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and thrombin containing fi brin glues. [ 6 ]  
Each class shows advantages and disad-
vantages. Most of polymer-based glues 
are biocompatible, but some of their deg-
radation products cause irritation on the 
skin or infl ammatory responses on the 
tissues. Also, poor mechanical and adhe-
sion properties are another problem of 
this class, which is mostly arising from 
their poor solubility in water. [ 7–9 ]  Cyanoacr-
ylate glues can strongly adhere to tissues 
but have limitations that arise from the 
infl ammation caused by its toxic deg-
radation by-products, cyanoacetate and 
formaldehyde. [ 5 ]  Fibrin glues are more 
biocompatible then cyanoacrylate glue, 
but they weakly bind to tissues and entail 
a risk of infectious transmission from the 
human blood plasma donor. [ 6 ]  Recently, 
aldehyde-based tissue adhesives have been 
developed. [ 10,11 ]  These adhesives exhibited 
fairly good tissue adhesion with suitable 
biocompatibility, but chemical conjugation 

is always necessary, which often results in batch-to-batch varia-
tions. Thus, the issues to address include body-fl uid-resistant 
adhesion, scalability, and material safety. 

 Tannins are polyphenol compounds that are found ubiqui-
tously in virtually all plant species. They have drawn signifi cant 
attention for their multifunctionalities, including their anti-
oxidant, anti-mutagenic, anti-carcinogenic, and anti-bacterial 
properties. [ 12–14 ]  Tannic acid (TA) (chemical structure shown in 
 Figure    1  A) is a representative hydrolysable tannin. In addition 
to the aforementioned properties, TA has shown intermolecular 
interactions with polymers such as PEG, poly(N-isopropylacryla-
mide) (PNIPAM), and poly(N-vinylpyrrolidone) (PVPON). [ 15–18 ]  
TA acts as a molecular glue, forming three-dimensional inter-
molecular networks and resulting in the stable formation of 
layer-by-layer (LbL) thin fi lms. [ 19–21 ]  Furthermore, TA-mediated 
polymeric microcapsules and micelles exhibiting pH-respon-
sive degradable properties for drug delivery and live cell encap-
sulation have been reported. [ 22–25 ]  

  Here, we report a chemically defi ned, readily scalable med-
ical adhesive called TAPE, inspired by the adhesive properties 
of a well-known degradable polyphenol, TA. We found that 
preparation of a simple mixture of TA (1 g mL −1  in distilled 
water) and PEG (1 g mL −1  in distilled water) resulted in wet-
resistant adhesives that showed high adhesion strength (up to 
≈kPa) compared to fi brin glues, with an approximately 250% 
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  1.     Introduction 

 Adhesives are indispensable in daily life and in industrial 
fi elds such as electronics, energy storage devices, and others, 
because they achieve interfacial adhesion between two different 
materials. However, adhesives for medical purposes are rather 
under-developed compared with those used in industrial and 
consumer products. Commercially available medical adhesives 
can be divided into three classes: (1) poly mer-based medical 
glues using chitosan, gelatin, alginate, and poly(ethylene glycol)
s (PEGs), [ 1–4 ]  (2) cyanoacrylate derivatives, [ 5 ]  and (3) fi brinogen 
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increase. Because synthetic procedures are not involved, a few 
liters of TAPE can be readily prepared at once. The end func-
tional groups of the PEG affects the adhesion strength of TAPE 
(R-NH 2  > R-SH > R-OH), as does the number of PEG arms. 
Our results revealed that virtually all hydroxyl groups of TA and 
the ethylene glycol units of PEG were interconnected to form 
robust molecular networks, exhibiting superior adhesion. TAPE 
acts as an effective hemostatic material and a pH-sensing adhe-
sive probe for the diagnosis of gastroesophageal refl ux disease 
(GERD), suggesting that as a new adhesive platform, TAPE can 
be widely used for many biomedical applications.  

  2.     Results and Discussion 

 The method to prepare TAPE is extremely easy. First, TA (1 g of 
TA dissolved in 1 mL of distilled water) and PEG (1 g of PEG 
dissolved in 1 mL of distilled water) solutions were separately 
prepared. Second, the two solutions were mixed with different 
volume ratios (typically 2:1). When mixing the two solutions, 
a highly viscous water-immiscible liquid settled down imme-
diately, as shown in Figure  1 B. Because no chemical synthetic 
procedure is involved, a large volume of TAPE can be prepared 
with ease. For example, more than 500 mL of TAPE could be 
made at the laboratory scale at once (Figure  1 B). 

