive hydrogel preparation and characterization

The initial PF-127 solutions (20 % and 30% w/v) were prepared at 4 
◦C in distilled water, as indicated in De Dios-Pérez et al. (2023). To 
begin, the necessary amount of GG was dissolved in distilled water that 
had been previously heated to 80 ◦C. The solution was maintained at 80 
◦C and stirred for 1 hour to achieve a uniform bulk sample. Subse-
quently, the GG solution was allowed to cool slowly at room tempera-
ture. The cooled GG solution was then transferred to a cold chamber at 4 
◦C. Once the solution reached this temperature, the required amount of 
PF-127 was gradually added under stirring conditions. Finally, the 
hydrogel was left to stir overnight. In order to guarantee the sterility of 
the hydrogel for biomedical applications, the preparation should be 
carried out in a clean room, and all materials used must be previously 
sterilized by autoclaving and UV light exposure.

The PF-127 solutions underwent rheological characterization using 
an AR 1500 Rheometer (TA Instruments, Newark, DE) equipped with an 
aluminum plate of 40 mm and a 1 mm gap. An oscillation procedure was 
applied, involving a temperature sweep from 10 ◦C to 37 ◦C (with a 
temperature increase of 1 ◦C/min) at a frequency of 10 Hz and a strain 
percentage of 0.2 %. Under these conditions, the sample exhibited 
viscoelastic behavior (De Dios-Pérez et al., 2023). This procedure yiel-
ded the values of the storage (G’) and loss (G’’) moduli and their 
temperature-dependent variations. Additionally, steady-state analysis 
(at a shear rate of 50 s-1) was conducted to investigate how temperature 
variations (from 10 ◦C to 37 ◦C) affected the viscosity of the different 
formulations.

2.2. Model geometry and meshing

Two different geometries were created using the geometry interface 
of COMSOL Multiphysics 6.1 for each step of the simulation. Firstly, 
dimensions for modeling the syringe and the needle were obtained from 
a catalog. The syringe was chosen with a volume of 5 mL, and a 23 
Gauge needle was selected. This implies that the inner diameter of the 
syringe is 1.27 cm, and the inner diameter of the needle is 0.34 mm. PVC 
(polyvinyl chloride) was chosen as the material for the syringe walls, 
while stainless steel was selected for the needle walls.

Secondly, the geometry of the tumor cavity was constructed based on 
typical shapes and volumes found in breast tissue after tumor resection. 
The simulated cavity has a total volume of 12,818 mm3 and is consid-
ered as an ellipsoid with the following dimensions: semi-axis a (15 mm), 
semi-axis b (17 mm), and semi-axis c (12 mm). These values were 
determined by isolating the tumor geometry from a dataset of MRI im-
ages of real patients (Saha et al., 2018). The resection cavity is open at 
the top border to simulate the opening or scar, with a diameter of 2 mm. 
At the top, the needle serves as the inlet (marked in blue) and has the 
same dimensions as described above. Both geometries are depicted in 

Fig. 1, A and B, showcasing 3D images and cross-sections of each.
The final meshes were constructed using tetrahedrons. The syringe’s 

mesh consists of 1.93 million elements, with an average quality of 0.919 
and the largest element size being 0.037 mm. The cavity’s mesh com-
prises 97.3 thousand elements, with an average quality of 0.662 and the 
largest element size of 2.1 mm. Quality plots of both meshes can be 
found in Supplementary Material S1.

2.3. Mathematical modelling: governing equations and boundary 
conditions

To mimic the injection of the thermo-responsive hydrogel into the 
tumour post-resection cavity, one needs to consider the following 
physical transport phenomena: (i) in the simulation of the syringe and 
needle, a fluid flow is coupled with conjugate heat transfer, (ii) in the 
cavity filling simulations, these equations are extended with the multi- 
phase level-set method to capture the hydrogel/air interface. Based on 
these considerations, this section is divided into four subsections, each 
focusing on a specific phenomenon studied.

