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Abstract

In this study, the mechanical behavior, wettability, and surface free energy (SFE) of gastric
feeding tubes made of silicone and poly(vinyl chloride) (PVC) were investigated under con-
trolled pH conditions and varying exposure times. Wettability was evaluated using contact
angle measurements, and SFE was determined using the Owens–Wendt–Rabel–Kaelble
(OWRK), Wu, and van Oss–Chaudhury–Good (vOCG) approaches. Mechanical behavior
was analyzed by static tensile testing and stopper pull-off tests. The results showed dis-
tinct differences between the materials. PVC tended to exhibit a more stable mechanical
response under the tested conditions, whereas silicone exhibited lower stiffness and greater
sensitivity to environmental exposure. Surface analysis indicated that PVC maintained
relatively stable SFE values (~41–45 mJ/m2 according to the OWRK model), whereas sil-
icone exhibited more pronounced variations (~19–34 mJ/m2), primarily associated with
changes in polar surface components. These modifications became more pronounced with
prolonged incubation and occurred alongside changes observed in mechanical response.
The findings provide insight into the long-term performance of gastric feeding tube materi-
als and highlight the importance of considering both mechanical and surface properties
during material evaluation.

Keywords: gastric feeding tubes; silicone; poly(vinyl chloride); wettability; surface free
energy; mechanical properties; in vitro aging

1. Introduction
According to the U.S. Food and Drug Administration (FDA), a gastrointestinal tube

and accessories are defined as devices consisting of flexible or semi-rigid tubing intended
for the instillation or withdrawal of fluids, splinting, or control of bleeding within the
alimentary tract. This generic device category includes, among others, feeding tubes,
nasogastric tubes, Levine tubes, and gastroenterostomy tubes. Within this regulatory
framework, the generic device type is primarily classified as Class II (special controls) [1]. A
gastric (stomach) tube is used to access the stomach or other sections of the gastrointestinal
tract for the administration of nutrition or medication, or for the removal of gastric contents.
Gastric feeding tubes can be classified into nasogastric, orogastric, and enteral tubes,
and are typically manufactured from materials such as silicone or plasticized PVC. Their
duration of use ranges from short-term to long-term applications, depending on clinical
requirements [2,3]. The performance and functionality of these devices depend on multiple
factors, including material properties, structural design, and clinical handling conditions [3].
Under Regulation (EU) 2017/745 (MDR), devices such as gastric, enteral, or nasogastric
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tubes are classified according to general rule-based criteria. Their classification depends
on the intended purpose and device characteristics, including the route of access (e.g., via
body orifices), degree of invasiveness, and duration of use [4].

The mechanical and surface properties of commonly used materials, such as silicone
and plasticized PVC, have been widely described in the literature; however, their behavior
under physiological conditions remains insufficiently understood [5,6]. The use of gastric
feeding tubes is associated with a range of potential complications that may affect patient
safety and comfort [2,7–9]. It has been reported that there is no universally accepted method
for confirming feeding tube position and that further research is needed in this area [10].
These include difficulties during insertion, such as improper placement or mechanical
irritation of the mucosa, as well as complications during removal, including increased
resistance, discomfort, and risk of tissue damage. Long-term use may also result in tube
deformation, blockage, or changes in material properties due to exposure to the biological
environment. Therefore, these properties of feeding tubes are crucial for minimizing clinical
risks and ensuring reliable device performance. Surface properties, including wettability
and surface free energy, are critical determinants of the interaction between feeding tube
materials and the biological environment, influencing bacterial adhesion and subsequent
biofilm formation [11,12]. Such microbial colonization has been reported on enteral feeding
tubes and may contribute to device-related complications [13,14]. Mechanical testing of
gastric feeding tubes is essential for evaluating their safety and functionality under clinically
relevant conditions. During use, these devices are exposed to continuous mechanical
stresses and variable physiological environments, including fluctuations in pH, which may
influence their structural integrity. Previous studies have shown that exposure to simulated
gastric conditions may alter both the surface characteristics and mechanical properties of
nasogastric feeding tubes [15]. The assessment of mechanical properties provides insight
into material durability, flexibility, and resistance to degradation. Furthermore, combining
mechanical and surface analyses allows differentiation between bulk material changes and
surface-related phenomena.

In practice, no single standard is specifically dedicated to gastric feeding tubes; there-
fore, a combination of standards related to medical devices, materials, and testing method-
ologies is typically applied. Key standards include ISO 20695:2020 Enteral feeding systems—
Design and testing [16], which specifies requirements for enteral feeding systems, including
enteral feeding catheters and accessories. In addition, ISO 80369-3 Small-bore connectors
for liquids and gases in healthcare applications—Part 3: Connectors for enteral applica-
tions [17] is relevant to connector compatibility and connection safety in enteral feeding
systems. Other relevant standards include ISO 10993, Biological evaluation of medical
devices [18]; ISO 527, Plastics—Determination of tensile properties [19]; ISO 62, Water
absorption of plastics [20]; and ISO 8296/ISO 19403, for contact angle and surface free
energy measurements [21,22].

Research on feeding tubes is becoming increasingly important, as reflected by the
growing number of publications focused on improving treatment quality [7] and patient
safety [8]. Moreover, advances in medical technology further contribute to the increasing
interest in this field [9]. Despite extensive studies on individual material properties, limited
attention has been given to the combined evaluation of mechanical and surface charac-
teristics under varying pH conditions. The aim of this study was to evaluate the effect of
controlled pH environments on the mechanical and surface properties of gastric feeding
tubes. Particular attention was given to mechanical behavior under static tensile loading
and the characterization of surface wettability and surface free energy to assess material
performance under clinically relevant conditions.
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2. Materials and Methods
2.1. Sample Preparation and Aging Conditions

The study involved two types of gastric feeding tubes (CH16, 5.28 mm) manufactured
from poly(vinyl chloride) (GALMED, Bydgoszcz, Poland) and silicone (Fortune Medical
Instrument Corp., New Taipei, Taiwan). From each material, 20 specimens with a length
of 120 mm were prepared. Two specimens were retained as reference samples, while the
remaining 18 specimens were divided equally among the three incubation media (pH 2, pH
6, and pH 8.5; n = 6 per medium). The allocation of specimens is summarized in Table 1.

Table 1. Allocation of specimens used in the study.