 The adhesion strength of TAPE is surprisingly higher than 
that of each individual component. The adhesion strengths 
of TA, PEG, and TAPE were measured by a universal testing 
machine (UTM). TA, PEG, or TAPE was applied on the epi-
dermic side of porcine skin (a bottom tissue, diameter: 6 mm), 
then, it was covered with another piece of skin as depicted in 
Figure S1, Supporting Information. Detachment force values 
were low for each component: 0.0002 kN for PEG (Figure  1 C, 
black) and 0.001 kN for TA (blue). However, the detachment 
force for the mixture of the two components, TAPE, increased 
fourfold to 0.004 kN (red). Note that the detachment force of 
TAPE did not rapidly decrease after the maximum point but 
instead showed a gradual decrease to the distance approximately 

16 mm. This result indicates the extensive degrees of intermo-
lecular interactions between TA and PEG in TAPE solution. 
The adhesion strength of TAPE, defi ned as an adhesion force 
divided by a contact area, varied depending on the end-func-
tional groups of the PEG. We selected 10 kDa branched PEG 
with four arm confi gurations. The only differences are the end-
group moieties with amine-(PEG–NH 2 ), hydroxyl-(PEG–OH), 
and thiol-(PEG–SH) terminations. TAPE using PEG–NH 2 , des-
ignated by TAPE–NH 2  showed the highest adhesion strength 
(≈0.18 MPa), followed by TAPE–OH and TAPE–SH. Although 
TAPE showed changes in adhesion strength depending on the 
mixed PEG, all TAPEs revealed higher adhesion strengths than 
that of the commercially available medical adhesive, fi brin glue 
(≈0.07 MPa) (Figure  1 D). Overall, the TAPE–NH 2  exhibited a 
250% increase in adhesion strength over fi brin glue. 

 We investigated the mechanism of TAPE formation. We 
used TAPE–NH 2  as a model system because it showed the 
highest adhesion force. First, gel-permeation chromatography 
(GPC) was performed to prove the intermolecular interactions 
between TAs and PEGs. Because PEG itself is not UV-respon-
sive at the wavelength of 280 nm, we can easily separate TA-
bound PEG species detected by UV-based sensor at 280 nm 
after separating from GPC column. The 10 kDa PEG–NH 2  was 
eluted at a retention time of 17.7 min in the GPC setting con-
fi rmed by a refractive index detector (Figure S2A, Supporting 
Information). Because it is not UV-responsive, there was no 
peak detected by the UV-based sensor (black line,  Figure    2  A). 
When adding TA with PEG, it showed three major peaks; one 
was eluted at 17.2 min corresponding to the TA-bound PEG 
with increased hydrodynamic volume, another was eluted at 
19 min which might be the aggregated complex of TA/PEG 
with collapsed volume compared with PEG itself, and last one 
was unbound TA shown at 29.8 min. The retention time of 
unbound TA was double-checked with the peak of TA injected 
alone shown in Figure S2B, Supporting Information. We inter-
preted that two peaks of TA/PEG complexes showed strong 
interaction between TA and PEG under the infl uence of the 
ionic strength of the phosphate-buffered saline (10 × 10 −3   M , pH 
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 Figure 1.    Formation of TAPE. A) Tannic acid (TA), one of the major components in hydrolysable tannins found in secondary metabolites of plants. 
B) Mass-produce TAPE at the laboratory scale (500 mL of TAPE) by mixing TA with PEG. C) Force–distance curves of TAPE–NH 2  (red) compared to TA 
(blue) and PEG–NH 2  (black). D) Adhesion strength of TAPE with different terminal functional groups of PEG (–NH 2 , –OH, and –SH) and fi brin glue 
as a positive control.
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4.0, eluent). Second, nuclear magnetic resonance (NMR) spec-
troscopy was used. We dissolved TAPE in a variety of organic 
solvents to fi nd the way of disassembling TAPE to investigate 
the driving force forming TAPE. The TAPE-NH 2  was only dis-
solved in dimethyl sulfoxide (DMSO), not in acetone, ethanol, 
methanol, hexane, and toluene (Figure S3, Supporting Infor-
mation), saying the formation of TAPE was much related to 
hydrogen bonding interaction because DMSO is a well-known 
solvent to interfere the preformed hydrogen bonding by inter-
calation. So, NMR analysis was performed using DMSO-d 6  as a 
solvent to describe further chemical environments changed by 
TAPE formation followed by disassembly. We compared the  1 H-
NMR peaks of TAPE dissolved in DMSO-d 6  with those of TA 
and PEG dissolved in DMSO-d 6  separately. The blue-dotted box 
in Figure  2 B shows exactly the same NMR peaks between TA 
and TAPE, indicating that there are no changes in the chemical 
environment of the TA that later forms TAPE. For PEG, how-
ever, one change was observed. A peak appeared at 2.6 ppm 