2.3.1. Mass and momentum transport in laminar flow regime
The flow of hydrogel in the syringe and during the cavity filling can 

be described by equations for conservation of mass and momentum, 
which can be written as: 

ρ∇⋅ u→= 0 (1) 

ρ ∂ u→

∂t
+ ρ( u→⋅∇) u→= ∇⋅(− pI+ τ) + ρ g→+ F→ (2) 

where the shear stress is calculated as: 

τ = μ
(
∇ u→+∇ u→T

)
(3) 

In both cases, gravity can not be considered negligible because the 
administration process takes advantage of gravity. For multi-phase 
simulations of the cavity filling, the surface tension force needs to be 
considered too: 

F→st = σkiδ n→int (4) 

where (σ) is the surface tension, (ki) is the interface curvature, (nint) is 
the unit vector normal to the interface, and (δ) is the Dirac’s delta 
function concentrated at the interface. These are calculated as: 

n→int =
∇φ
|∇φ|

, ki = ∇⋅
(

∇φ
|∇φ|

)

, δ = 6|∇φ||φ(1+φ)| (5) 

Here, (φ) represents the level-set function that will be explained in 
more detail in the following subsection.

The boundary conditions for fluid flow simulation in the syringe 
include: a no-slip condition at the wall, an outlet pressure equal to zero, 
and the inlet pressure simulated as a step function (with a duration of 

Fig. 1. A: Geometry of syringe and needle. B: Geometry used for simulating cavity filling simulations.
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four seconds, changing the pressure at the inlet from 0 to 50 kPa). The 
calculation for the pressure condition was derived from data reported in 
the literature regarding the force applied to the plunger (Krisdiyanto 
et al., 2023) and can be automatized by using a pump.

The boundary conditions for fluid flow simulation in the cavity 
include a no-slip condition at the wall, a pressure of zero at the opening, 
and an inlet velocity equal to the one calculated at the outlet of the 
needle simulations.

2.3.2. Conjugate heat transfer
The heat transfer is modelled by using the following transport 

equation: 

ρcp
∂T
∂t

+ ρcp u→⋅∇T +∇⋅ q→= Q (6) 

where the heat flux is calculated as: 

q→= − k∇T (7) 

Note that the heat transfer model includes the calculation of tem-
perature in both the fluid domain and surrounding walls (which are 
made from PVC or stainless steel). We considered two initial conditions 
during the injection step: (i) syringe, needle, and fluid are all kept at 4⁰C 
before administration, and (ii) fluid is kept at 4⁰C, whereas the syringe 
and needle are both kept at room temperature of 20⁰C. For both sce-
narios, the convective heat transfer with the surrounding environment 
(air at 20⁰C) is included, which is implemented through the following 
boundary condition: 

q0 = h(Tair − TW) (8) 

During the filling process, the cavity wall temperature is fixed at 
37⁰C to mimic the physiological temperature of human tissue, while the 
temperature along the opening/scar is estimated using the aforemen-
tioned convective boundary condition. The specific heat under constant 
pressure (cp) is assumed to be constant for both simulations.

2.3.3. The multi-phase simulation of the cavity filling
The multi-phase modeling of cavity filling is conducted using the 

level-set method of Osher and Sethian (1988). The hydrogel is injected 
into the cavity at a constant velocity determined from the previous 
simulation of fluid flow in the syringe. The volume of hydrogel injected 
in its liquid state displaces the air within the cavity resulting from tumor 
resection. The level-set function (φ) is defined to have a value of one in 
the air and a value of zero in the hydrogel. The time and spatial evo-
lution of the hydrogel/air interface is calculated using the following 
transport equation: 

∂φ
∂t

+ u→⋅∇φ = γ∇⋅
[

εls∇φ − φ(1 − φ)
∇φ
|∇φ|

]

(9) 

Terms on the right-hand side are essential for numerical stability. To 
ensure the numerical stability and convergence of the multi-phase 
simulations, both (γ) and (εls) should be fixed at the beginning of the 
simulations, as suggested by Yue et al. (2004). The first parameter (γ) 
represents the amount of the reinitialization or stabilization of the level 
set function (φ). Its value corresponds to the maximum velocity modulus 
in the entire domain. The second parameter (εls) determines the thick-
ness of the interface and should be set equal to the largest mesh element 
in the domain.

The level-set function (φ) takes the following forms of Heaviside 
function: 

I(φ) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0, if φ < − δ⋅Δ

1
2

[

1 + φ +
1
π sin

(π⋅φ
δ⋅Δ

)]

1, if φ > δ⋅Δ

, if |φ| ≤ δ⋅Δ (10) 

where (Δ) is the characteristic numerical mesh length scale, and (δ) is 
the previously defined Dirac delta function (see Eq. (5)). The cavity is 
assumed to be filled with air at the start of simulations. The velocity and 
temperature fields are calculated by solving conservation of mass, mo-
mentum and energy, but now for both phases (air-fluid as 1 and 
hydrogel-fluid as 2). Consequently, the physical properties (density, 
dynamic viscosity, thermal conductivity) are depending on the level set 
function (φ) and evaluated as: 

ρ = ρ1 + (ρ2 − ρ1)φ, μ = μ1 + (μ2 − μ1)φ, k = k1 + (k2 − k1)φ (11) 

The boundary conditions for the level set method are identical to 
those used in fluid flow and heat transfer described in Sections 2.3.1 and 
2.3.2, respectively.