Group pH Number of Specimens

Reference Initial (0 weeks) 2

Acidic pH 2 6

Near-neutral pH 6 6

Alkaline pH 8.5 6

To investigate the effect of pH on material behavior, three incubation media with
different pH levels were prepared: acidic (pH 2), near-neutral (pH 6), and alkaline (pH 8.5).
Although gastric fluids are typically acidic, elevated pH values may occur during the
administration of medications, enteral nutrition formulations, or in patients receiving acid-
suppressive therapy. pH 2 was selected to represent a strongly acidic gastric environment,
whereas pH 6 served as a near-neutral reference environment. The alkaline medium
(pH 8.5) was included as a clinically relevant condition and as an accelerated exposure
environment. The incubation media were replaced weekly to minimize potential pH
variations throughout the study. The acidic medium was prepared using a diluted 6%
acetic acid solution (commercial vinegar), and the pH was verified using pH indicator
strips. The near-neutral medium consisted of physiological saline solution (0.9% NaCl, pH
approximately 6). The alkaline medium was prepared by dissolving sodium bicarbonate
(NaHCO3) in distilled water and adjusting the pH to 8.5.

The samples were immersed in the respective solutions and incubated for 2, 6 (cor-
responding to the manufacturer’s recommended replacement interval), and 10 weeks at
37 ◦C, in a laboratory oven AL01-02-100 (Advantage-Lab GmbH, Darmstadt, Germany).
These incubation periods were selected to represent short-term exposure, clinically relevant
routine use, and prolonged exposure, respectively. All samples were placed in sealed
polypropylene containers with a liquid volume of 100 mL.

2.2. Mechanical Characterization

Mechanical properties were assessed using a standard static tensile test performed
using an MTS Insight 50 universal testing machine equipped with Test Works v.4.0 software
(MTS Systems Corporation, Eden Prairie, MN, USA). The tests were conducted at a constant
crosshead speed of 50 mm/min. The initial gauge length was set to 100 mm. The specimens
were tested in their original tubular geometry without flattening or modification prior
to testing. The specimens were mounted using mechanical grips at both ends. Care was
taken to ensure axial alignment and to minimize specimen slippage during testing. The
cross-sectional area was determined as 11.74 mm2 for silicone and 9.02 mm2 for PVC
specimens. Engineering strain was calculated from the crosshead displacement divided
by the initial gauge length. Engineering stress was calculated as the applied force divided
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by the initial cross-sectional area of the specimen. Young’s modulus was estimated as the
secant slope of the engineering stress–strain curve between 5% and 10% engineering strain:

E =
σ10 − σ5

ε10 − ε5
, (1)

where σ10 and σ5 are the engineering stresses corresponding to 10% and 5% strain, respec-
tively. The selected strain interval was used to provide a consistent basis for comparison
of the investigated materials. Because strain was calculated from crosshead displacement
rather than direct local strain measurements, the reported Young’s modulus values should
be regarded as approximate estimates suitable for qualitative comparison. The tensile test
was continued until specimen failure.

An additional pull-off test of the stopper was carried out to evaluate the attachment
strength. The samples were mounted in a universal testing machine, and the stopper
was pulled off along the axial direction at a constant crosshead speed of 50 mm/min
until detachment. The maximum force (Fmax) was recorded for each measurement. Due
to the limited number of samples (n = 2), mechanical results were interpreted qualita-
tively. Representative photographs illustrating the pull-off testing procedure and specimen
configuration are shown in Figure 1.

   
(a) (b) (c) 

Figure 1. Representative photographs of the pull-off test: (a) overall experimental setup, (b) specimen
mounting configuration, and (c) specimen after stopper detachment.

2.3. Wettability and Surface Free Energy Measurements

Wettability was investigated using the sessile drop method with an optical goniome-
ter (Advex Instruments) equipped with See System software v.6.3 (Advex Instruments,
Brno, Czech Republic). The following probe liquids were distilled water (BIOSPACE, Poz-
nań, Poland; ρ = 1 g/cm3), glycerol (Chempur, Piekary Śląskie, Poland; ρ = 1.26 g/cm3),
and α-bromonaphthalene (Sigma-Aldrich, Merck Life Science, St. Louis, MO, USA;
ρ = 1.48 g/cm3).

Droplets with a volume of 0.5 µL were dispensed using an OPTIPETTE OP10 mi-
cropipette (HTL, Warsaw, Poland). The surface free energy (SFE) was calculated based
on the measured contact angle (θ). Contact angle measurements were performed directly
on the original cylindrical tube surfaces. The tubes were neither cut nor flattened prior
to testing to preserve their native surface characteristics. A droplet volume of 0.5 µL was
selected to ensure stable droplet deposition on the curved surface and to minimize the
influence of surface curvature on contact angle determination. No curvature correction
was applied during image analysis. For each experimental condition, two specimens were
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analyzed. Four droplets were deposited at different locations on each specimen surface,
resulting in a total of eight contact-angle measurements per condition. The specimen was
considered the experimental unit, whereas the individual droplet measurements repre-
sented repeated technical measurements performed on the same specimen. Contact-angle
data are presented as mean ± standard deviation (SD). The surface tension parameters of
the probe liquids were taken from the database implemented in See System software v.6.3
(Advex Instruments, Brno, Czech Republic) and are summarized in Table 2.

Table 2. Surface tension parameters (mJ/m2) of probe liquids used in the OWRK, Wu, and vOCG
calculations.

Probe Liquid γL γLW γAB γ+ γ−

Water 72.8 21.8 51.0 25.5 25.5

Glycerol 64.0 34.0 30.0 3.9 57.4

α-Bromonaphthalene 44.4 44.4 0 0 0

The SFE (γS) of the tested gastric tube was determined using three approaches: Owens–
Wendt–Rabel–Kaelble (OWRK), Wu, and van Oss–Chaudhury–Good (vOCG) methods. For
the OWRK and Wu models, the dispersive and polar components were obtained from the
liquid surface tension parameters available in the software database.

The OWRK model applies a geometric mean to describe the interactions between the
polar (γp

L) and dispersive (γd
L) components of the liquid and solid surface energies:

(1 + cosθ)γL = 2
(√

γd
Sγd

L +
√

γ
p
Sγ

p
L

)
, (2)

γS = γd
S + γ

p
S, (3)

where γd
S and γ

p
S denote the dispersive component (Lifshitz–van der Waals) and polar

component of solids, respectively. A minimum of two probe liquids (polar and non-polar)
is required [23].

The Wu method employs a harmonic mean [24]:

(1 + cosθ)γL = 4

(
γd

Sγd
L

γd
S + γd

L
+

γ
p
Sγ

p
L

γ
p
S + γ

p
L

)
. (4)

Two probe liquids (one polar and one non-polar) are used to measure the contact angle
and determine the dispersive and polar components of the surface free energy.

The vOCG approach provides a more detailed description of intermolecular interac-
tions by separating the surface free energy into Lifshitz-van der Waals (γLW

S ) and acid–base
component (γAB

S ) components, the latter divided into two parts, acid (γ+
S ) and basic

(γ−
S ) [25].