for PEG-NH 2 , which was assigned to the –CH 2 – located next 
to terminal primary amine group (a, in the upper spectrum of 
Figure  2 B). This proton peak was shifted downfi eld to 2.9 ppm, 
suggesting that the change might be caused by the protonation 
of the amine group when PEG was mixed to TA to form TAPE, 
due to the low pH of the aqueous solution of TA (TA solution: 
pH ≈ 2.6, PEG solution: pH ≈ 9.4, and the supernatant after 
TAPE formation: pH ≈ 2.6). The change in chemical shift of 
CH 2  next to the amine in TAPE was exactly the same as that in 
PEG-NH 2  alone in DMSO-d 6  with slight amount of DCl to drop 
the pH (Figure S4, Supporting Information). However, the envi-
ronmental changes occurred in the H from the amine group of 
PEG could not be directly detected by  1 H-NMR because of the 
fast H-D exchange. The aforementioned  1 H-NMR data also sug-
gest that no covalent bonds were newly formed. Third, we per-
formed Fourier Transform Infrared (FT-IR) spectroscopy meas-
urement. In the FT-IR spectrum, a wavenumber shift related to 
the hydroxyl groups (–OH) and the carbonyl groups (C=O) in TA 
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 Figure 2.    Intermolecular hydrogen bonding confi rmation by various analytical tools. A) GPC data of PEG (black) and PEG after contact with TA at 
a suffi ciently low concentration to be water-soluble (red) detected by UV-based sensor. B)  1 H-NMR data of TAPE and its starting materials, TA and 
4-arm-PEG–NH 2 . C) Chemical shift analysis of the hydroxyl group (O–H) and carbonyl group (C=O) in TA by FT-IR spectroscopy. D) Adhesion strength 
of various TAPEs with different ethylene glycol/TA molecular ratios ( n  = 5). * indicates statistical signifi cance of p > 0.05 with one-way ANOVA test. 
** indicates statistical signifi cance of p < 0.05 with  t -test. E) Hypothetical molecular interaction between TA and PEG.
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was observed (Figure  2 C). Before TAPE formulation, two spe-
cies of hydroxyl groups were found in TA, free/unbound –OH 
(3599 cm −1 ) and hydrogen bonded (H-bond) hydroxyl groups 
(3502 cm −1 ) (upper line in Figure  2 C). However, the two species 
became one because nearly all hydroxyl groups participated in 
H-bonding after TAPE formulation (bottom line in Figure  2 C). 
The hydroxyl group (3502 cm −1 ) participating in the H-bond 
shifted to 3460 cm −1  after TAPE formulation, indicating the 
weakened vibrational energy of the O–H bonding, which might 
be caused by interactions with the ether group (–O–) of PEG 
in TAPE. As a control experiment, the PEG and TA powders 
were physically mixed, and a FT-IR spectrum was obtained. A 
negligible peak shift for the –OH and C=O chemical groups 
in TA was observed, indicating little H-bonding interactions in 
the powder phase (Figure  2 C, middle line). Furthermore, the 
C=O vibration in TA was increased from 1713 cm −1  (free TA) 
to 1739 cm −1  (TA in TAPE), indicating that the strengthened 
vibrational energy of the C=O bonding was affected by inter-
acting with the hydrogen donor, –OH. These two chemical 
energy shift shown in FT-IR were exactly corresponding to the 
previous study, [ 26 ]  clearly supporting that the –OH and C=O in 
TA both participate in forming the hydrogen bonds that are 
responsible for the unique characteristics observed in TAPE. 
TAPE was only formed at acidic pH (Figure S5, Supporting 
Information) because the hydrogen bonding, which is its major 
driving force, was not occurred in basic pH due to the deproto-
nation. In neutral pH, gum-like aggregate was formed and set-
tled down, but this had not showed any adhesive force at all. 
There was no aggregate formed in basic pH (Figure S5, Sup-
porting Information). 

