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Yield stress �uids, which show reversible gel–sol transition and a decrease in viscosity via shear, are expected for en-
doscopic applications. However, quantitative analyses of such �uids, including pressure drop during endoscopic cath-
eter delivery and post-delivery dripping, have not yet been conducted from a chemical engineering perspective. In this 
study, we fabricated an equipment setup comprising an endoscopic catheter and a model gastrointestinal (GI) duct to 
which di�erent concentrations of three model yield stress �uids, speci�cally, laponite (LAP), Carbopol (CP), and xanthan 
gum (XG), were applied and compared. We clari�ed the tradeo� between the pressure drop through the catheter and 
dripping on the GI duct model. In terms of operability, LAP performed better than CP and XG. The e�ect of gravity on 
dripping, which is greatly a�ected by the position of a patient, was discussed. Finally, the relationship between the 
operability and rheological properties such as viscosity, yield stress, and restructuring time of the three materials were 
quantitatively studied.

Introduction

Injectable hydrogels are widely used in medical applica-
tions including wound dressing, hemostat, drug delivery, 
tissue engineering, and bioprinting, among others, owing to 
their excellent operability and therapeutic e�cacy (Ito et al., 
2007; Nakagawa et al., 2017). In clinical practice, injectable 
hydrogels are designed to �ow through applicators, such as 
needles and catheters. �ey are applied on the surface or 
inside the targeted tissues or organs where gelation is in-
duced through chemical reactions or physical interactions. 
To achieve the excellent therapeutic e�ect of injectable hy-
drogels, it is generally important to analyze their delivery 
process in clinical situations in terms of chemical engineer-
ing (Ohta et al., 2017; Amano et al., 2018). Although many 
biocompatible injectable hydrogels (Li et al., 2012) have been 
reported, there are only a few such studies that explored their 
operability in clinical settings (Mandal et al., 2020).

Recently, the use of endoscopy, a minimally invasive 
treatment technique that aids the diagnosis and treatment 

of gastrointestinal (GI) disorders, has rapidly expanded in 
the therapeutic �eld. According to this growth of endos-
copy application to meet the rising clinical demand, endo-
scopically injectable hydrogels have attracted attention for 
use in endoscopic submucosal dissection (ESD), hemosta-
sis, mucus protection, and wound healing, among others 
(Onuma et al., 2016). �ese hydrogels may be pre-formed 
or precursor liquid-type hydrogels, which form hydrogels 
at the applied site. Fibrin glue (Rutgeerts et al.,1997) is a 
representative precursor liquid-type hydrogel that has been 
used in the GI tract for hemostasis and wound dressing 
(Tsuji et al., 2014) to cover trauma. Contrary to the precur-
sor liquid type, pre-formed hydrogels eliminate the need 
for in situ cross-linking reactions, for example, using UV, 
pH, or temperature, and thus show potential for endosco-
py. Endoscopic hydrogel delivery requires passage through 
long channels of various speci�cations (Table S1) to reach 
the trauma site (Varadarajulu et al., 2011). Typically, the 
diameter and length of endoscopic channels have ranges 
of 1.2–4.8 mm and 70–190 cm, respectively. During mate-
rial delivery, there is a maximum force and a corresponding 
pressure beyond which the �ow resistance is too high for 
hand injection. In general, viscous or viscoelastic materials 
such as hydrogels require high pressure for ejection, particu-
larly when the �ow channel is long and narrow. �erefore, 
the pressure drop of hydrogels through endoscopic catheters 
is an important parameter that limits their clinical applica-
tion. �us, hydrogels that exhibit sol-like behavior inside the 
endoscopic catheter are expected to be easily applied.
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Yield stress �uids have the potential for such use because 
they exhibit a solid-like response at low shear and a solu-
tion (“sol”)-like response at high shear. Examples of yield 
stress materials include Carbopol (CP), laponite (LAP), and 
xanthan gum (XG). CP is a hydrogel microparticle network 
of poly (acrylic acid) that hydrates and swells in water to 
form a jammed network (Gutowski et al., 2012). LAP is a 
colloidal nanoclay gel that constitutes octahedral edges of 
positively charged magnesium oxide sandwiched between 
two parallel tetrahedral sheets of negatively charged silica. 
�ese oppositely charged faces and edges interact to form a 
network structure (Becher et al., 2019). Meanwhile, XG is a 
polysaccharide hydrogel composed of complex aggregates 
formed through hydrogen bonds and polymer entanglement 
(Song et al., 2006). Two main reversible interactions that 
were previously proposed are responsible for the yield stress 
�uid behavior: jammed repulsive interactions (e.g., CP) and 
network attractive interactions (e.g., LAP and XG) (Nelson 
et al., 2019). Owing to their characteristics, yield stress �uids 
show high shear-thinning, that is, a reduced viscosity at high 
shear rates, and thus promise decreased pressure-drop and 
resistance inside the endoscopic catheter. �is shear-driven 
gel–sol transition is advantageous over other driving forces, 
such as pH, UV, or temperature, because of the process sim-
plicity and reduced process cost.