γS = γLW
S + γAB

S , (5)

γAB
S = 2

√
γ+

S γ−
S , (6)

(1 + cosθ)γL = 2
(√

γLW
S γLW

L +
√

γ+
S γ−

L +
√

γ−
S γ+

L

)
. (7)

The combined use of the OWRK, Wu, and vOCG methods provides a comprehensive
characterization of surface properties because the three approaches offer complementary
descriptions of interfacial interactions. OWRK and Wu separate dispersive and polar contri-
butions using different mathematical formalisms, whereas the vOCG approach additionally
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resolves acid–base interactions. Following incubation, specimens were first subjected to
mass measurements and contact-angle analysis. Mechanical testing was subsequently
performed as the final characterization step because it was destructive.

2.4. Mass Measurements

The mass of the samples was measured before incubation and after selected incuba-
tion periods (2, 6, and 10 weeks) using an analytical balance (Radwag AS 160, Radwag,
Poland; readability 0.1 mg, maximum capacity 160 g). Each sample was gently dried
prior to weighing. Due to the limited number of measurements (n = 2), the results were
evaluated qualitatively.

2.5. Statistical Analysis

Because only two specimens were available for each condition and droplet measure-
ments represented repeated technical measurements, the statistical analyses should be
regarded as exploratory assessments of potential trends rather than formal hypothesis
testing. An exploratory factorial analysis of variance (ANOVA) was performed separately
for each probe liquid (distilled water, glycerol, and α-bromonaphthalene).

The statistical model included main effects of material type, incubation time, and
pH, together with material × time interaction effects. The same approach was applied
to surface free energy parameters determined using the OWRK, Wu, and vOCG meth-
ods. Contact-angle data are reported as mean ± standard deviation (SD) based on eight
droplet measurements obtained from two specimens per experimental condition. For the
purpose of the exploratory analyses, p-values below 0.05 were considered indicative of
potential differences.

3. Results
3.1. Mechanical Characterization

The results of tensile testing of silicone and PVC gastric feeding tube samples exposed
to controlled pH environments are presented in Figure 2.

  
(a) (b) 

Figure 2. Representative stress–strain curves obtained after 10 weeks of incubation under different
pH conditions: (a) silicone and (b) PVC.

As shown in Figure 2, the mechanical response of both materials is influenced by
environmental conditions (acidic, neutral, and alkaline), although the extent of this in-
fluence differs between silicone and PVC. Silicone exhibits relatively low stress values,
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with a maximum stress of approximately 6 MPa and elongation reaching approximately
360%. The Young’s modulus is in the range of approximately 3–6 MPa. The stress–strain
response displays quasi-linear behavior over a wide strain range. Differences in stress
levels are observed depending on the environment, with the largest variability under alka-
line conditions. However, the overall shape of the stress–strain curves remains consistent
across all tested conditions, indicating that the deformation response is similar and that
environmental effects are primarily reflected in stress magnitude, rather than in changes
in deformation behavior. In contrast, PVC demonstrates higher strength and stiffness,
reaching a maximum stress of approximately 11–14 MPa at a strain of about 160–210%.
The Young’s modulus is approximately 13–16 MPa. The stress–strain curves also exhibit
quasi-linear behavior and remain closely grouped for all environmental conditions. Only
minor decreases in stress values are observed, most notably under acidic conditions. The
similarity in the curves suggests a relatively stable mechanical response of PVC under
varying pH conditions. Overall, PVC tended to show lower variability in mechanical
response than silicone under the tested conditions; however, due to the limited number
of specimens, these observations should be interpreted as qualitative trends. Detailed
individual mechanical test results are provided in the Supplementary Material (Data S1),
while the complete stress–strain and pull-off load–displacement curves are presented in
Supplementary Figures S1 and S2.

Pull-off tests (Figure 3) revealed a substantially higher detachment force for PVC
samples (approximately 130 N) compared to silicone (approximately 50 N). Although based
on a limited number of measurements, the results consistently indicate stronger stopper
attachment in PVC tubes.

 
Figure 3. Load–displacement curves for the pull-off test of caps from gastric feeding tubes made of
PVC and silicone.

3.2. Wettability and Surface Free Energy

The results correspond to different incubation times (0, 2, 6, and 10 weeks) and pH
conditions (2, 6, and 8.5), with each value representing a specific combination of these
variables. The contact angle measurements revealed distinct differences between PVC and
silicone gastric feeding tubes, as well as the effects of incubation time and pH (Table 3).
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Table 3. Contact angle values (◦) for PVC and silicone gastric feeding tubes measured with distilled
water, α-bromonaphthalene, and glycerol after incubation under different pH conditions and time
periods (mean ± SD).

Time/pH
PVC Silicone

DW αB G DW αB G

0 (initial) 80.33 (6.39) b 34.56 (2.71) a 70.14 (2.98) ab 103.00 (2.53) a 68.54 (7.21) c 83.59 (9.10) bc

2/2 79.99 (4.80) b 29.94 (3.90) a 69.41 (9.04) ab 95.75 (4.82) ab 68.36 (5.93) c 95.84 (5.50) a

2/6 78.35 (3.55) b 28.62 (9.22) a 68.56 (14.62) ab 105.45 (2.66) a 66.99 (3.67) c 87.37 (7.25) bc

2/8.5 81.23 (3.91) b 30.79 (3.62) a 77.96 (8.04) b 103.87 (2.84) a 59.99 (5.49) c 84.95 (9.25) bc

6/2 82.71 (4.22) b 28.05 (3.50) a 66.94 (4.42) a 76.61 (1.95) c 66.52 (4.68) bc 79.07 (2.07) ab

6/6 83.81 (2.83) ab 33.26 (5.48) ab 76.02 (3.39) b 76.97 (2.39) c 61.28 (3.92) bc 85.88 (11.12) ab

6/8.5 73.64 (3.14) c 32.76 (4.94) ab 72.18 (5.93) ab 80.41 (1.61) c 54.95 (2.15) b 84.67 (6.77) ab

10/2 73.98 (4.92) c 28.61 (4.70) a 75.39 (2.76) b 85.49 (4.66) bc 68.35 (5.52) bc 83.16 (2.95) ab

10/6 76.35 (5.21) bc 31.93 (2.71) ab 83.90 (2.90) c 103.75 (7.19) a 71.80 (5.50) c 87.43 (7.48) bc

10/8.5 82.42 (2.41) b 28.15 (1.83) a 73.42 (3.39) ab 97.92 (5.36) ab 56.54 (7.51) b 87.58 (8.46) bc

Note: DW—distilled water, αB—α-bromonaphthalene, G—glycerol. Different letters indicate groupings obtained
from the exploratory statistical analysis. Because the measurements represent repeated technical measurements
rather than independent biological replicates, these groupings should be interpreted as indicative trends rather
than statistically validated differences.