  A stoichiometric study was performed by changing the 
molar ratios of TA and PEG, which can be useful quantitative 
information concerning the aforementioned H-bond char-
acter. The adhesion strength of TAPE made by TA with various 
molar ratios of PEG is shown in Figure  2 D. The molar ratio of 

TA and PEG was calculated by the number of ethylene glycol 
(EG) groups interacting with one TA molecule (i.e., # of –CH 2 –
CH 2 –O– per TA). The adhesion strength was increased as the 
ratio of EG was increased up to 19 units to one TA molecule 
and then gradually decreased upon further increases in the 
ratio of EG to 57. The 16 to 23 EG units showed the strongest 
adhesion strength in Figure  2 D (red-dotted box). These data 
might refl ect that the EG to TA ratio of 16 to 23 exhibiting the 
strongest adhesion indicates an optimal molecular interac-
tion between EGs and TA with the fewest unbound functional 
groups. The 16 to 23 units of –O– in EGs are acceptors bonded 
with the 16 to 23 units of –OH in one TA molecule. The total 
number of –OH in TA is 25 units, as shown in Figure  2 E. Thus, 
residual 2 to 9 units of –OHs in TA can participate in intra-
molecular hydrogen bonding with the fi ve C=O groups in TA 
(Figure  2 E, blue-dotted box). In fact, our interpretation is con-
fi rmed by the previous FT-IR data showing the chemical shift of 
C=O in TA after forming TAPE, thus indicating physical inter-
action participation (Figure  2 C). From our spectroscopic results 
and simple numeric calculations, we tentatively conclude that 
most –OH units in TA intermolecularly interact with –O– in 
PEG and some –OH units in TA intramolecularly interact 
with C=O groups in TA by hydrogen bonding, as described in 
Figure  2 E (red-dotted line). 

 One unique property of TAPE adhesion is its reversibility, 
similar to the adhesion shown in the commercial Post-It. We 
measured the adhesions of TAPE–NH 2  and TAPE–OH. During 
the fi rst attachment and detachment experiment by UTM, the 
adhesion strength of TAPE–NH 2  (≈0.2 MPa) was greater than 
that of TAPE–OH (≈0.1 MPa) ( Figure    3  A). Later in time, the 
adhesion strengths of both TAPEs were gradually increased 
until 30 cycles of attachment and detachment (≈0.26 MPa for 
TAPE–NH 2  and ≈0.17 MPa for TAPE–OH). For TAPE–NH 2 , 
the adhesion force was gradually decreased down to 0.05 MPa 
after 100 cycles (Figure  3 A, red). A different tendency was 
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 Figure 3.    Characterization of the adhesion strength of TAPE. A) The adhesion strength of TAPE–NH 2  (red) and TAPE–OH (black) compared to that of 
TA (blue), depending on the number of repeated attachment/detachment processes ( n  = 3). B) The adhesion strength of TAPE–NH 2  in the absence 
(unfi lled) and presence of water (fi lled) ( n  = 3). C) The adhesion strength of TAPE–OH in the absence (unfi lled) and presence of water (fi lled) ( n  = 3). 
D) In vitro degradation test of TAPE–OH in PBS (1×, pH 7.4, and 37 °C). E) Photographic images of the TAPE–OH at each time of degradation test.
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observed for TAPE–OH, in which the adhesion force was well 
maintained up to approximately 60 cycles and then decreased 
to ≈0.1 MPa (black). From the results, it was demonstrated that 
the adhesion strength and its sustainability could be modu-
lated by changing the type of PEG mixed. TAPE–OH exhib-
ited better sustainability in adhesion, but TAPE–NH 2  showed 
stronger adhesion. Interestingly, the reversible adhesive prop-
erty of TAPEs was relatively well maintained in the presence of 
water, although the initial adhesion force was decreased from 
≈0.2 to ≈0.1 MPa for TAPE–NH 2  (Figure  3 B) and ≈0.1 MPa for 
TAPE–OH (Figure  3 C). The adhesion strengths of both TAPEs 

