
Reviewers' comments:  
 
Reviewer #1 (Remarks to the Author):  
 
The authors have prepared a fast swelling hydrogel system that can stay in the stomach for long 
period of time. The manuscript seems to be prepared to make the work fancier than what it 
actually is.  
 
Title: A Pufferfish-Inspired Ingestible Hydrogel Machine  
What is it about pufferfish-inspired? The necessity of fast swelling or deswelling of hydrogels has 
been known for decades, and it is not clear what pufferfish-inspired really means? Whether 
someone is inspired by pufferfish or not, the hydrogel described in the manuscript is already 
known.  
 
Also, it is just a hydrogel, and why does it need to be called hydrogel machine? In this approach, 
all hydrogel based systems are all machines. Does this make any sense? Please do not try to 
appear fancy. A lot of scientists already new the fast swelling hydrogels.  
 
Claim: “--- maintain robustness under repeated mechanical loads in the stomach for up to one 
month.” This may be the case for pigs, and it needs to be clarified. The pig data are not quite 
applicable to humans.  
 
The claim of one-month residence time in the stomach has little meaning, as it is not associated 
with the drug release. It is noticed that the authors did not provide the drug release data. If a drug 
cannot be released for a month, what is the one-month residence time in the stomach for?  
 
Overall, the study done are simply copy of what others have done, and it does not seem to add 
anything new or useful for developing truly gastric retentive devices. This manuscript needs to be 
revised to make only the scientific points by eliminating all fancy words, such as pufferfish-inspired 
and hydrogel machine.  
 
 
 
Reviewer #2 (Remarks to the Author):  
 
The manuscript reported the preparation of a fast-swelling hydrogel with high swelling ratio and its 
application as a soft gastric-retentive device for physiological monitoring. It is a very impressive 
work. I recommend the acceptance of this manuscript after the following questions are addressed.  
1. What is the difference between the membrane with one freeze-thaw cycle and four freeze-thaw 
cycles?  
2. The superabsorbent particles should be sodium polyacrylate homopolymers, Waster Lock 770. 
Polyacrylate homopolymers are different from sodium polyacrylate homopolymers.  
3. In Figure S10, why do the authors choose 1.2 MPa as the maximal stress? The long-term 
mechanical force from the stomach is ~1000 cycles per day of 5-10 kPa.  
 
 
 
Reviewer #3 (Remarks to the Author):  
 
The authors prepared an ingestible hydrogel machine with prolonged retention time in stomach. 
Important properties including biocompatibility, mechanical compliance, robustness, fast swelling 
speed, big swelling ratio and controllable deswelling that are critical for prolonged retention and 
easy removal from stomach have been demonstrated. The design of encapsulating superabsorbent 
particles in anti-fatigue porous PVA membrane is new and successfully solves the common 
problems in existing systems such as slow swelling speed, limited swelling ratio and poor 



mechanical integrity. The new system solves all the above mentioned problems at the same time. 
Additionally, the authors have demonstrated versatile capabilities of the system in multi-
functionalities including incorporation of temperature sensors for monitoring and prolonged drug 
delivery. This manuscript demonstrated an innovative design and did systematic characterization. 
Publication is suggested. For further improvement, the authors are suggested to considering the 
following items. 

• In caption of Figure 1 c, the description “Porous hydrogels swell in water with a low swelling
ratio” is not accurate, many porous hydrogels with big swelling ratio have been reported. If the
authors are comparing their results with specific hydrogel systems, please clarify by citing the
specific references.

• There is mismatch of description in line 175: “we applied 1,920 cycles of 40% compressive strain
on the hydrogel machine in SGF (pH 3) ” and caption of Figure 3 f, line 530: “the hydrogel
machine is immersed in water”. Is the hydrogel machine immersed in water or SGF?
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Response to the comments and suggestions from Reviewer #1 

Comment 1. The authors have prepared a fast swelling hydrogel system that can stay in 

the stomach for long period of time. The manuscript seems to be prepared to make the work fancier 

than what it actually is. 