Furthermore, owing to their shear-thinning property, sev-
eral yield stress hydrogels have been developed for bio-
medical applications (Gaharwar et al., 2014). Hyaluronic 
acid-based catheter-deliverable hydrogels have been used 
in tissue engineering and myocardial infarction treatment 
(Steele et al., 2019). In addition, LAP-polysaccharide (i.e., 
κ-carrageenan, gelatin, and agarose) hydrogels have been 
designed for hemostasis, endovascular embolization, and 3D 
printing (Lokhande et al., 2018). However, fewer hydrogels 
have been examined for use in endoscopic applications. 
LAP-alginate hydrogel has been examined for formation of 
a solid cushion inside the polyp via injection to facilitate 
endoscopic polyp removal (Pang et al., 2019). In addition 
to submucosal injection (Hirose et al., 2019; Yoshida et al., 
2020), the administration of these hydrogels on the surface 
of trauma or a mucosa layer via endoscopy is increasing for 
hemostasis, wound protection, and healing. For example, 
PuraStat, a peptide-based hemostatic hydrogel, has been 
clinically studied for endoscopic hemostasis (Pioche et al., 
2016). Moreover, an epidermal growth factor-containing 
chitosan hydrogel has been endoscopically delivered for 
ulcer healing in the stomach (Maeng et al., 2014).

Another issue associated with endoscopic application of 
a hydrogel on the GI surface, besides the pressure drop, 
is dripping or �ow of the hydrogel from the trauma site, 
which is di�erent from their submucosal injection. Because 
of their �uidity, injectable hydrogels oen drip away from 
the applied area aer ejection from the endoscopic catheter. 
As a result, the coverage of the trauma site becomes insuf-
�cient, limiting the therapeutic e�ciency of the hydrogels. 
Although surgical techniques such as exsu�ation have been 
reported to mitigate dripping (Pioche et al., 2016), they re-

quire additional procedures and operation time.
�erefore, it is indispensable to design hydrogels that are 

not only injectable but also su�ciently cover the trauma 
site by preventing dripping. However, although injection 
resistance and dripping from trauma are jointly encountered 
problems in endoscopic mucosal application, no quantita-
tive chemical engineering approaches for analysis of these 
problems have been established.

In this study, we examined the behavior of yield stress 
hydrogels in a setting that mimics the clinical scenario of 
endoscopic application (Figure 1), that is, �ow through 
endoscopic catheters and post-delivery dripping from the 
trauma, using a newly proposed equipment model. We mea-
sured the injection resistance due to pressure drop inside the 
model endoscopic catheter, and post-delivery dripping from 
trauma via drip area in the model GI duct. LAP, CP, and XG 
were selected as the model yield stress materials. Although 

Fig. 1 Description of this research. (A) Endoscopic application of 
hydrogel for GI treatment. Injection resistance and dripping of 
hydrogel from trauma site aer ejection are two major prob-
lems. (B) (i) Photo and (ii) schematic of model catheter and 
model GI duct for evaluating endoscopic administration of hy-
drogels in a clinical setting. (C) Chemical structures of model 
yield stress materials used in this study (i) Laponite (LAP), (ii) 
Carbopol (CP) and (iii) Xanthan Gum (XG)
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these materials have been extensively used in biomedical 
applications, their potential role in endoscopy has not yet 
been explored. �e obtained pressure drops and drip areas 
were analyzed based on the rheological properties of the 
hydrogels.

1.　Experimental

1.1　Materials
LAP (XLG-XR) was gied by BYK Additives and Instru-

ments, XG (MW=2000 kDa) was donated from Sansho Co., 
Ltd., and CP (Aqupec HV-805EG, Sumitomo Seika Chemi-
cals Company Limited) was purchased.

1.2　Preparation of hydrogels
LAP powder was added to pure water at concentrations 

of 2%, 3%, 4%, 5%, and 6% w/v and stirred at 3,000 rpm for 
5–6 h. �e obtained dispersions were placed at room tem-
perature (25°C) for 60 h to form a stable hydrogel. CP gran-
ules were added to pure water at concentrations of 0.5%, 
1%, 1.5%, 2%, 2.5%, and 3% w/v and stirred at 1,000 rpm 
for 12–16 h. �e solution was then sonicated in a water bath 
at 25°C for 20–30 min until the bubbles were removed. XG 
powder was placed in a beaker, to which pure water was 
added to prepare 0.5%, 1%, 2%, 3%, and 4% w/v solutions. 
�e XG solutions were stirred for 24 h until uniformity was 
realized. �ey were then placed at 25°C for another 12 h to 
regain any broken polymer bonds.