were well maintained for 20 cycles of attachment and detach-
ment in water (Figure  3 B,C, unfi lled). The level of wet adhesion 
(≈0.1 MPa) was suitable for various in vivo experiments shown 
later ( Figures    4   and   5  ). In vitro degradation of TAPE was inves-
tigated by gravimetric analysis, as shown in Figure  3 D. TAPE–
OH was incubated in phosphate buffered saline (PBS) solution 
(pH 7.4) at 37 °C with gentle stirring. The PBS was completely 
removed, and the weight of remaining glue was measured at 
predetermined time intervals. The weight of TAPE–OH rap-
idly increased due to the absorbance of water within the fi rst 
few hours and then decreased. After 11 d, approximately 80% 
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 Figure 4.    Hemostatic ability of TAPE–OH. A) A schematic illustration of the mouse liver hemorrhage model and photographs of the bleeding level 
of the damaged liver treated by TAPE–OH or fi brin glue (positive control), and untreated (negative control) at 30 s after the injury. B) The amount of 
bleeding at 30 s after the injury (black: TAPE–OH, red: fi brin glue, and green: no treatment). Signifi cance was tested by one-way ANOVA test (p < 0.05). 
C) The accumulated amount of bleeding every 30 s until stopped (2 min) (p < 0.05, with one-way ANOVA test). D) Snapshots of a TAPE–OH treated 
liver every 30 s for 2 min.
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of the initial weight of TAPE–OH disappeared (Figure  3 D). 
Photographic images of the in vitro degradation of TAPE–OH 
are shown in Figure  3 E. Degradation profi le of TAPE was also 
dependent to the end functional group of PEG at different pH. 
In this experiment, we monitored the release profi le of pyro-
gallol from the TAPE immersed in the PBS at pH 2 and 10. 
Pyrogallol is a representative degradation product of TAPE. For 
TAPE–OH, pyrogallol was almost released out regardless of 
the pH of surrounding (Figure S6A, Supporting Information). 
However in the case of TAPE–NH 2  immersed in pH 10, only 
70% of pyrogallol was recollected from TAPE (Figure S6B, Sup-
porting Information) because of the oxidation reaction of TA 
at basic pH followed by covalent bond-forming reaction with 
the amine group in PEG. In pH 2, TAPE–NH 2  also completely 
degraded, saying there were no newly formed covalent bonds in 
acidic pH the same as its early state of formation. 

    The hemostatic ability of TAPE–OH was investigated by 
using a mouse liver bleeding model. Bleeding was initiated by 
pricking a liver with an 18-gauge needle, and we measured the 
amount of blood from each group. The fi rst group was a negative 
control, meaning that no attempt for hemostasis was made. The 
second group was fi brin-treated mice (positive controls), and 
the third group was the application of TAPE–OH (Figure  4 A). 
The photo graphic images show snapshots of the bleeding sites 
of each group after 30 s. The two groups treated by the hemo-
static agents of fi brin or TAPE–OH showed reductions in the 
bleeding amount. The amount of bleeding measured for the fi rst 
30 s timeframe (i.e., 0–30 s) was 20.2 mg (±13.09 mg) for TAPE–
OH treated group, 129.6 mg (±43.58 mg) for the fi brin-treated, 
and 211.2 mg (±29.15 mg) for the negative control (Figure  4 B). 
The signifi cant difference was found between TAPE–OH and 

control groups with one-way ANOVA test (p < 0.05). We moni-
tored subsequent bleeding with an interval of 30 to 120 s. As 
shown in Figure  4 C, the accumulated amounts of bleeding 
were all saturated after 120 s, indicating completed hemostasis. 
However, the total amount of blood measured exhibited sig-
nifi cant differences (p < 0.05, with one-way ANOVA test). The 
total amount at 120 s was 42.7 mg (±7.51 mg) for the TAPE–OH 
treated group, 168.5 mg (±43.62 mg) for the fi brin glue treated, 
and 277.7 mg (±24.51 mg) for the negative control (Figure  4 C). 
The actual photographs of the hemostatic effect of TAPE–OH 
on liver bleeding at each sampling period in Figure  4 C are 
presented in Figure  4 D. The TAPE–OH stopped bleeding effi -
ciently by adhering and covering the injury site completely even 
though blood from the initial bleeding was present at the liver 
tissue. These snapshots demonstrated that the mass bleeding 
of TAPE–OH was signifi cantly reduced compared with the con-
trol groups. Thus, we demonstrated that TAPE has a signifi cant 
potential as a local hemostatic agent. 