2.4. The sol-gel transition kinetics

The sol-gel transition is dependent on both temperature and the time 
at which the transition temperature is reached. This kinetic transition is 
generally considered quasi-instantaneous, although some studies have 
only approached it in a preliminary manner. According to Witika et al. 
(2021), the time for the sol-gel transition ranges from 5 to 7 min, 
depending on the PF-127 concentration (20–25 % wt) at 37⁰C. Addi-
tionally, Petkova-Olsson et al. (2018) suggested that the evolution of 
viscosity should follow a sigmoidal curve, in accordance with the pro-
files obtained by Dynamic Wave Spectroscopy.

Based on the previous information, a simplified equation is proposed 
to define the dynamic viscosity behavior of thermosensitive hydrogels 
over time once the transition temperature is reached. The equation can 
be expressed as follows: 

μ(t) = 0.52 +
9.1

1 + exp
[

−
(t− 150)

30

] (12) 

where the dynamic viscosity (μ) is in Pa•s, while time (t) is in seconds. 
This curve has an upper limit of 9.6 Pa•s and a lower limit of 0.58 Pa•s, 
which is consistent with the experimental results (see Section 3.1 and 
Supplementary material S2 for the results from the steady-state flow 
analysis). Additionally, the transition from the lower to the upper limit 
of this curve occurs within a time frame of five minutes, as indicated by 
Witika et al. (2021).

2.5. Parameters used for simulations

All simulation parameters, along with their corresponding reference 
sources, are given in Table 1. The table is divided into two sections, 
distinguished by the specific steps under investigation, namely syringe 
injection and cavity filling, respectively. It is important to note that 
certain values recorded in the first step are essential for the calculation 
of the second step. The model is also flexible and could be used for 
simulating other cases if the material or hydrogel properties change.

3. Results and discussion

The structure of this section is as follows: firstly, rheological mea-
surements of the prepared hydrogels are presented to utilize this data for 
the multi-physics simulation. Subsequently, the results for syringe in-
jection are discussed, followed by the results for tumor cavity filling.

3.1. Experimental determination of thermosensitive hydrogels properties 
and response to temperature

Fig. 2 shows the variation of G’ (left axis) and G’’ (right axis) with 
temperature until it reaches its maximum value. Additionally, G’ ex-
ceeds 14 kPa for a 30% w/v formulation, while a value below 8 kPa was 
obtained with the 20% w/v solution. Fig. 2b depicts the variation of 
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viscosity in the formulation with temperature until reaching the 
maximum viscosity value. It is evident that the temperature transition 
for the formulation containing 30% w/v of PF-127 occurred at 
approximately 18 ◦C, while a transition temperature of around 27 ◦C 
was observed for the formulation with 20% w/v of PF-127. In this sce-
nario, it is crucial to choose the formulation with 30% w/v as the G’ 
value is suitable for filling the tumor cavity, as highlighted by Chenite 
et al. (2001).

3.2. Hydrogel injection studies

The injection was modeled as a step function lasting 14 s with a 50 
kPa pressure at the top of the syringe, as indicated in Section 2.3.1. The 
velocity contours before and during injection are illustrated in Fig. 3a, 
while Fig. 3b represents the velocity contours during injection on a 
logarithmic scale to better highlight the differences.

It can be seen that the velocity field within the syringe exhibits a 
wide range of values. The fluid velocity reaches 4 m s-1 at the needle 
outlet, while within the middle section of the syringe, it remains below 
0.1 m s-1. Consequently, the syringe demonstrates a maximum flow rate 
of approximately 20 mL/min, consistent with the reported flow rates for 
the specific needle considered (Talu et al., 2008). Thus, the entire 
administration process of the hydrogel within the syringe takes around 
14 s.

However, due to the thermosensitive characteristics of the hydrogel 
and the administration process taking place at 20⁰C (operating suite 
temperature), the hydrogel may undergo the sol-gel transition, leading 
to a viscosity increase. This rise in viscosity could present challenges 
during the injection into the cavity. To evaluate the time constraints 
before reaching the transition temperature, two separate simulations 
were carried out to determine the maximum time available for 
administration.