1.3　Viscoelastic properties of LAP, CP, and XG
A rheometer (MCR302, Anton Paar, Austria) was used to 

evaluate the viscoelastic properties of the yield stress �uids. 
�e viscosities were measured at shear rates of 10−3–103 s−1. 
For the measurements, a cone and plate geometry (angle 
of 1°, diameter of 50 mm, truncation gap of 107 µm) was 
used to normalize the shear rates across the entire sample 
(Chen et al., 2017). For all other measurements, a serrated 
geometry (diameter of 25 mm) was employed. Furthermore, 
the gel–sol transition was studied via oscillatory amplitude 
sweep tests at strains of 0.1–200%. �e restructuring times 
of the hydrogels were investigated through alternating low 
(1%) and high (10%, 100%, 500% and 1,000%) strains. In 
addition, the yield stress was determined using the oscilla-
tory amplitude sweep results. A liquid trap was employed to 
prevent solvent evaporation. �e temperature of all experi-
ments was set at 25°C for consistency.

1.4　Pressure drop measurement
A model endoscopic catheter tube (Figure S1) with the 

diameter of 2.1 mm and length of 1.8 m (AWG12, PTFE 
tube, FLON INDUSTRY) was used to measure the pressure 
drop. Amounts of 8 mL of the solutions were drawn inside a 
10-mL syringe (Terumo Corporation), to which the catheter 
was connected via a commercial plastic �tting kit (731-8228, 
Female Luer to Female Luer, and 731-8229, Female Luer T-
connector, Low-Pressure Fitting Kit; Bio-Rad Laboratories 
Inc.). �e axial velocity was controlled using a syringe pump 

(ELCM2WF 10 K-AP; maximum thrust force: 80 N, repeti-
tive positioning accuracy: ±0.02 mm; Oriental Motor Co., 
Ltd.) to establish the volumetric �ow rate Q of 10 mL min−1. 
�e pressure drop inside the catheter was measured using a 
pressure gauge (AP-13S, accuracy: ±5 kPa; Keyence Corp.) 
at intervals of 100 ms (Hozumi et al., 2015, 2020). �e e�ect 
of concentration on the pressure drops of LAP, CP and XG 
was analyzed. We repeated the experiment three times. In 
addition, the pressure drops of 4 wt% LAP, 2 wt% CP, and 
2%w/v XG were measured under the following conditions: 
�ow rates of 5, 10, 15, 20 and 30 mL min−1; catheter diam-
eters of 0.7 and 1.5 mm, and lengths of 0.7, 1, and 2.2 m. �e 
conditions used for the pressure drop measurements are 
summarized in Table S2. Since the materials are injected 
from syringe through catheter at room temperature (25°C) 
during endoscopy, we used this temperature condition oth-
erwise stated.

1.5　Drip area measurement
A model GI duct (Figure S2) was used to investigate the 

post-delivery drip areas of the hydrogels. �is model is a 
modi�ed version of the apparatus previously reported for 
adhesion tests (Rao and Buri, 1989; Khutoryanskiy, 2011). 
It comprises a semicircular open duct acrylic tube with the 
diameter of 2 cm and length of 30 cm that is adjustable at 
various angles. �e angle was adjusted horizontally using 
a digital inclinometer (resolution: ±0.05°; AUTOUTLET, 
Wanchai, Hong Kong). In endoscopy, the target organs 
include the esophagus, stomach, and intestine. �erefore, 
in this study, we fabricated a model GI duct suitable for 
hydrogel delivery to the esophageal mucosal surface. Two 
milliliters of the hydrogel �owed out from the endoscopic 
catheter to the duct. �e e�ect of polymer concentration on 
the drip area was examined with angles �xed at 45 and 90°. 
Additionally, the angle was varied at 15, 30, 45, 60, and 90° 
for 4% w/v LAP, 2% w/v CP, and 2% w/v XG. �e �ow was 
observed using a 12 MP, f/1.8 aperture digital camera. �e 
area of the hydrogel that covered the surface was measured 
aer occurrence of the drip, which took less than 10 s fol-
lowing ejection. �e width w and length l of the ejected 
hydrogel were visually measured and used to determine the 
drip area (assumed to be semicircular, as shown in Figure 
S3) through Eq. (1). 

= = ×drip contact area of gel 0.5  A wπ l   (1)

2.　Results and Discussion

2.1　Measurement of pressure drop: Flow through 
endoscopic catheter

To initiate the �ow through the endoscopic catheter, the 
hydrogels must undergo a gel–sol transition as a result of the 
exerted shear. Figure 2(A) shows the rheological properties 
of LAP, CP, and XG as a function of strain. In all cases, the 
storage modulus G′ decreased with an increase in strain and 
became lower than the loss modulus G″, at which point the 
gel–sol transition was considered to occur. �e threshold 
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strain of XG at G′=G″ (Figure S4) was higher than that of 
LAP and CP because of the long-chain conformation of XG 
compared with the particle-like conformations of LAP and 
CP (Nelson and Ewoldt, 2017).