For PVC surface, the contact angle values for water remained relatively stable, rang-
ing from approximately 73◦ to 84◦, indicating a moderately hydrophobic behavior. The
contact angles for α-bromonaphthalene were consistently low (28–34◦), confirming good
wettability by a non-polar liquid. Glycerol showed greater variability, with values ranging
from approximately 67◦ to 84◦, depending on incubation conditions. For silicone, signifi-
cantly higher water contact angles were observed (approximately 76◦ to 105◦), indicating
hydrophobic to highly hydrophobic behavior and lower wettability compared to PVC.
The contact angles for α-bromonaphthalene ranged from 55◦ to 72◦, while glycerol values
remained relatively high (79–96◦). Changes in wettability with incubation time were more
pronounced for silicone than for PVC. For silicone, a general decrease in water contact
angle was observed after 6 weeks of incubation, followed by partial recovery after 10 weeks,
although the extent of these changes depended on the environmental conditions. The
influence of pH was less consistent, and no clear trend was observed.

The surface free energy (SFE) values determined by the OWRK method showed clear
differences between PVC and silicone gastric feeding tubes, as well as variations depending
on incubation time and pH conditions (Table 4).

The OWRK analysis revealed relatively stable surface free energy values for PVC,
with the total energy remaining within a narrow range of approximately 41–45 mJ/m2.
The dispersive component dominated and showed minimal variation, whereas the polar
component remained low but increased under certain conditions, particularly during
prolonged incubation and in selected pH environments. In contrast, silicone exhibited
pronounced changes during incubation. A marked increase in total surface free energy
was observed after 6 weeks (up to ~33–34 mJ/m2), primarily due to a significant rise in
the polar component, which reached ~10.54 mJ/m2 before decreasing again under selected
conditions after prolonged incubation.

The surface free energy determined by the Wu method showed clear differences
between PVC and silicone and varied with incubation conditions (Table 5).
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Table 4. Surface free energy (mJ/m2) and its components determined by the Owens–Wendt–Rabel–
Kaelble (OWRK) method for PVC and silicone gastric feeding tubes after incubation (mean ± SD).

Time/pH
PVC Silicone

γS γd
S γ

p
S γS γd

S γ
p
S

0 (initial) 41.08 (2.81) b 36.88 (1.10) a 4.19 (2.29) b 21.85 (3.08) d 20.78 (3.51) c 1.08 (0.62) c

2/2 42.68 (0.98) b 38.71 (1.68) a 3.97 (1.05) b 23.74 (2.12) c 20.84 (2.9) c 2.89 (1.79) b

2/6 42.39 (1.11) b 38.65 (0.81) a 3.74 (1.00) b 22.06 (1.69) d 21.49 (1.82) c 0.57 (0.43) c

2/8.5 41.74 (1.72) b 38.31 (1.25) a 3.43 (1.23) b 25.45 (2.70) c 24.98 (2.75) b 0.47 (0.31) c

6/2 40.11 (1.99) b 37.32 (2.02) a 2.79 (0.77) c 32.27 (1.15) a 21.73 (2.32) c 10.54 (2.00) a

6/6 42.14 (0.93) b 39.29 (1.13) a 2.86 (1.22) c 33.52 (1.88) a 24.34 (1.97) b 9.19 (1.34) a

6/8.5 43.97 (2.11) ab 37.53 (1.76) a 6.44 (1.17) a 33.88 (0.73) a 27.51 (1.08) b 0.80 (0.26) c

10/2 43.27 (2.05) ab 37.90 (1.02) a 5.37 (1.98) ab 27.35 (2.96) c 20.84 (2.72) c 6.51 (2.09) b

10/6 45.05 (2.11) a 39.05 (1.55) a 6.00 (2.17) a 19.15 (1.78) d 18.35 (1.92) d 0.80 (0.26) c

10/8.5 42.11 (1.05) b 39.29 (0.58) a 2.82 (0.61) b 27.83 (4.09) c 26.68 (3.71) b 1.15 (0.63) c

Note: Interpretation of letter groupings is the same as described in Table 3.

Table 5. Surface free energy (mJ/m2) and its components determined by the Wu method for PVC
and silicone gastric feeding tubes after incubation under different pH conditions and time periods
(mean ± SD).

Time/pH
PVC Silicone

γS γd
S γ

p
S γS γd

S γ
p
S

0 (initial) 46.85 (3.67) b 37.19 (1.08) a 9.66 (3.14) b 26.54 (2.52) b 23.10 (3.18) b 3.45 (1.27) b

2/2 48.24 (1.49) b 38.83 (0.82) a 9.41 (1.37) b 29.44 (2.19) b 23.15 (2.62) b 6.28 (2.55) b

2/6 48.62 (1.01) b 38.90 (1.69) a 9.72 (1.36) b 26.10 (1.68) b 23.7 (1.65) b 2.40 (1.02) b

2/8.5 47.44 (2.23) b 38.52 (1.25) a 8.92 (1.78) b 28.91 (2.59) b 26.67 (2.51) b 2.24 (1.27) b

6/2 47.55 (1.45) b 39.43 (1.15) a 8.12 (1.96) b 39.04 (1.16) a 23.90 (2.10) b 15.14 (1.22) a

6/6 45.53 (2.24) b 37.60 (2.00) a 7.93 (1.21) b 40.21 (1.39) a 26.11 (1.79) b 14.10 (1.39) a

6/8.5 49.39 (2.25) b 37.86 (1.87) a 11.53 (2.90) a 40.13 (0.97) a 28.43 (1.57) b 11.70 (1.22) a

10/2 51.48 (2.56) a 39.22 (1.56) a 12.26 (2.60) a 33.99 (3.20) b 23.15 (2.45) b 10.84 (2.37) b

10/6 49.46 (2.70) b 38.13 (1.02) a 11.33 (2.68) a 23.89 (1.62) b 21.04 (1.73) b 2.85 (0.53) b

10/8.5 47.63 (1.43) b 39.43 (0.58) a 8.20 (1.00) b 32.26 (4.64) b 28.14 (3.43) b 4.12 (1.58) b

Note: Interpretation of letter groupings is the same as described in Table 3.

The Wu method resulted in higher values of total surface free energy compared to
the OWRK approach, particularly for PVC, where γS ranged from approximately 45 to
51 mJ/m2. These values were consistently dominated by the dispersive component, while
the polar contribution remained elevated (8–12 mJ/m2) relative to the OWRK model.
Silicone showed a different trend, with initially low values (~26.5 mJ/m2) followed by a
pronounced increase after 6 weeks of incubation (~39–40 mJ/m2). This change was mainly
associated with an increase in the polar component, which reached up to ~15 mJ/m2 before
decreasing again under selected conditions after prolonged incubation.