Fig. 4 shows the time evolution of temperature three distinct loca-
tions within the device (needle outlet, hub, and in the middle of the 
barrel) under two different initial conditions: the hydrogel is stored in a 
fridge (4⁰C) while the syringe and needle are at room temperature, or 
alternatively, the syringe, needle, and hydrogel are all kept at fridge 
temperature (4 ◦C).

In Fig. 4a, it is shown that if the initial conditions are 4⁰C for all 
materials, it takes approximately 90 s to reach the transition tempera-
ture (18⁰C) for the fluid in the needle outlet. However, this temperature 
is not reached in the fluid located in the hub or in the middle of the 
barrel. This discrepancy is attributed to the inner diameter of each part 
and the two orders of magnitude difference in thermal conductivity 
between stainless steel and PVC. Conversely, when the syringe and 
needle are maintained at 20⁰C, similar profiles are observed for points 
one and two (Fig. 4b), with a significant difference observed at point 
three (green one).

At this juncture, the fluid exhibits a considerable increase in tem-
perature during the initial seconds due to heat transfer from the plunger, 
eventually reaching a quasi-steady-state around 10⁰C. These graphs are 
complemented by those presented in Fig. 5, where the temperature plots 
for the entire geometry for both cases can be observed.

Based on the results from Fig. 5, and considering the transition 

Table 1 
Parameters used for simulations.

Step Parameter Value Units Reference
Syringe 

injection
Plunger Pressure 
applied

50 kPa Krisdiyanto et al., 
2023

Time for injection 14 s Calculated from 
flow rate and 
syringe volume

Initial temperature 4 ⁰C Fridge temperature
Operating suites 
temperature

20 ⁰C Ellis, 1963

Hydrogel density 1000 kg/m3 Bui et al., 2021
PVC density 1350 kg/m3 ​
Stainless steel 
density

8000 kg/m3 ​

Hydrogel viscosity 
(under 18⁰C)

0.58 Pa•s Experimental (this 
study)

PVC thermal 
conductivity

0.19 W/ 
(m•K)

Kok et al., 2008

Stainless steel 
thermal 
conductivity

15 W/ 
(m•K)

Meckky, 2020

Hydrogel thermal 
conductivity

0.54 W/ 
(m•K)

Milocco et al., 2020

Air heat transfer 
coefficient 
(convection, free)

30 W/ 
(m2•K)

Xanthopoulos et al., 
2012

Hydrogel Specific 
Heat capacity

5000 J/ 
(kg•K)

Milocco et al., 2020

PVC Specific Heat 
capacity

880 J/ 
(kg•K)

Kok et al., 2008

Stainless steel 
Specific Heat 
capacity

477 J/ 
(kg•K)

Meckky, 2020

Tumour 
Cavity 
filling

Surface tension of 
the hydrogel

0.036 N/m Desai et al., 2001

Air density 1.02 kg/m3 ​
Air viscosity 1.8•10–5 Pa•s ​
Air conductivity 0.027 W/ 

(m•K)
​

Fig. 2. Evolution of the G’ and G’’ (A) and viscosity (B) with temperature for two different PF-127 concentrations (20 % and 30% w/v) with 0.5% w/v GG.
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temperature is 18⁰C, the syringe and needle can be kept at room tem-
perature. However, it is crucial that the administration process takes 
<90 s from the moment the hydrogel solution is removed from the 
fridge. This value is estimated for a thermostated surgical theatre (20 ◦C) 
and variations in this temperature can reduce or increase the maximum 
time available for administration. This time constraint is a critical factor 
to consider for any potential clinical application of the tested hydrogel.

3.3. Cavity filling studies

During the surgery, the tumor mass is resected, leaving a space 
initially filled with air that is in contact with the environment through 
the aperture. Subsequently, this space is filled with the hydrogel solu-
tion. As a result, a temperature gradient forms within the cavity, which 
is crucial for the proper administration of the hydrogel, preventing 
premature gelation before deposition. Initially, the cavity is at 37⁰C, and 
the areas near the aperture begin to cool as they come into contact with 
the operating room temperature (20⁰C) until reaching a steady state. 