To analyze the data, the loss factor tan δ (i.e., the ratio of 
G″ to G′) was used as a quanti�er of viscoelasticity; tan δ=1 
was de�ned as the gelation point, whereas tan δ<1 and 
tan δ>1 represent the elastic and viscous states, respectively. 
At 1% strain, the results in Figure 2(B) showed that tan δ<1 
for LAP ≥2% w/v, CP ≥1% w/v, and XG ≥0.5% w/v, al-
though lower concentrations (such as 0.5% w/v CP) showed 
tan δ>1. On the other hand, at 100% strain, tan δ was great-
er than one except for 0.5% and 1% w/v XG, indicating the 
shear-induced gel to solution transition.

Aer �ow initiation inside the endoscopic catheter, the 
viscosity of the hydrogel becomes an important factor in de-
termining the �ow resistance. As shown by the �ow curves 
of LAP, CP, and XG (Figure 3(A)), the viscosity decreased 
with an increase in shear rate owing to their shear-thinning 
behavior. In addition, the e�ect of the polymer concentra-
tion on the viscosity is shown in Figure 3(B). For this, the 

shear rate was �xed at 200 s−1, as the shear rate inside the 
2.1 mm catheter at 10 mL min−1 was estimated to be 183 s−1 
using Eq. (2), 

= 3
32Qγ
πD

  (2) 

where Q and D represent the �ow rate and tube diameter, 
respectively. Another representative shear rate is 10−3 s−1, 
which is close to the rest condition. �e viscosity increased 
with an increase in concentration at shear rates of 10−3 and 
200 s−1. Between the shear rates of 10−3 and 200 s−1, with 
an increase in concentration, the viscosities of the solutions 
decreased by the order of 104–105 for LAP (2–6% w/v) and 
103–104 for both CP (1–3% w/v) and XG (0.1–4% w/v). At 
low shear rates, face–edge attractions existed within LAP, 
which resulted in a network commonly known as a “house 
of cards” structure. However, the application of high shear 
broke the structure, leading to a low-viscous dispersion 
(Dávila and d’Ávila, 2017). Moreover, upon application of 
shear, the CP-jammed hydrogel exhibited shear thinning 
due to interparticle motion, leading to a �uid-like behavior 
(Daly et al., 2020). Finally, the shear thinning of XG was 

Fig. 3 (A) Flow curves of 3% w/v LAP, CP, and XG. (B) Viscosity 
results at high (200 s−1) and low (10−3 s−1) shear rates and dif-
ferent polymer concentrationsFig. 2 (A) Strain sweep of 3% w/v LAP, CP and XG (B) E�ect of 

polymer concentration on loss modulus, tan δ at 1% and 100% 
strain
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due to the disaggregation of the network and alignment of 
individual polymer molecules in the direction of the shear 
(Norton et al., 1984).

By �tting the data with the power-law model (Eq. (3)), the 
viscosities at higher shear rates were calculated as: 

−= 1nμ Kγ   (3) 

where K is a measure of the �uid consistency, and n is a 
measure of shear thinning. A higher K value indicates a 
higher viscosity at rest shear, whereas a higher n value in-
dicates a lower shear thinning. �e obtained values of K 
increased while those of n decreased with the increase in 
concentration, suggesting that the shear-thinning nature in-
creased with the concentration of LAP, CP, and XG (Figure 
S5). During endoscopic application, the materials are inject-
ed through a catheter at room temperature (25°C) to the GI 
tract at body temperature (37°C). �e �ow curves of 3% w/v 
LAP, CP, and XG at 37°C demonstrate that the viscosity de-
creased by approximately 10% (Figure S6).

To assess the impacts of changes in the concentration and 
�ow conditions on the injection resistance, we measured 
the pressure drop during �ow inside the endoscopic cath-
eter. Figure 4(A) shows the pressure drop pro�les of 3% w/v 
LAP, CP, and XG inside the 2.1 mm catheter. For each mate-
rial, the pressure drops increased then plateaued as the �uid 
�owed through the catheter and out, respectively. �e de-
pendence of the point at which the pressure drop plateaued 
on the polymer concentration is shown in Figure 4(B) and 
Figure S7(A). �e pressure drops increased with increas-
ing concentration, from 40 kPa at 2% w/v LAP to 700 kPa at 
6% w/v LAP, from 57 kPa at 1% w/v CP to 660 kPa at 3% w/v 
CP, and from 44 kPa at 0.5% w/v XG to 620 kPa at 4% w/v 
XG. As 4% w/v LAP, 2% w/v CP, and 2% w/v XG showed a 
similar pressure drop of 200±20 kPa, we used these concen-
trations as standard conditions for all the experiments that 
followed, unless otherwise stated.

During the endoscopic application of materials, there is 
a maximum pressure drop ΔPmax, beyond which the �ow 
resistance is too high for hand injection. �e maximum 
hand-injection pressure drop (Wahlberg et al., 2018) can be 
calculated using Eq. (4), 

Δ = max
max

plunger

FP A   (4) 

where Fmax and Aplunger represent the maximum force for hand 
injection and the area of the syringe plunger, respectively.