The surface free energy determined by the vOCG approach differed between PVC and
silicone and varied with incubation conditions, as shown in Table 6.

https://doi.org/10.3390/ma19153158

https://doi.org/10.3390/ma19153158


Materials 2026, 19, 3158 10 of 16

Table 6. Surface free energy (mJ/m2) and its components determined by the van Oss–Chaudhury–
Good (vOCG) method for PVC and silicone gastric feeding tubes after incubation under different pH
conditions and time periods (mean ± SD).

Time/pH
PVC Silicone

γS γLW
S γAB

S γ+ γ− γS γLW
S γAB

S γ+ γ−

0 (initial) 38.16
(0.87)

36.88
(1.00)

1.28
(0.33)

0.36
(0.35)

7.12
(5.37)

27.52
(6.91)

20.78
(2.95)

6.74
(4.29)

6.70
(1.66)

2.13
(1.79)

2/2 40.10
(1.51)

38.65
(1.15)

1.45
(1.15)

0.31
(0.31)

6.31
(2.51)

25.50
(4.31)

20.84
(2.68)

4.65
(2.57) 5.7 (1.72) 1.46

(1.23)

2/6 42.93
(3.50)

38.71
(1.68)

4.22
(2.33)

0.67
(0.40)

6.85
(4.52)

31.39
(4.04)

21.49
(1.61)

9.90
(2.75)

6.99
(0.96)

3.36
(1.29)

2/8.5 43.34
(3.66)

38.31
(1.01)

5.03
(3.86)

0.59
(0.22)

10.19
(4.64)

38.84
(5.72)

24.98
(2.43)

13.86
(4.64)

8.22
(1.33)

5.35
(2.86)

6/2 41.07
(1.12)

39.29
(1.13)

1.79
(0.91)

0.42
(0.36)

3.43
(2.30)

30.59
(1.84)

21.73
(1.97)

8.86
(0.29)

2.92
(0.77)

9.81
(3.62)

6/6 38.18
(2.46)

37.31
(2.03)

0.87
(0.05)

0.18
(0.05)

5.99
(1.22)

33.07
(1.72)

24.33
(1.74)

8.74
(0.88)

3.15
(0.72)

6.30
(2.09)

6/8.5 40.77
(1.92)

37.53
(1.77)

3.24
(1.59)

0.41
(0.14)

14.40
(3.28)

33.23
(0.80)

27.51
(0.80)

5.73
(1.17)

5.39
(0.53)

1.81
(0.84)

10/2 43.88
(2.95)

39.05
(1.55)

4.83
(2.35)

0.31
(0.26)

16.44
(5.71)

26.69
(2.70)

20.84
(2.42)

5.85
(1.54)

4.62
(0.94)

3.78
(2.48)

10/6 48.95
(5.26)

37.90
(1.02)

11.04
(5.24)

1.63
(1.63)

19.81
(5.24)

24.29
(3.14)

18.35
(1.48)

5.94
(1.87)

5.62
(0.76)

1.55
(0.71)

10/8.5 40.87
(1.51)

39.29
(0.58)

1.58
(1.24)

0.17
(0.17)

6.07
(2.51)

35.67
(4.57)

26.68
(2.30)

8.99
(1.93)

8.79
(1.11)

2.50
(1.01)

The vOCG analysis highlighted pronounced variability in the acid–base components
of surface free energy, particularly for silicone samples. While the total surface free energy
of PVC remained relatively stable (~38–49 mJ/m2), changes in surface properties were
mainly reflected in variations in the polar and acid–base parameters. Variations were
observed in both the acid (γ+

S ) and base (γ−
S ) parameters during incubation, indicating

changes in surface interaction properties.

3.3. Mass Changes

Relative mass changes remained low throughout the incubation period. Silicone
exhibited variations between −2.0% and +1.1%, whereas PVC showed changes ranging
from −0.7% to +2.5% (Table 7). Both increases and decreases in mass were observed
depending on the incubation condition, and no consistent trend with respect to pH or
exposure time was identified. Due to the limited number of specimens, these observations
were interpreted descriptively.

Table 7. Relative mass change (%) of PVC and silicone gastric feeding tubes after incubation under
different pH conditions.

pH
PVC Silicone

2 6 10 2 6 10

2 1.23 2.47 2.35 −1.96 −0.81 0.14

6 −0.70 0.88 1.64 −0.81 0.62 0.14

8.5 0.18 1.82 0.12 1.15 0.24 −1.05
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3.4. Statistical Analysis

Descriptive statistical assessment suggested that material type was associated with
differences in contact angle values for all tested liquids (p < 0.001). Incubation time appeared
to influence contact angles measured with water and glycerol (p < 0.05–0.001), whereas
the effect of pH was less consistent and reached statistical significance only in selected
cases. Interactions between material type and incubation time (p < 0.01) were also observed,
suggesting different surface modification behavior of the tested materials.

Exploratory analysis of variance applied to surface free energy values determined
using the OWRK and Wu methods suggested that material type was associated with
differences in total surface free energy (p < 0.001). Incubation time primarily affected the
polar components, while the dispersive component remained relatively unchanged. Due to
the high variability and complex nature of the acid–base components determined using
the vOCG approach, these results were interpreted qualitatively in terms of general trends
rather than statistically differentiated groups.

4. Discussion
The present findings complement the available literature by providing a combined

assessment of the mechanical and surface response of gastric feeding tube materials under
controlled pH conditions. Surface properties govern wettability, biocompatibility, and
interactions with biological fluids [26]. Prolonged exposure to variable pH conditions
may therefore impact both bulk and surface characteristics, influencing both mechanical
response and interfacial behavior. PVC showed stable SFE values (~41–45 mJ/m2), whereas
silicone exhibited a wider variation (~19–34 mJ/m2). Although the three methods yielded
different absolute values, they showed similar qualitative trends. The OWRK model was
considered the primary basis for interpretation because of its widespread use in polymer
surface characterization and the relatively stable behavior of the calculated components.
The differences between silicone and PVC can be explained by their distinct deformation
mechanisms. Silicone, as a crosslinked elastomer, exhibits entropic elasticity associated
with the stretching and reorientation of polymer chains, resulting in low stiffness and large
reversible deformations. The greater surface sensitivity observed for silicone is consistent
with previous reports showing that silicone-based feeding tubes may undergo surface
modifications during prolonged exposure to physiological environments [15,27]. However,
unlike studies reporting pronounced material degradation, the present work primarily
identified changes in wettability and surface free energy rather than clear evidence of bulk
material deterioration. The observed trends suggest that environmental conditions may
influence stress levels, particularly under alkaline conditions, possibly due to increased
chain mobility or mild swelling. Water uptake is a potential mechanism contributing to
these observations, as prolonged exposure to aqueous environments may induce volu-
metric expansion and alter chain mobility in elastomeric materials. Although swelling
behavior and chemical composition were not directly characterized in the present study,
the consistent shape of the stress–strain curves suggests that the underlying deformation
mechanism remains unchanged. Instead, environmental exposure appears to primarily
influence the magnitude of the mechanical response rather than its fundamental nature.
From a practical perspective, these differences in stiffness may influence insertion and
positioning, as softer tubes are associated with improved positioning accuracy but may be
more difficult to control during application [3,27,28].