Response 1. Thank you for your time in reviewing our paper. In order to address your and 

other reviewers’ comments and suggestions, we have added a set of experiments, analyses and 

explanations. In the following paragraphs, we will address your comments point by point. We will 

also testify the novelty and significance of the current work. Sentences newly inserted into the 

manuscript and the supplementary information are marked in red. 

Comment 2. Title: A Pufferfish-Inspired Ingestible Hydrogel Machine. What is it about 

pufferfish-inspired? The necessity of fast swelling or deswelling of hydrogels has been known for 

decades, and it is not clear what pufferfish-inspired really means?  

Response 2. Pufferfish can quickly imbibe water (instead of diffusion) to inflate its body 

into a large ball, and maintain the imbibed water in a robust membrane (i.e., the skin of pufferfish) 

over the long term. The design of our hydrogel capsule is inspired by pufferfish, because the 

hydrogel capsule consists of (i) fast-swelling hydrogel particles that enable the whole capsule to 

quickly imbibe water (instead of diffusion) and (ii) a soft yet anti-fatigue hydrogel membrane that 

maintains long-term robustness of the hydrogel capsule in stomach. You can see that the design of 

our hydrogel capsule structure is indeed inspired by the (i) rapid water imbibing and (ii) robust 

skin of pufferfish.  Our hydrogel device is the first design of such all-hydrogel capsule structure in 

the literature of hydrogels. 

In addition, the necessity of fast swelling or deswelling of hydrogels has been known for 

decades, and there exist hydrogels that are either fast/highly swellable, or tough. But there exists 

no hydrogel that possesses the properties of fast-swelling, highly swellable, and robust over long 

term simultaneously, all of which are critical properties for the design of ingestible and long-term 

gastric-retentive hydrogel devices.  This contrast between long-term development of the field and 

the lack of those desired properties indeed demonstrates the novelty and importance of our work. 

To further clarify the relation of the design of our hydrogel capsule to pufferfish, we have 

added on Page 5, “Here, we introduce a pufferfish-inspired hydrogel device, consisting of 

superabsorbent hydrogel particles that enables the device to quickly imbibe water (instead of 

diffusion) encapsulated in a soft yet anti-fatigue hydrogel membrane that maintains long-term 

robustness of the device.” 

Comment 3. Whether someone is inspired by pufferfish or not, the hydrogel described in 

the manuscript is already known. 
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Response 3. With due respect, we do not agree with this comment. To our knowledge, 

there exists no previous design of hydrogel structure that consists of a robust anti-fatigue hydrogel 

membrane encapsulating fast-swelling and highly swellable hydrogel particles.  

In addition, the resultant design of our hydrogel capsule gives world-record performance 

in terms of combined swelling speed, ratio and anti-fatigue behaviors (i.e., swelling 100 times in 

10 min, and sustaining 26,000 cycles of 20 N force), which is inaccessible in all previous swellable 

hydrogels made of single materials. The extraordinary properties of our hydrogel capsule were 

highly evaluated by other reviewers. For example, Reviewer #3 appreciated our work on the 

important properties as “biocompatibility, mechanical compliance, robustness, fast swelling speed, 

big swelling ratio and controllable deswelling that are critical for prolonged retention and easy 

removal from stomach have been demonstrated”, the innovative design as “the design of 

encapsulating superabsorbent particles in anti-fatigue porous PVA membrane is new and 

successfully solves the common problems in existing systems such as slow swelling speed, limited 

swelling ratio and poor mechanical integrity”. 

In order to address this comment and clearly demonstrate the advance of our work in terms 

of hydrogel design, we have added Supplementary Table 2 to compare existing hydrogels for 

ingestible applications in terms of mechanical and swelling properties. The table is also added to 

the Supplementary Information.  

 

Supplementary Table 2. Comparison of mechanical and swelling performances of existing hydrogels for 

gastric retention. The red crosses represent the Achilles' heels of each hydrogel. 