It has been reported that the Fmax value of a physician’s 
upper limb is approximately 80 N (male: 95.4 N, female: 
64.1 N) (Vo et al., 2016). Because we used a syringe with 
Aplunger of 1.2 cm2 in our experiment, the average ΔPmax was 
calculated to be 667 kPa. Comparing this value with the 
results in Figure 4(B), the pressure drops exceeded ΔPmax in 
the cases of 6% w/v LAP, 4% w/v XG, and 3% w/v CP.

As shown in Figure 4(C), the pressure drops of LAP, 
CP, and XG increased with an increase in the �ow rate. 
At 5 mL min−1, the pressure drop of CP was lower than 
those of LAP and XG. With an increase in �ow rate to 

10 mL min−1, LAP and XG exhibited lower pressure drops 
than CP owing to their higher shear-thinning (nLAP=0.18, 
nXG=0.2, nCP=0.3). We also used the Hagen–Poiseuille law 
for power-law �uids (Chhabra and Richardson, 1999), given 
by Eq. (5), to predict the pressure drop ∆P at di�erent �ow 
rates Q inside the catheter of length L and diameter D. 

Fig. 4 (A) Time vs. pressure drop for 3 w/v% LAP, CP and XG 
during the �ow through the 2.1 mm endoscopic catheter at 
10 mL min−1 �ow rate; (B) E�ect of polymer concentration on 
the pressure drop at the steady state. ΔPmax is the maximum in-
jection pressure drop for hand injection; (C) E�ect of �ow rate 
on the pressure drop at steady state. �e theoretical lines cor-
respond to the pressure drop predictions by Hagen Poiseuille 
law for power law �uids (Eq. (5))
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�e K and n values were obtained using Eqs. (2) and (3), 
respectively, as described previously.

Equation (5) assumes a fully developed laminar �ow. �e 
resulting experimental values are comparable to the theo-
retical predictions. In addition, the pressure drop increased 
with an increase in length and decreased with an increase in 
the diameter of the catheter, which was also consistent with 
the prediction using Eq. (5) (Figure S7(B)).

2.2　Measurement of drip area: Quantitative analysis of 
post-delivery �ow behavior

Aer delivery through the catheter, the hydrogels were 
expected to undergo a quick sol–gel transition through re-
structuring of the applied surface. We measured the restruc-
turing of 4% w/v LAP, 2% w/v CP, and 2% w/v XG hydrogels 
by subjecting them to alternating low (1%) and high (100%) 

strains. As shown in Figure 5(A), LAP, CP, and XG were 
gels (G′>G″) at low strain, sols (G″>G′) at high strain, and 
then transitioned again from sol to gel at low strain.

During the restructuring, the sols reformed the broken 
physical interactions to form hydrogels. �e LAP, CP, and 
XG hydrogels demonstrated the average recovery of 80% 
in less than 10 s when subjected to strains of 10%, 100%, 
500%, and 1,000% (Figure 5(B) and Figure S8). �e quick 
recovery was due to the reversible attractions and repulsions 
between particles in the cases of LAP and CP, and the at-
traction between polymer chains in the case of XG (Nelson 
et al., 2019). �is self-healing behavior due to reversible 
bonds is advantageous for endoscopy.

Yield stress, which characterizes the onset of hydrogel 
�ow, can be used as a measure of post-delivery drip resis-
tance aer restructuring. �e hydrogels were subjected to an 
increased deformation via applied strain between 0.1% and 
200%. �e yield stress was measured as the shear stress at 
the limit of the linear viscoelastic region.

�e obtained yield stresses of 4% w/v LAP, 2% w/v CP, and 
2% w/v XG hydrogels were 88, 15, and 22 Pa, respectively 
(Figure 6(A)). �e yield stress increased with increasing 

Fig. 5 (A) G′ and G″ values of LAP, CP, and XG hydrogels at alternat-
ing high (100%) and low (1%) strains (B) Recovery of hydro-
gels (%) being subjected to di�erent deformation strains (10%, 
100%, 500% and 1,000%) for 10 s

Fig. 6 (A) Amplitude sweep results of 4% w/v LAP, 3% w/v CP and 
2% w/v XG (B) E�ect of polymer concentration on yield stress 
of LAP, CP and XG hydrogels
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concentrations of LAP, CP, and XG (Figure 6(B) and Figure 
S9), which could be due to the increased particle or poly-
mer interactions. �e mechanism responsible for the yield 
stress of the materials has been previously investigated in 
depth (Nelson and Ewoldt, 2017). CP comprises “repulsive-
ly interacting, crowded microstructural elements” that are 
jammed against each other. On the contrary, LAP and XG 
are “attraction-dominated materials whose microstructures 
resist being pulled apart.” �e application of an external 
shear force rearranges these internal structures to allow the 
materials to yield and �ow.

To analyze the area covered by a hydrogel at the trauma 
site, we observed the post-delivery dripping on the model 
semicircular GI duct tube. �e drip area on the GI tube was 
measured using the width and length of the dripped hydro-
gel 10 s aer it was completely ejected from the catheter. In 
addition, we studied the e�ect of surface inclination (angle 
α=15–90°) of 4% w/v LAP, 2% w/v CP, and 2% w/v XG hy-
drogels. Images of the hydrogel drip areas at di�erent slope 
angles are shown in Figure 7.