 In addition, we demonstrated the ability of TAPE–OH for 
detecting GERD because of its maintenance of wet-adhesive 
properties. In GERD, gastroesophageal refl ux rapidly decreases 
the pH values to between 1 and 2, which damages the tissue 
surfaces of the esophagus. Diagnosis of GERD is based on mon-
itoring the sudden pH drop caused by the refl ux of stomach 
acid to the esophagus. Inserting a pH probe to the esophagus 
of potential GERD patients through an oral track and main-
taining it for several hours or even a day is a painful process. 
We hypothesized that use of TAPE encapsulating fl uorescent 
molecules could be a patient-friendly approach to the diag-
nosis of GERD. At low pH, the fi ve ester bonds in TA result in 
rapid degradation of TAPE, [ 27 ]  thus releasing the encapsulated 
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 Figure 5.    ICG-encapsulated TAPE as a bioadhesive pH-sensing probe. A) Formation of ICG-encapsulated TAPE. B) In vivo fl uorescence intensity of the 
ICG-encapsulated TAPE in esophagus. Control: ICG-encapsulated TAPE without any solution (up). pH 1.2: ICG-encapsulated after exposure to artifi cial 
gastric juice for 10 min (middle). pH 6.9: ICG-encapsulated after exposure to artifi cial intestinal liquid for 10 min (bottom).
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fl uorescent molecules, which leads to the diagnosis of GERD. 
The decrease in fl uorescent signals resulting from the refl ux 
of stomach acid is expected to be observed in GERD animal 
models. For this purpose, we prepare indocyanine green (ICG) 
encapsulated TAPE (ICG-TAPE–OH). ICG is a clinical imaging 
agent approved by the Federal Drug Administration (FDA) 
for human use, and the electrons in ICG are excited by near 
infrared, radiating fl uorescent light during relaxation of elec-
trons to ground states (Figure  5 A). [ 28 ]  The in vivo pH-sensing 
ability of the ICG-TAPE–OH was investigated in the mouse 
esophagus. The animal model for the detection of GERD was 
prepared through introduction of TAPE in the esophagus by an 
oral injection followed by monitoring the fl uorescence during 
feeding of artifi cial gastric juice (pH 1.2) (experimental details 
are available in Experimental Section). In Figure  5 B, the fl uo-
rescence intensity measured after TAPE–OH introduction 
was 9.4 ± 2.97 (×10 9 ) (control). The intensity measured after 
oral injections of artifi cial intestinal liquid with a pH value of 
6.9 was 8.4 ± 1.33 (×10 9 ), similar to the initial intensity. How-
ever, the artifi cial gastric juice (pH 1.2) signifi cantly reduced 
the fl uorescence intensity of ICG-TAPE–OH even in 10 min 
(3.6 ± 0.52 (×10 9 )). The experimental timeframe of 10 min was 
determined from the previous report in which the hydrolysable 
tannin is degraded rapidly within 10 min. The in vivo result 
indicates that the ICG-TAPE–OH can be a useful pH sensor for 
diagnosing GERD due to the adhesive and encapsulating prop-
erties of TAPE, potentially being an alternative method that can 
be used in clinical settings. In fact, poly(ethylene) glycol, tannic 
acid, and ICG are compounds that have already been approved 
for human use.  

  3.     Conclusion 

 We developed an entirely new class of medical adhesives called 
TAPE that is inspired by a ubiquitous compound in plants, 
tannic acid. TAPE was spontaneously prepared on a large 
scale by strong intermolecular hydrogen bonding between the 
hydroxyl group in TA and the ether group in PEG. This scal-
ability was originated by the simple mixing processes of PEG 
and TA. In fact, TAPE can be prepared on a liter scale in a day, 
even on a small laboratory scale. TAPE showed 250% increases 
in adhesive strength compared to the widely used fi brin glue, 
and the adhesion was very effective, even in the presence of 
water. TAPE showed good hemostatic ability. Furthermore, 
TAPE with encapsulated ICG could be applied as an adhesive 
pH-sensitive probe for the detection of gastroesophageal refl ux 
disease. We expect that its application to a variety of medical 
and pharmaceutical purposes such as mucoadhesives and drug 
depots will open new avenues of TAPE studies.  

  4.     Experimental Section 
  TAPE Formation : TAPE was immediately formed and settled down 

after mixing 671 µL of TA (Sigma-Aldrich, St. Louis, MO, USA) solution 
in distilled water (50% w/w) with 329 µL of PEG (4-arms, 10 kDa) 
solution in distilled water at the same concentration. After mixing, the 
mixed TA and PEG solution was centrifuged for 3 min at 13 500 rpm to 
collect TAPE, and then the supernatant was removed. We used PEG with 

different molecular weights (4.6 kDa, 10 kDa), branching (2, 4-arms), 
and end-functional groups including –NH 2 , –OH, and –SH. (PEG–NH 2 , 
PEG–OH, and PEG–SH, 10 kDa), all of which were purchased from 
SunBio, Inc. (Korea) and Sigma-Aldrich. 

   1 H-NMR Analysis of TAPE : To understanding the covalent bonding 
integration in forming TAPE, we performed  1 H-NMR analysis of TAPE 
(using PEG–NH 2 , 10 kDa) after dissolving in DMSO-d 6  (Sigma-Aldrich, 
St. Louis, MO, USA). We compared the chemical shift of TAPE in DMSO-
d 6  with that of TA and PEG in DMSO-d 6  separately by using a Bruker 
AVANCE 400 spectrometer.  1 H-NMR (400 MHz, DMSO-d 6 , δ) of TAPE: 
7.19 (s, 1H, C 6 H 2 H(OH) 2 –), 6.81-6.88 (m, 2H, C 6 HH 2 –(OH) 2 –), 4.09-
4.05 (m, 2H, –NH–CH 2 –C 6 H 3 (OH) 2 –), 3.95-3.59 (m, PEO), 3.40-3.36 (t, 
2H, PEO–CH 2 –NH–). 