This phenomenon was also simulated and is illustrated in Fig. 6.
From Fig. 6, it can be observed that it takes between 10 and 15 s to 

reach a steady state for the air temperature. Therefore, this steady-state 
temperature profile can be considered as the initial condition for 
hydrogel injection into the cavity. It is worth noting that the tempera-
ture gradient is only present in the first third of the cavity height, where 
the solution will be injected, and the temperature at the interface is 
approximately 24⁰C, close to room temperature. This detail is crucial to 
ensure proper administration of the hydrogel, preventing premature 
gelation before or during injection due to high temperatures at the sy-
ringe location.

Considering this temperature profile, the multi-physics model was 
simulated to study cavity filling coupled with the temperature profile 
and the evolution of viscosity, as described in Sections 2.3 and 2.4. Fig. 7
illustrates the Volume of Fluid (VOF) for air and the hydrogel solution 
during the injection process in a 3D view. For enhanced clarity, the 
cross-sectional view (2D) is depicted in Fig. 8 for the corresponding 
reported times.

Fig. 3. Velocity contours before and during hydrogel injection (A); Velocity contours during hydrogel injection in logarithmic scale (B).

Fig. 4. Time evolution of the hydrogel temperature at three different locations of the device depending on the syringe and needle storage: A: at 4⁰C, B: at 20⁰C. 
Colour legend: Needle outlet (black), hub (red), middle of the barrel (green).
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It can be observed that the simulated cavity (12 cm3 in volume) re-
quires approximately 20 s to be completely filled with the hydrogel 
solution. The deposition in the cavity appears to be symmetrical when 
the syringe is positioned at the center of the cavity. In Supplementary 
material S3, various case studies are presented where the syringe is 
placed in different positions. From these case studies, it can be 
concluded that the relative location of the syringe does not significantly 
affect the filling process, with only a two-second variation in the time 
required to complete the process across different scenarios. This finding 
is crucial as the injection in real clinical practice may not always occur 
precisely in the middle of the cavity.

As per Section 3.2, the administration process should be completed 
in under 90 s to prevent gelation within the syringe or needle. Based on 
the findings presented, it can be concluded that there is sufficient time 
for administration before this phenomenon occurs. This is supported by 
the fact that after 20 s (the time required for filling), the temperature of 
the hydrogel in the syringe will be approximately 10⁰C (as shown in 
Fig. 4).

Despite being administered at a temperature below its gelation 
threshold, the gel undergoes a temperature increase upon deposition 
into the cavity, triggering the transition phenomenon as described by 
the kinetics in Equation 15. The temperature distribution within the 
cavity is influenced by several factors, including the initial temperature 

of the hydrogel (distinct from the gelation temperature), the tempera-
ture at the cavity walls (maintained at 37⁰C), and the heat transfer dy-
namics with the ambient air in the operating room (set at 20⁰C). The 
results of this process are visually represented through a series of cross- 
sectional images at different time points in Fig. 9.

The results from Fig. 9 demonstrate how the injection alters the 
temperature distribution in the cavity, with this phenomenon being 
more pronounced in the initial stages due to the absence of liquid in the 
cavity. As the cavity fills, the jet profile dissipates, and once the injection 
ceases, the temperature profile returns to its initial state, influenced 
solely by the heat transfer process for air until the suture process (see 
Section 3.4).

Finally, it is important to observe how the viscosity of the hydrogel 
solution changes due to the heating process, as described by Equation 
15. This profile is illustrated in Fig. 10a for a point located in the middle 
of the cavity. Additionally, for the same location, Fig. 10b shows the 
VOF parameter (right axis) and the temperature evolution (left axis) 
over time.

Fig. 10a shows an abrupt increase in viscosity during the first few 
seconds as air is replaced by the hydrogel solution. Following this, the 
viscosity increases in a sigmoidal manner, as described by Petko-
va-Olsson et al. (2018), reaching a maximum value of 9.6 Pa•s after 
approximately 5 min, according to the experiment detailed in Section 

Fig. 5. Temperature plots at different times depending on the syringe and needle storage: A: at 4⁰C, B: at 20⁰C.
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3.1. Consequently, the viscosity remains below 1 Pa•s during the 
administration process (up to 20 s), ensuring proper distribution within 
the cavity. At this point, the fluid velocity reaches values around 3 mm 
s-1.