During treatment, an endoscope is inserted through the 
mouth of a patient assigned to a lying position. �us, the in-

clination angle of the esophageal surface along the direction 
from the mouth to the stomach of the inserted endoscope is 
α=0°. However, in cases such as ESD, the hydrogel would 
be administered on the upper side of the esophageal cir-
cumference, such that α>90°. When the patient stands aer 
the treatment, the inclination of the applied hydrogel on 
the circumference changes to α=90°. As a result, due to the 
change in the position of the patient, the inclination angle 
changes dramatically during treatment. �erefore, in this 
study, α was changed from 15° to 90° in the model GI duct.

We also investigated the e�ect of the concentrations of 
LAP, CP, and XG at 45° (Figure S10) and 90° (Figure S11). 
As shown in Figure 8(A), with an increase in the slope from 
15 to 90°, the drip area remained almost constant for 4% w/v 
LAP, while it increased by 3 for 2% w/v CP and by 2.5 for 
2% w/v XG. At 45°, 2% w/v LAP, 1% w/v CP, and 0.5% w/v 
XG dripped through the entire length of the duct, and the 
corresponding drip areas could not be measured. In ad-
dition, at 90°, 1.5% w/v CP and 1% w/v XG also dripped 
through the whole length. As shown in Figure 8(B), with 
an increase in concentration, the drip area decreased and 

Fig. 7 Images of dripping of hydrogels (A) 4% w/v LAP, (B) 2% w/v 
CP, (C) 2% w/v XG at di�erent slope angles of the model GI 
duct tube. �e drip areas were obtained using Eq. (1)

Fig. 8 (A) E�ect of slope angle on drip area of 4 w/v% LAP, 2% w/v 
CP and 2% w/v XG. (B) E�ect of polymer concentration on 
drip area of LAP, CP and XG. �e slope angles used are 45° 
and 90°
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gradually plateaued, at which point no dripping was initi-
ated aer the ejection.

2.3　Drip area a�ected by gravity force and yield force
It has been reported that hydrogel �ow on an inclined 

surface is determined using two opposing forces, speci�-
cally, the yield force and gravitational force. �e ratio of the 
yield force to the gravitational force (Eq. (6)) is de�ned as 
follows: 

drip

  sin
yτ A

G m α=
g

  (6) 

where m is the mass of the hydrogel, τy is the yield stress, g is 
the gravitational acceleration, and α is the inclination angle. 
If G>1, i.e., the yield force of the hydrogel is high enough to 
overcome the gravity force; hydrogel dripping would not be 
initiated, as observed in high concentrations of LAP, CP, and 
XG (Figure 8(B)).

More speci�cally, the hydrogel would remain at the ejec-
tion site. Meanwhile, if G<1, the gravity force on the hydro-
gel initiates dripping, which increases Adrip and leads to an 
increase in the yield force. �en, when this increased yield 
force is balanced with the gravity force (G=1) at a certain 
Adrip value, the dripping would stop. Because the gravity 
force increases with an increase in the inclination angle α, 
the drip areas of 2% w/v CP and XG increased. In addition, 
if the yield force does not exceed the gravity force within 
the area of the duct tube, the hydrogel would �ow out, as 
observed in 2% w/v LAP, 1% w/v CP, and 0.5% w/v XG at 
45°. Moreover, at 90°, the gravity force is even higher, and 
a greater yield force is required to overcome it, leading to a 
larger Adrip value. �erefore, in addition to the above hydro-
gel concentrations, 1.5% w/v CP and 1% w/v XG also �owed 
out. �ese results suggest that the yield stress, volume, and 
ejected area of hydrogels, as well as the angle of the applied 
site, which depends on the patient’s position, need to be 
considered to prevent the dripping of endoscopically applied 
injectable hydrogels.

2.4　Tradeo� relationship between injectability through 
the model endoscopic catheter and coverability on 
the model GI duct of the yield stress �uids

In the previous sections, two major factors for the endo-
scopic application of injectable hydrogels, speci�cally, the 
injectability and trauma coverability, were analyzed using 
the catheter pressure drop and the post-delivery drip area, 
respectively. In Figure 9, the pressure drop (Figure 4(B)) 
inside the 2.1 mm catheter at the �ow rate of 10 mL min−1 
(Figure 4(B)) and the drip area (Figure 8(B)) at 45° at di�er-
ent concentrations of the hydrogels are summarized. A trad-
eo� relationship is apparent; a decrease in the pressure drop 
resulted in a larger drip area. A lower pressure drop of �uids 
would be accompanied by higher �uidity, which resulted in 
their dripping to a wider area.