Hydrogels 

Mechanical properties Swelling properties In vivo test 

Young's 
modulus 

Strength of 
swollen gel 

in SGF 

Swelling 
ratio in 
volume 

Swelling 
time 

Gastric 
retention 

time 

Animal 
model 

Superporous 
hydrogels12,19 

< 10 kPa 29 kPa × 3.8-90 6 min 4-32 h Dog 

Stretchable 
superabsorbent 

hydrogels44 
1 kPa 

Not 
available 

1000 > 1 day × 
Not 

available 
Not 

available 

Triggerable 
tough hydrogels7 

75 kPa 
Not 

available 
2.7 × 6 days × 7-9 days Pig 

pH responsive 
hydrogels43 

7.24 MPa ~ 0 × 10 1 day × 2 day Rabbit 

Pufferfish-
inspired hydrogel 

devices 
3-10 kPa 70 kPa 20-100 10 min 

9-29 
days 

Pig 
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It can be seen from the table that those previously reported hydrogels (refs. 7, 12, 19, 43, 

44) exhibit very poor mechanical performances in simulated gastric fluid, due to the highly 

extended polymer networks, porous structures, and/or material degradation in acidic condition.  

Moreover, in the cases of hydrogels without porous structures (refs. 7, 43, 44), the swelling rates 

are severely limited by diffusion, thus requiring several days to swell. 

Only the hydrogel device reported in our work can achieve the superior swelling and 

mechanical performances at the same time. In our work, we successfully solve the above-

mentioned problems by encapsulating superabsorbent hydrogel particles within a robust hydrogel 

membrane to give the desirable swelling ratio and rate together with superior mechanical 

performances. Notably, Reviewer #3 commented on our work, “The design of encapsulating 

superabsorbent particles in anti-fatigue porous PVA membrane is new and successfully solves the 

common problems in existing systems such as slow swelling speed, limited swelling ratio and poor 

mechanical integrity. The new system solves all the above mentioned problems at the same time.”  

We hope the novelty and importance of our pufferfish-inspired design of the hydrogel 

capsule is clear to the reviewer now.  

 

Comment 4.  Also, it is just a hydrogel, and why does it need to be called hydrogel machine? 

In this approach, all hydrogel based systems are all machines. Does this make any sense? Please 

do not try to appear fancy. A lot of scientists already new the fast swelling hydrogels. 

Response 4. In the current paper, we explore the applications of our hydrogel capsule as 

an ingestible and gastric-retentive device capable of continuously measuring the gastric 

temperature of a pig model up to 29 days. To our knowledge, this is the first report on an ingestible 

and gastric-retentive device capable of one-month continuous measurement of gastric temperature. 

Because of its application as a device, we called the hydrogel capsule “hydrogel machine”.  

 From the reviewer’s comment 4 and comment 6, it seems the reviewer neglected or 

misunderstood the application of the hydrogel capsule as a device. In the revised version of the 

paper, we have further emphasized the application of the capsule as a device capable of measuring 

the gastric temperature of a pig model up to 29 days and other potential applications (demonstrated 

in vitro). Moreover, we have changed the name in the title from “hydrogel machine” to “hydrogel 

device” to exactly reflect the device application of our hydrogel capsule. 

In addition, while “a lot of scientists already new (knew) the fast swelling hydrogels”, none 

of previous fast-swelling hydrogels can maintain long-term robustness under mechanical loads 

(e.g., superporous hydrogels in refs. 12, 19). Similarly, none of existing fast-swelling hydrogel 

devices can reside in the stomach of a pig model for up to 29 days while continuously measuring 

the gastric temperature.  

The unprecedented properties and functions of our new hydrogel validate the novelty and 

importance of the current work, which also has been highly appreciated by other reviewers. For 
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example, Reviewer # 2 praised “this is a very impressive work”, and Reviewer #3 highlighted our 

work on the important properties as “biocompatibility, mechanical compliance, robustness, fast 

swelling speed, big swelling ratio and controllable deswelling that are critical for prolonged 

retention and easy removal from stomach have been demonstrated”, the novel design as “the 

design of encapsulating superabsorbent particles in anti-fatigue porous PVA membrane is new 

and successfully solves the common problems in existing systems such as slow swelling speed, 

limited swelling ratio and poor mechanical integrity”, and the versatile capabilities as “authors 

have demonstrated versatile capabilities of the system in multi-functionalities including 

incorporation of temperature sensors for monitoring and prolonged drug delivery”. 