In contrast, plasticized PVC behaves as an amorphous thermoplastic, where defor-
mation is governed by intermolecular interactions and plasticizer-assisted chain mobility.
The mechanical response combines elastic deformation and viscoplastic flow. The limited
variation observed across different environments indicates that PVC exhibits relatively
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stable mechanical behavior, with changes mainly affecting stress magnitude rather than
deformation mechanism. This stability may be attributed to the presence of plasticizers,
which maintain chain mobility even under varying chemical conditions. In addition, pro-
longed exposure to aqueous environments may promote limited plasticizer migration or
extraction, which has been reported to influence the mechanical and surface properties of
plasticized PVC materials. Nevertheless, no chemical analyses were performed; therefore,
the occurrence of plasticizer leaching could not be verified and remains speculative in
the context of the present study. Available literature on PVC feeding tubes exposed to
simulated gastric environments remains limited, with most studies focusing on silicone
or polyurethane-based materials. Previous studies on feeding tube materials exposed
to gastric environments have reported gradual degradation, changes in surface charac-
teristics, and partial loss of mechanical properties, particularly for polyurethane-based
devices [15,27]. Karov et al. [15] observed that exposure to simulated gastric conditions
altered both the surface characteristics and the mechanical behavior of nasogastric feed-
ing tubes. Similar observations were made in studies of polyurethane materials, where
prolonged exposure resulted in measurable changes in mechanical performance [27]. In
the present study, changes in both mechanical and surface properties were also observed;
however, PVC tended to maintain a more stable response across the investigated conditions,
whereas silicone exhibited greater variability, particularly in surface-related parameters.
These findings are therefore generally consistent with previous reports indicating that
environmental exposure may affect feeding tube materials, although the magnitude and
nature of the observed changes appear to depend strongly on material composition. These
observations are consistent with clinical studies reporting differences in performance and
durability between silicone and other polymer-based feeding tubes [3,27]. From a clinical
perspective, both excessively high and excessively low attachment forces may be undesir-
able. A stronger attachment may reduce the risk of accidental disconnection, whereas lower
attachment forces may facilitate manipulation and removal. Since no functional clinical
tests were performed, the present results should not be interpreted as evidence of superior
clinical performance.

Changes were observed in both mechanical and surface characteristics; the present
data do not permit conclusions regarding a direct connection between them, as correlations
between the measured parameters were not evaluated. PVC tended to exhibit greater
stability in both mechanical and surface properties, whereas silicone appeared to be more
sensitive, particularly at the surface level.

Despite the valuable insights provided by this study, several limitations should be
acknowledged. The mechanical tests were performed on a limited number of samples, and
therefore the results should be interpreted primarily in terms of observed trends rather
than precise quantitative relationships. Similarly, the statistical analyses of contact-angle
and surface free energy measurements were based on repeated technical measurements
obtained from a limited number of specimens and should therefore be interpreted as
indicative of potential trends rather than statistically validated differences. For this reason,
the observed differences between PVC and silicone should be regarded as indicative
rather than statistically validated. In addition, the study was conducted under controlled
in vitro conditions, which may not fully replicate the complexity of the in vivo environment,
including the presence of biological agents, dynamic fluid interactions, and physiological
mechanical loading encountered during clinical use.

Similar degradation phenomena in polymer-based medical tubes, including surface
wear and material aging, have been reported in long-term studies under physiological con-
ditions [15,29,30]. Nevertheless, the applied methodology enables a consistent comparison
of material behavior and provides a useful basis for further investigations.
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It should be noted that contact angle measurements performed on cylindrical medical
devices may be affected by local surface curvature. Although a small droplet volume was
used to minimize this effect, some influence of specimen geometry on the measured values
cannot be completely excluded.

Since no complementary chemical or morphological analyses (e.g., FTIR, SEM, AFM,
XPS, or profilometry) were carried out, the processes responsible for the observed surface
modifications could not be identified. Therefore, no direct correlation between chemical
or morphological changes and the observed mechanical and surface properties could be
established. The partial recovery of contact angle values observed for silicone after pro-
longed incubation should therefore be interpreted cautiously, as the underlying mechanism
cannot be determined without complementary surface characterization techniques. This
behavior may reflect surface rearrangement processes, experimental variability, or other
physicochemical changes; however, the available data do not allow discrimination between
these possibilities. In addition to surface chemistry, wettability may also be influenced by
surface topography and microstructural features [31]. Previous studies have demonstrated
that micro- and nanoscale surface texturing can substantially modify the wetting behavior
of polymeric materials, even in the absence of significant changes in surface chemistry [31].
Therefore, the contribution of topographical effects to the observed changes cannot be
excluded and should be investigated in future studies.

It should also be noted that the incubation media were simplified aqueous solutions
designed to provide controlled pH conditions. Thus, they do not reproduce the full chemical
complexity of gastric fluids, including enzymes, proteins, electrolytes, food residues, bile
components, and other biological factors that may affect material degradation in vivo. In
addition, the experimental setup did not account for dynamic flow conditions or cyclic
mechanical loading that may occur during clinical use.

Mass measurements were performed on only two specimens per condition. There-
fore, the observed mass changes should be interpreted with caution and not as definitive
evidence of the presence or absence of material degradation. Rather, the results indicate
that no consistent trends related to pH or incubation time were detected under the present
experimental conditions. The occurrence of both positive and negative mass changes
suggests that the observed variations were more likely associated with minor liquid uptake
and release phenomena, experimental variability, or specimen-to-specimen differences than
with systematic material degradation.

From a practical perspective, the observed changes in mechanical and surface proper-
ties may be relevant to the long-term performance of feeding tubes. Variations in stiffness
and attachment force may influence handling, positioning, and resistance to accidental
disconnection, whereas changes in wettability and surface free energy may affect inter-
actions with biological fluids. Although the observed modifications do not permit direct
conclusions regarding device service life or replacement intervals, they suggest that pro-
longed environmental exposure may alter material performance over time. Hence, both
mechanical and surface stability should be considered when evaluating the long-term
reliability of feeding tube materials.