For clinical application, the pressure drop of the hydrogel 
needs to be less than ΔPmax, while the area covered with the 
applied hydrogel should correspond to the area of the trau-

ma site, Atrauma. �ese threshold values are shown in Figure 
9. Here, it can be observed that for the same pressure drop 
inside the catheter, the drip area in the case of α=90° was 
larger than that at 45° and exceeded Atrauma in most cases. 
In an actual clinical setting, physicians would move the 
tip of the endoscopic catheter such that the trauma is fully 
covered. Further, in the case of procedures such as ESD, 
the entire esophageal circumference is covered. Inclination 
angle of the equipment corresponds to the patient’s position 
in a clinical situation. For example, the inclination of 90° 
could relate to the situation when the patient is in a vertical 
position, i.e., the gravity force on the hydrogel is maximum. 
�erefore, even if a hydrogel is injectable through an endo-
scopic catheter, the coverability would be largely a�ected 
by the patient’s position. By considering the tradeo�s and 
“white spaces,” the materials and process conditions can be 
optimized for clinical applications as necessary. Although 
the dripping and distribution of these hydrogels on the 
transverse plane aer ejection needs to be further analyzed 
in future research, the current study demonstrates their 
high potential for endoscopy. It can be deduced from these 
preliminary investigations that the yield stress hydrogels 
would exhibit good performance in covering trauma sites in 
clinical scenarios.

2.5　Rheological properties of yield stress �uids 
su�ciently predict operability of the yield stress 
�uids in clinical setting

To understand the tradeo� between the pressure drop 
and the drip area, we analyzed the hydrogel properties that 
would a�ect the �ow inside the catheter and post-delivery 
�ow behavior. Using the data obtained for the 2.1 mm cath-
eter at the �ow rate of 10 mL min−1, we established the 

Fig. 9 Relationships between drip area and pressure drop for LAP, 
CP, and XG at di�erent concentration and at slope angles of 
45° and 90°. �e 2.1 mm catheter was used for the pressure 
drop measurements at the �ow rate of 10 mL min−1, while 
the angle of 45° and 90° was used for the drip area measure-
ment. �e shaded region represents values (ΔP<ΔPmax and 
Adrip<Atrauma) suitable for clinical application



508 Journal of Chemical Engineering of Japan

pressure drops of LAP, CP, and XG as a function of viscosity 
at di�erent concentrations. As a result, the pressure drop 
increased with an increase in viscosity for the LAP, CP, 
and XG hydrogels, as shown in Figure 10(A). By assuming 
Hagen–Poiseuille �ow, the maximum viscosity at which the 
pressure drop becomes less than ΔPmax can be estimated 
using Eq. (7). 

Δ
=

4
max

max
 

128 
πD Pμ QL   (7)

For the above tube speci�cations and conditions, the 
value of μmax was determined as 1.06 Pa s.

�e drip area was also realized as a function of yield 
stress, as presented in Figure 10(B), using the data for the 
inclination angles of 45 and 90°. �e drip area decreased 
with an increase in the yield stress and approached a con-
stant value. �is can be explained using Eq. (6), as discussed 
in section 2.3. �e minimum yield stress τmin required to 
achieve the complete trauma coverage could be estimated by 
assuming G=1, as follows: 

min
trauma

    sinV ρ ατ A=
g

  (8) 

using the values of Atrauma=6.3 cm2 (Pioche et al., 2016), 
g=9.81 ms−2, and assuming ρ=1,200 kg m−3, the values of 
τmin were estimated as 26.42 and 37.37 Pa at 45 and 90°, re-
spectively, from Eq. (8).

�us, viscosity and yield stress are dominant factors af-
fecting the pressure drop and �ow area, respectively, where 
the former needs to be less than μmax and the latter needs to 
be higher than τmin to achieve both injectability and cover-
ability, respectively. τmin was found to be higher for a steeper 
slope, as a higher yield stress would be required to over-
come the increased gravity force. Using these relationships, 
we propose that a “viscosity–yield stress parameter space” 
similar to that reported in the previous research (Ewoldt 
et al., 2007) is useful to predict the suitability of injectable 
hydrogels for endoscopy. �e yield stresses of LAP, CP, and 
XG increased with increasing viscosity (Figure 11), which 
agrees with the relationship between the �ow area and pres-
sure drop.

�e successful clinical application of the materials is ex-
pected if they are chosen from the proposed parameter 
space (Figure 11), so that both the viscosity and yield stress 
are within the threshold values. �e threshold values μmax 
and τmin change according to the clinical situation; μmax 
would change according to the speci�cation of the catheter 
and �ow conditions used, whereas τmin would change with 
the volume of hydrogel and patient position. By setting 
the values of μmax and τmin according to the one typical and 
averaged case of required clinical situations, the proposed 
viscosity–yield stress parameter space is expected to provide 
a guide to select the appropriate material condition of inject-
able hydrogels for endoscopic application without actual 
measurement of the pressure drop and drip area.