The profile for VOF represented in Fig. 10b showed small variations 
during the first five seconds, corresponding to the passage of the jet for 
that point. After 12 s, the filling was completed at this level (centre of the 
cavity). The variations in the temperature profile (Fig. 10b) can be 
explained as follows: Initially, there is a reduction in temperature 
because the hydrogel is injected at a much lower temperature. Once the 
filling is complete (around 12 s), the hydrogel temperature increases due 

to the environmental temperature (37 ◦C) until approximately 20 s, 
when the filling process ends for the entire cavity. At this point, there is a 
plateau indicating a quasi-steady state, controlled by heat transfer with 
the operating room air. This state is eventually overcome, reaching the 
final temperature of 309.65 K (36.5⁰C). It is notable that 37⁰C is not 
reached because the aperture remains open. This temperature will 
change during the surgical suture process, as explained in the following 
section.

Fig. 6. Temperature evolution in the cavity after resection and before filling with hydrogel (i.e. the cavity filled with air case).

Fig. 7. Time evolution of level set function in 3D. Limits are 0 for hydrogel solution and 1 for air, respectively.
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3.4. After-surgical suture

Once the hydrogel completely fills the cavity, surgeons should sew it. 
After suturing, there will be no heat transfer to the operation suite. 
Consequently, the temperature gradient in the cavity will approach zero, 
resulting in a constant temperature of 37⁰C throughout. The temperature 
evolution in the cavity post-sewing was simulated, and the results are 
shown in Fig. 11.

The results shown in Fig. 11 indicate that it takes 5 min to reach a 
uniform temperature of 37⁰C throughout the entire cavity. This occur-
rence is attributed to the high viscosity of the fluid within the cavity. 
Upon analyzing the heat flux values at a central point within the cavity, 
it is evident that the convective heat flux is nearly zero, while the 
conductive heat flux ranges from 0.1 to 1.5 W/m2. Hence, conduction 
emerges as the primary mechanism for heat transfer during the sewing 
process due to the high viscosity of the fluid. The velocity within the 

hydrogel is estimated to be approximately 10–17 m s-1.

4. Conclusions

A thermosensitive hydrogel, containing poloxamer 407 at various 
concentrations and Gellan gum, was prepared as a proof of concept for 
the computational investigation. The hydrogel exhibits a suitable tran-
sition temperature, contingent on the poloxamer concentration, along 
with elastic and viscous modulus values (specifically for the 30 % PF- 
127 formulation), making it suitable for application as a filling mate-
rial post-tumor resection surgery.

A multi-physics simulation was carried out to analyze the velocity 
profile of hydrogel injection alongside temperature variations. The 
findings revealed that the hydrogel exits the syringe at a velocity of 
approximately 4 m s-1, requiring 14 s for complete dispensing. The 
temperature evolution indicates that preserving the hydrogel at 4 ◦C and 

Fig. 8. Same as in the previous figure, only now the level set function contours are shown in the central vertical plane.

Fig. 9. Temperature contours in the central vertical plane during the cavity filling process.
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administering it within 90 s are vital in averting it from attaining the 
transition temperature of 18 ◦C.

Moreover, simulations of cavity filling reveal a symmetric distribu-
tion of hydrogel disposition, with minimal impact on the filling progress 
based on the syringe’s relative position. Furthermore, the temperature 
gradient at the cavity’s edge appears to impede gelation during the in-
jection process due to the heat exchange with the operating suite. The 
hydrogel viscosity over time was also modeled, showing a sigmoidal 
function dependent on temperature and time, requiring five minutes to 
reach its peak value (9.6 Pa⋅s). Additionally, the temperature evolution 
post-suturing was modeled, indicating that only five minutes are 
necessary to restore a uniform temperature throughout the entire cavity.

In conclusion, this computational study provides support for the 
potential application of thermosensitive hydrogels in post-tumor surgi-
cal treatments. This in silico approximation can be adapted to many 
different cases, by varying the hydrogel properties, the cavity geometry 
or the operational conditions. Subsequent research will experimentally 
validate these models and tailor them to the particular requirements of 

hydrogel administration in clinical settings.
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Formal analysis. Marcos Blanco-López: Writing – original draft, 
Investigation, Data curation. Eva Martín del Valle: Writing – review & 
editing, Supervision, Resources, Project administration. Sasa Kenjeres: 
Writing – review & editing, Validation, Software, Resources, Project 
administration, Investigation.

Data availability

Data will be made available on request.

Fig. 10. The time evolution of various parameters at a point located in the center of the cavity includes: (A) hydrogel temperature (left axis), and VOF (right axis); 
and (B) Viscosity. The Volume of Fluid (VOF) ranges from 1 (air) to 0 (hydrogel) based on the defined initial conditions for the level set-up method.

Fig. 11. The time evolution of temperature contours in the cavity filled with hydrogel before and after the sewing process in the central vertical plane.
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