The target pH values of the incubation media were established during preparation;
however, pH was not continuously monitored throughout the incubation period using a
calibrated pH meter. Therefore, possible pH fluctuations between medium replacements
cannot be excluded. Engineering strain was calculated from crosshead displacement
relative to the initial gauge length. As a result, the reported Young’s modulus values should
be considered approximate and are intended primarily for qualitative comparison between
the investigated materials and conditions.
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These findings highlight the fundamental role of surface properties, particularly wet-
tability and surface free energy, in governing interactions between feeding tube materials
and the biological environment [11,12]. Previous studies have demonstrated that bacterial
adhesion to polymeric medical devices is influenced by surface physicochemical properties,
including wettability, surface free energy, and topography [11–14]. In particular, Lima
et al. [13] reported that the hydrophobicity and roughness of nasoenteral tube surfaces
affected the adhesion of Staphylococcus aureus, while Vongbhavit et al. [14] demonstrated
bacterial colonization of enteral feeding tubes under clinical conditions. The observed
surface modifications may therefore be relevant to fluid interactions, bacterial adhesion,
and biofilm formation. However, these effects were not directly investigated in the present
study, and no microbiological testing was performed [29,30]. Consequently, no conclu-
sions regarding microbial colonization or biofilm development can be drawn from the
present data.

5. Conclusions
This study provides a combined evaluation of mechanical and surface properties

of gastric feeding tubes under varying pH conditions. The results suggest that tube
performance may depend on both material type and environmental exposure; however,
mechanical observations should be interpreted qualitatively due to the limited number
of specimens. Poly(vinyl chloride) (PVC) tended to exhibit higher stiffness and a more
consistent mechanical response under the tested conditions. In contrast, silicone appeared
to exhibit lower stiffness and greater sensitivity to environmental factors, with noticeable
variations in stress levels despite maintaining a consistent deformation mechanism.

Surface analysis revealed that PVC maintained relatively stable wettability and sur-
face free energy, with only minor changes primarily in the polar component. Conversely,
silicone exhibited pronounced time-dependent surface modifications, particularly after
prolonged incubation, reflected in significant variations in polar and acid–base compo-
nents. These changes occurred alongside alterations in mechanical response. The observed
variations in surface properties may influence material–environment interactions under
clinical conditions. However, no microbiological testing was performed in the present
study; therefore, the potential implications for bacterial adhesion and biofilm formation
remain speculative.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma19153158/s1, Data S1: Experimental Results; Figure S1: Stress–
strain curves for gastric feeding tubes under all investigated incubation conditions: (a) silicone,
(b) PVC; Figure S2: Individual load–displacement curves obtained during the stopper pull-off tests of
PVC and silicone gastric feeding tubes.

Author Contributions: Conceptualization, M.A., J.B., P.C. and S.Ł.; methodology, M.A., J.B., P.C. and
S.Ł.; software, M.A., J.B., P.C. and S.Ł.; validation, S.Ł.; formal analysis, S.Ł.; investigation, M.A., J.B.,
P.C. and S.Ł.; resources, M.A., J.B., P.C. and S.Ł.; data curation, M.A., J.B., P.C. and S.Ł.; writing—
original draft preparation, S.Ł.; writing—review and editing, M.A., J.B., P.C. and S.Ł.; visualization,
S.Ł.; supervision, S.Ł.; project administration, S.Ł. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article and Supplementary Materials. Further inquiries can be directed to the corresponding author.

https://doi.org/10.3390/ma19153158

https://www.mdpi.com/article/10.3390/ma19153158/s1
https://www.mdpi.com/article/10.3390/ma19153158/s1
https://doi.org/10.3390/ma19153158


Materials 2026, 19, 3158 15 of 16

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. U.S. Food and Drug Administration. Gastrointestinal Tube and Accessories; 21 CFR § 876.5980. Code of Federal Regula-

tions. Available online: https://www.ecfr.gov/current/title-21/chapter-I/subchapter-H/part-876/subpart-F/section-876.5980
(accessed on 2 June 2026).

2. Lyman, B.; Robbins, S.; Mueller, C.; Brantley, S.L.; Wessel, J.; Corkins, M.R.; Bankhead, R. ASPEN enteral nutrition practice
recommendations. J. Parenter. Enter. Nutr. 2009, 33, 122–167. [CrossRef]

3. Zhang, X.; Han, N.; Zhao, Y. Multi-dimensional factors and intervention strategies for nasoenteric tube dysfunction: Research
progress and future perspectives. Front. Med. 2025, 12, 1641052. [CrossRef]

4. European Parliament and Council of the European Union. Regulation (EU) 2017/745 on Medical Devices. Off. J. Eur. Union. 2017,
L117, 1–175.

5. Ratner, B.D.; Hoffman, A.S.; Schoen, F.J.; Lemons, J.E. Biomaterials Science: An Introduction to Materials in Medicine, 3rd ed.;
Academic Press: Cambridge, MA, USA, 2013.

6. Wypych, G. PVC Formulary, 2nd ed.; ChemTec Publishing: Toronto, ON, Canada, 2015.
7. Shi, B.; Shen, L.; Xu, Z.; Yu, B.; Yang, X.; Yang, H.; Chen, C. Early nurse-initiated enteral nutrition and its impact on postoperative

recovery and complication rates: A meta-analysis of surgical patient outcomes. Front. Nutr. 2025, 12, 1671718. [CrossRef]
[PubMed]

8. Kozow, J.F.C.; Rabito, E.I.; Kruger, J.F.; Medeiros, C.O.; da Costa, R.L.; Beux, M.R.; Stangarlin-Fiori, L. Microbiological contamina-
tion present in enteral tube feeding prepared in hospitals and/or at home: A systematic review. Nutr. Rev. 2024, 82, 1226–1238.
[PubMed]

9. Singer, P.; Setton, E. Technology advances in the placement of naso-enteral tubes and in the management of enteral feeding in
critically ill patients: A narrative study. Clin. Nutr. ESPEN 2025, 68, 515–522. [CrossRef] [PubMed]

10. Glen, K.; Hannan-Jones, M.; Banks, M.; Weekes, C.E. Ongoing pH testing to confirm nasogastric tube position before feeding to
reduce the risk of adverse outcomes in adult and paediatric patients: A systematic literature review. Clin. Nutr. ESPEN 2021, 45,
9–18. [CrossRef] [PubMed]

11. Hamraoui, A. Cell adhesion and surface interactions: A comprehensive review of surface energy, wettability, and topography
effects. AIP Adv. 2025, 15, 090702. [CrossRef]

12. Drobota, M.; Ursache, S.; Aflori, M. Surface functionalities of polymers for biomaterial applications. Polymers 2022, 14, 2307.
[CrossRef] [PubMed]

13. Lima, J.C.; Andrade, N.J.; Soares, N.F.F.; Ferreira, S.O.; Fernandes, P.E.; Carvalho, C.C.; Lopes, J.P.; Martins, J.F.L. The hydropho-
bicity and roughness of nasoenteral tube surfaces influence the adhesion of a multi-drug resistant strain of Staphylococcus
Aureus. Braz. J. Microbiol. 2011, 42, 489–498. [CrossRef] [PubMed]

14. Vongbhavit, K.; Salinero, L.K.; Kalanetra, K.M.; Masarweh, C.; Yu, A.; Taft, D.H.; Mills, D.A.; Underwood, M.A. A comparison
of bacterial colonization between nasogastric and orogastric enteral feeding tubes in infants in the neonatal intensive care unit.
J. Perinatol. 2022, 42, 1446–1452. [CrossRef] [PubMed]

15. Karov, J.; Rocheleau, M.J.; Hinberg, I.; Daka, J.; Chawla, S. The effect of simulated gastric juice on the surface characteristics and
mechanical properties of nasogastric feeding tubes. In Proceedings of the 1995 Fourteenth Southern Biomedical Engineering Conference;
IEEE: New York, NY, USA, 1995; pp. 302–305.