  GPC Analysis : The molecular interaction of TA and PEG was 
determined by gel permeation chromatography (GPC). Two GPC 
columns (OHpak SB-806M HQ and SB-804 HQ, Shodex, Munich, 
Germany) were connected in series and equilibrated with phosphate-
buffered saline (10 × 10 −3   M , pH 4.0, eluent). The fl ow of eluent was 
1 mL min −1 , and the injection volume was 10 µL. The columns were fi rst 
characterized with the starting materials; TA (Elution time: 19.5 min) 
and PEG (PEG–NH 2 , star shaped, 10 kDa, Elution time: 17.5 min). 70 µL 
of TA solution (10 mg mL −1  in distilled water) was mixed with 980 µL of 
PEG solution (10 mg mL −1  in distilled water, PEG–NH 2 , 10 kDa). The 
mixed solution was fi ltered with a 0.2 µm pore-sized syringe fi lter and 
then analyzed by GPC each hour for 10 h. The materials separated by 
the GPC column were detected by UV–vis spectrometry at a wavelength 
of 280 nm. 

  FT-IR Analysis : The Fourier transform infrared (FT-IR) spectrum was 
obtained using a Bruker Equinox-55 FT-IR spectrophotometer using 
a KBr pellet. We measured the FT-IR spectrum of TAPE (PEG–NH 2 , 
10 kDa) after lyophilizing and compared this spectrum with that of a 
mixture with TA and PEG in their powder forms without any interaction 
in a solution phase. 

  Adhesion Strength of TAPE with Various Molar Ratio of EG Monomers 
to TA : First, TAPEs with various molar ratios of EG to TA were prepared 
by a method described above. Adhesion testing of TAPE was performed 
by a universal testing machine (UTM, INSTRON 5583, Figure S1, 
Supporting Information) using porcine skin tissue. A biopsy punch 
(Miltex REF 33-36) was used to cut porcine skin tissue with a diameter 
of 6 mm. Then, the porcine skin tissues were attached to two rods of 
a system designed to determine adhesion strength using an instant 
adhesive (Aron alpha, Toagosei Co., LTD, Japan), as shown in Figure S1, 
Supporting Information. The TAPE was applied uniformly between two 
layers of pig skin tissues in an amount of approximately 3 mg. The 
porcine skin tissues with TAPE were attached and detached continuously 
ten times by the experimenter’s hands, and then two rods were 
installed in the UTM (Figure S1, Supporting Information). A UTM test 
was performed to apply a force of 20 N to the samples for 1 min, and 
after that a tensile force was applied thereto at a rate of 1 mm min −1  to 
determine the adhesion strength. Each sample of TAPE with a different 
molar ratio of PEG was tested fi ve times continuously, and the average 
adhesion strength was measured. 

  Force–Distance Curve : TA solution, PEG–NH 2  solution at a 
concentration of 50% (w/w) in distilled water and TAPE–NH 2  (molar 
ratio, EGs:TA = 16:1) were prepared to determine the force–distance 
(F–D) curve. The method used to measure the F–D curve was same as 
the adhesion strength test. 

  Adhesion Strength of TAPE with Different Terminal Functional Groups : 
TAPE–NH 2 , TAPE–OH, and TAPE–SH with an EG to TA molar ratio 
of 16 were prepared. Fibrin glue (Beriplast P combi-set, CSL Behring, 
Germany) was used as a positive control to compare the adhesion 
strength of TAPEs. The adhesion strength of TAPE with different terminal 
functional groups was determined in the same manner as described 
above. 

  Monitoring of Variation in Adhesion Strength and Maintenance Time 
Depending on Number of Repeated Adhesion Tests : TAPE–NH 2 , TAPE–
OH, and TA solution (50% w/w) were prepared in the same manner as 
described above. To determine the adhesion strength of TAPEs and TA, 
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the same method for adhesion strength testing was performed over a 
hundred times for a few hours. Adhesion strength tests were repeated 
to determine variations in adhesion strength depending on the number 
of repeated adhesion tests. All experimental groups were tested in 
triplicate. 