Fig. 10 (A) Pressure drop results of LAP, CP and XG as a function 
of viscosity inside the 2.1 mm catheter at the �ow rate of 
10 mL min−1, (B) Drip areas of LAP, CP and XG as a function 
of yield stress at inclination angles of 45° and 90°

Fig. 11 Results of yield stress and viscosity of LAP, CP and XG hydro-
gels for the prediction of their endoscopic applicability. �e 
color-shaded region represents τ>τmin_45° and μ<μmax while 
the line-shaded region represents τ>τmin_90° and μ<μmax
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2.6　Usefulness of the concept of the tradeo� relationship 
between viscosity and yield stress in other medical 
�elds and various industries

Although previous studies have reported the injectability 
of hydrogels for endoscopic delivery (Yoshida et al., 2020), 
the coverability of hydrogels applied to the trauma surface 
has not yet been examined. In addition, although several 
researchers have deeply explored the material properties of 
LAP, CP, and XG as yield stress hydrogels (Nelson et al., 
2018), their endoscopic application has not yet been analyzed.

Our study was based on the focus that the endoscopic 
application of hydrogels needs to satisfy both injectability 
and coverability for clinical applications. Accordingly, we in-
vestigated both of these factors simultaneously using a new 
model equipment setup. We demonstrated the existence of 
a tradeo� between the pressure drop inside the model endo-
scopic catheter and the drip area in the model GI duct. We 
also proposed a simple parameter space for the prediction 
of pressure drop and drip area using the physical properties 
of hydrogels, speci�cally, viscosity and yield stress. Although 
di�erent grades of materials a�ect the properties due to 
changes in molecular weights or particle sizes, in this study, 
LAP exhibited the best performance among the three �uids. 
�us far, these results agree well with those of previous re-
ports. �is simple prediction is expected to provide target 
values for the research and development of new hydrogels 
for endoscopic applications.

Finally, we noted the limitations of this study. �e drip 
area measurement was conducted using the acrylic model 
GI tract; thus, the adhesive interaction of hydrogels with the 
tissue surface was neglected. In addition, although distilled 
water was used as a solvent for the hydrogels, physiologi-
cal solutions such as saline or bu�er may be used in clinical 
cases. �e pH at the applied site can also di�er according to 
the target trauma site. In addition, the e�ect of temperature 
on the rheological properties and function provides insight 
into the mechanism of yielding of the materials. Future stud-
ies on these aspects will contribute to the clinical application 
of endoscopically injectable hydrogels. Further, integrated 
studies on the e�ects of physiochemical interactions and 
material science on the rheological properties could develop 
new yield stress materials with improved functionalities.

Owing to the unique and excellent properties of yield 
stress �uids, they are currently expected for several emerg-
ing medical applications such as cell delivery in regenerative 
medicine and as bio-inks for bio-fabrication in tissue engi-
neering. Such �uids can protect suspended cells from shear, 
despite the narrow needle of the syringe (Yan et al., 2012). 
In addition, they enable bio-inks to pass through the nar-
row nozzle of inkjet printers (Nakagawa et al., 2017) or to be 
printed directly, known as “direct printing” (Highley et al., 
2015), and are utilized for cell culture media to protect cells 
from shear during rotation culture. In the medical applica-
tions, the tradeo� between viscosity and yield stress �uid is 
potentially important. �us, the present study suggests the 
design of hydrogels for these processes. Furthermore, as the 
yield stress property has been used in several commercial 

materials such as paints, cement, toothpaste, and mayon-
naise, our approach would also be applicable in other indus-
tries. For example, industrial 3D printing requires inks that 
are extrudable and retain their shape aer printing (Ribeiro 
et al., 2017). Another application closely related to our study 
is the use of emulsions and creams for topical applications. 
�erefore, the present research would be bene�cial for the 
design of novel yield stress materials for several applications.

Conclusions

In this study, we quantitatively investigated the operability 
of the three model yield stress hydrogels, LAP, CP, and XG, 
for endoscopic application. �e results indicate that the en-
doscopic application of the hydrogels depends on their abil-
ity to overcome the two resistances, i.e., injection resistance 
and resistance to drip from trauma. �us, we used a new 
equipment setup that can simultaneously measure these two 
resistances. �e two resistances measured through pressure 
drop and post-delivery drip area, respectively, were found 
to exhibit tradeo� relationships that depend on the hydro-
gel concentration. Formulations based on the viscosity and 
yield stress of the hydrogels were proposed to predict the 
endoscopic applicability of yield stress �uids without actual 
measurements of the pressure drop and drip area. �is study 
is expected to clearly demonstrate the target rheological 
properties for researchers regarding the development of new 
yield stress �uid materials in endoscopy.
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Nomenclature

Adrip =  area of dripped hydrogel [m2]
Atrauma =  area of patient trauma site [m2]
D =  diameter of catheter [m]
g =  acceleration due to gravity [m s−2]
L =  length of catheter [m]
Mw =  molecular weight [Da]
Q =  average �uid �ow rate [m3 s−1]
V =  volume of �uid [m3]

α =  angle of the inclined surface [°]
∆Pmax =  maximum injection pressure drop [Pa]
∆P =  pressure drop inside tube [Pa]
μ =  viscosity of �uid [Pa s]
ρ =  density of �uid [kg m−3]
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τy =  yield stress of �uid [Pa]
γ =  shear rate inside catheter [s−1]
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