16. ISO 20695:2020; Enteral Feeding Systems—Design and Testing. International Organization for Standardization: Geneva,
Switzerland, 2020.

17. ISO 80369-3:2016; Small-Bore Connectors for Liquids and Gases in Healthcare Applications—Part 3: Connectors for Enteral
Applications. International Organization for Standardization: Geneva, Switzerland, 2016.

18. ISO 10993-1:2025; Biological Evaluation of Medical Devices—Part 1: Requirements and General Principles for the Evaluation of
Biological Safety Within a Risk Management Process. International Organization for Standardization: Geneva, Switzerland, 2025.

19. ISO 527-1:2019; Plastics—Determination of Tensile Properties—Part 1: General Principles. International Organization for
Standardization: Geneva, Switzerland, 2019.

20. ISO 62:2008; Plastics—Determination of Water Absorption. International Organization for Standardization: Geneva, Switzerland,
2008.

21. ISO 8296:2003; Plastics—Film and Sheeting—Determination of Wetting Tension. International Organization for Standardization:
Geneva, Switzerland, 2003.

22. ISO 19403-1:2022; Paints and Varnishes—Wettability—Part 1: Vocabulary and General Principles. International Organization for
Standardization: Geneva, Switzerland, 2022.

23. Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741–1747. [CrossRef]
24. Wu, S. Calculation of interfacial tensions in polymer systems. J. Polym. Sci. 1971, 43, 19–30. [CrossRef]

https://doi.org/10.3390/ma19153158

https://www.ecfr.gov/current/title-21/chapter-I/subchapter-H/part-876/subpart-F/section-876.5980
https://doi.org/10.1177/0148607108330314
https://doi.org/10.3389/fmed.2025.1641052
https://doi.org/10.3389/fnut.2025.1671718
https://www.ncbi.nlm.nih.gov/pubmed/41393937
https://www.ncbi.nlm.nih.gov/pubmed/37824326
https://doi.org/10.1016/j.clnesp.2025.05.022
https://www.ncbi.nlm.nih.gov/pubmed/40383254
https://doi.org/10.1016/j.clnesp.2021.08.011
https://www.ncbi.nlm.nih.gov/pubmed/34620374
https://doi.org/10.1063/5.0280399
https://doi.org/10.3390/polym14122307
https://www.ncbi.nlm.nih.gov/pubmed/35745883
https://doi.org/10.1590/s1517-83822011000200013
https://www.ncbi.nlm.nih.gov/pubmed/24031660
https://doi.org/10.1038/s41372-022-01452-z
https://www.ncbi.nlm.nih.gov/pubmed/35840710
https://doi.org/10.1002/app.1969.070130815
https://doi.org/10.1002/polc.5070340105
https://doi.org/10.3390/ma19153158


Materials 2026, 19, 3158 16 of 16

25. van Oss, C.J.; Chaudhury, M.K.; Good, R.J. Interfacial Lifshitz–van der Waals and polar interactions in macroscopic systems.
Chem. Rev. 1988, 88, 927–941. [CrossRef]

26. Wang, J.; Wu, Y.; Zhang, D.; Li, L.; Wang, T.; Duan, S. Preparation of superhydrophobic flexible tubes with water and blood
repellency based on template method. Colloids Surf. A 2020, 587, 124331. [CrossRef]

27. Blacka, J.; Donoghue, J.; Sutherland, M.; Martincich, I.; Mitten-Lewis, S.; Morris, P.; Meredith, G. Dwell time and functional failure
in percutaneous endoscopic gastrostomy tubes: A prospective randomized-controlled comparison between silicon polymer and
polyurethane percutaneous endoscopic gastrostomy tubes. Aliment. Pharmacol. Ther. 2004, 20, 875–882. [CrossRef] [PubMed]

28. Bartos, H.; Diez, S.; König, A.; Görlach, J.; Besendörfer, M.; Mahnken, A.H.; Drommelschmidt, K.; Weiss, C.; Müller, H. Differences
in neonatal gastric tubes during insertion into a 3D model in relation to risk of potential perforation. J. Pediatr. Gastroenterol. Nutr.
2024, 78, 601–607. [CrossRef] [PubMed]

29. Nascimento, R.D.M.; Rodrigues, J.E.F.; De Vasconcellos, A.; Freire, N.; Monteiro, D.; Baltazar, C.; Flores, J.; Dotto, M.E.R.; Bechtold,
I.H.; López-Sánchez, J.; et al. A novel framework for evaluating the surface free energy and depinning forces of invasive medical
tubes. Chem. Eng. Sci. 2025, 312, 121661. [CrossRef]

30. van den Berg, D.; Asker, D.; Awad, T.S.; Lavielle, N.; Hatton, B.D. Mechanical deformation of elastomer medical devices can
enable microbial surface colonization. Sci. Rep. 2023, 13, 7691. [CrossRef] [PubMed]

31. Menga, N.; Di Mundo, R.; Carbone, G. Soft blasting of fluorinated polymers: The easy way to superhydrophobicity. Mater. Des.
2017, 121, 414–420. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19153158

https://doi.org/10.1021/cr00088a006
https://doi.org/10.1016/j.colsurfa.2019.124331
https://doi.org/10.1111/j.1365-2036.2004.02191.x
https://www.ncbi.nlm.nih.gov/pubmed/15479359
https://doi.org/10.1002/jpn3.12137
https://www.ncbi.nlm.nih.gov/pubmed/38305079
https://doi.org/10.1016/j.ces.2025.121661
https://doi.org/10.1038/s41598-023-34217-5
https://www.ncbi.nlm.nih.gov/pubmed/37169828
https://doi.org/10.1016/j.matdes.2017.02.074
https://doi.org/10.3390/ma19153158

	Introduction 
	Materials and Methods 
	Sample Preparation and Aging Conditions 
	Mechanical Characterization 
	Wettability and Surface Free Energy Measurements 
	Mass Measurements 
	Statistical Analysis 

	Results 
	Mechanical Characterization 
	Wettability and Surface Free Energy 
	Mass Changes 
	Statistical Analysis 

	Discussion 
	Conclusions 
	References