  Water Resistance of TAPE : TAPE–NH 2  and TAPE–OH were prepared 
to investigate the water resistance of TAPE. In the same manner as 
described in the adhesion strength test section, TAPEs were applied 
uniformly on porcine skin tissues having a diameter of 6 mm in an 
amount of approximately 3 mg. Then, 20 µL of distilled water was 
applied between samples. UTM was used to apply a force of 20 N to 
the samples for 1 min, and then a tensile force was applied thereto at a 
rate of 1 mm min −1  to determine the water resistance adhesion strength 
of TAPE. The second test to the 20th test were carried out by applying 
20 µL of distilled water to the samples each time and then applying 
a force of 20 N to the samples for 1 min and applying a tensile force 
thereto at a rate of 1 mm min −1  under the same condition as in the fi rst 
test. All experimental groups were tested in triplicate. 

  Hemostatic Ability of TAPE : To evaluate the in vivo hemostatic ability 
of TAPE, we used a mouse hemorrhaging liver model. [ 29 ]  Fifteen ICR 
mice (normal ICR mouse, 30–35 g, 6 weeks, male) were anesthetized by 
an intraperitoneal injection of tiletamine-zolazepam (Zoletil, Virbac) and 
xylazine (Rompun, Bayer). For statistical analysis, we used fi ve ICR mice 
for each experimental group ( n  = 5). Bleeding on the liver was induced 
using an 18G needle, and 100 µL of TAPE (4.6 kDa, molar ratio of EGs:TA 
= 15:1) or fi brin glue (Beriplast P combi-set, CSL Behring, Germany) 
was immediately applied on the surface of bleeding site. At every 30 s 
interval, the mass of bleeding was obtained for 2 min. No treatment 
after the liver was pricked with a needle was considered as a negative 
control. Fibrin glue was used as a hemostatic agent for a positive 
control. Additionally, the mass of the excess fi brin glue that oozed out 
during the hemostat formation at fi rst 30 s interval was examined three 
times, and the average was subtracted. The authors followed the ethical 
protocol provided by the Korean Ministry of Health and Welfare. 

  In Vitro Degradation Behavior of TAPE : The degradation behavior 
experiments of TAPE–OH (molar ratio of EG to TA = 15:1) were 
determined by gravimetric analysis. An EP tube cap (1.5 mL) 
was cut and attached to a Petri dish (90 × 15 mm) using an 
instant adhesive (Aron alpha, Toagosei CO., LTD, Japan). The 
prepared Petri dish with an EP tube cap was weighed ( W C  ) and 
then fi lled with 50 mg of TAPE–OH. The initial weight ( W  0 ) of 
TAPE–OH and the Petri dish with an EP tube cap was defi ned as 
“ W C   + 50 mg of TAPE–OH.” TAPE–OH was immersed in 35 mL 
of the PBS buffer solution (1×, pH 7.4). During incubation, the 
samples were slightly shaken by an orbital shaking incubator at 
50 rpm and 37 °C. At predetermined time intervals, the PBS buffer 
solution was removed completely using nitrogen gas blowing, and the 
Petri dish with TAPE–OH was weighed ( W t  ). After the weighing, the 
buffer solution was refreshed. The relative remaining weight (%) was 
as the following equation. All samples were in quintuplicate.

 = − − ×W W W Wt c cRelative remaining weight(%) ( )/( ) 1000    

    Synthesis of the ICG-Encapsulated TAPE–OH : ICG was obtained from 
Sigma-Aldrich (St. Louis, MO, USA). To synthesize the ICG-encapsulated 
TAPE–OH, 50% (w/w) TA solution, and 50% (w/w) PEG–OH solution 
were prepared in deionized water. 945 µL TA solution, 555 µL PEG 
solution, and 7 mg ICG were mixed vigorously. Afterwards, the resultant 
was centrifuged at 3000 rpm for 5 min and the supernatant solution was 
removed. The remainder was incubated at 60 °C for 5 min to eliminate 
the remaining water drops. 

  In Vivo pH-Sensing Ability of the ICG-Encapsulated TAPE–OH : To 
investigate the in vivo pH-sensing ability of the ICG-encapsulated TAPE–
OH for the modeling of the GERD detection, three groups of nude mice 
(BALBc nude mouse, 8 weeks, male,  n  = 3) were prepared. First, each 
mouse was fed on 0.02 cc of the ICG-encapsulated TAPE–OH for the 
adhesion to the esophagus without any anesthesia. The control group 
was not fed any solution, but the sample groups were fed artifi cial gastric 

juice (pH 1.2) or artifi cial intestinal liquid (pH 6.9) for 10 min. The mice 
were sacrifi ced after 15 min, and liver, lung, and heart were dissected for 
the fl uorescence imaging of the esophagus. The fl uorescence intensity of 
the esophagus was measured by an IVIS 200 imaging system (Xenogen, 
CA, USA).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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