In page 12-13, we added “To our best knowledge, this is the first hydrogel-based device 

that achieves unprecedented properties of high swelling ratio, high swelling speed, and long-term 

robustness simultaneously. In addition, this is the first report on an ingestible and gastric-retentive 

device capable of one-month continuous measurement of gastric temperature in a pig model.” 

 

Comment 5. Claim: “--- maintain robustness under repeated mechanical loads in the 

stomach for up to one month.” This may be the case for pigs, and it needs to be clarified. The pig 

data are not quite applicable to humans. 

Response 5. Thank you for the comment. Yorkshire pigs have gastric and intestinal 

anatomy and dimensions similar to humans, and have been widely used in the evaluation of 

structural integrity of other gastrointestinal devices (refs. 7, 10, 45). However, the interspecies 

differences with respect to gastric biomechanics still need to be taken into consideration, that is, 

the rate of gastric emptying and the gastric pressure in pigs tended to be smaller than those in 

humans (Table R2). Therefore, we recognized that the pig is a good model to test integrity of 

materials/devices in the gastric cavity, but not as good for retention. We have clearly identified the 

differences between pig model and human in the manuscript, page 10, “one potential limitation of 

our in vivo tests is that pigs have slower gastric emptying than humans16,33. Also, the gastric 

compression force in pigs are slightly lower in pigs than that in humans17,34. For the successful 

translation to humans, further testing in other large animal species such as beagle dogs will likely 

be required35.”  

 

Table R2. Comparison among gastrointestinal characteristics of pig, human, and dog (Refs. 34,45-51). 

 Pig, 50 kg Human, 70 kg Dog, 10 kg 

Capacity of stomach (ml) 2000-4000 1500 480 

Basal acid output (ml/min) 1.05 1 0.3-1.5 

Peak acid output (mEq/h) 5 18-23 39 
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Gastric pH in the fasting state 1.6-1.8 1.7 1.5 

Periodicity of phase 3 (housekeeper 
wave) 

> 1 day 1.76 h 1.90 h 

Length of phase 3 activity / 0.31 h 0.32 h 

Gastric destructive pressure (kPa) 4 5-10 16 

Total gastrointestinal transit time 1-10 days 20-30 h 6-8 h 

Small intestinal transit time ~ 1 day 3 h 2 h 

Duodenal diameter (mm) 30-50 30-40 20-25 

Cut-off size for prolonged gastric 

retention (mm） 
10-20 11-13 2-7 

Size which does not empty from the 
stomach, e.g. foreign body (mm) 

Larger than 
45 

Longer than 50 
or larger than 30 

Larger than 
14 

 

Comment 6. The claim of one-month residence time in the stomach has little meaning, as 

it is not associated with the drug release. It is noticed that the authors did not provide the drug 

release data. If a drug cannot be released for a month, what is the one-month residence time in the 

stomach for? 

Response 6.  As discussed in the response to comment 4, we focus on the application of 

our hydrogel capsules as a device capable of measuring gastric temperature over a long period of 

time. Although drug release is one of the most common applications that ingestible devices can 

demonstrated with, we tried to expand the hydrogel devices with other biomedical functions 

including body signal monitoring in the digestive system. The long-term GI tract body signals (~ 

one month) are previously inaccessible, though short-term (~ 24 h) data can obtained by letting 

pill-like capsules transit through the GI tract (ref. 3, 16). In addition, we did demonstrate the 

potential application of the hydrogel capsulate for prolonged drug release with in vitro experiment 

(Supplementary Figure 1). 

 

Comment 7. Overall, the study done are simply copy of what others have done, and it does 

not seem to add anything new or useful for developing truly gastric retentive devices. This 

manuscript needs to be revised to make only the scientific points by eliminating all fancy words, 

such as pufferfish-inspired and hydrogel machine.  

Response 7. We do not agree with this comment. In the above point-to-point responses, 

we have explained the novelty and significance of our hydrogel device in terms of unprecedented 

properties and long-term body signal monitoring.  
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In addition, we have replaced the “hydrogel machine” with “hydrogel device” to exactly 

reflect its device application, and revised the language in the whole manuscript to make it clearer. 

We further added more discussions on the information inferred from the prolonged and continuous 

gastric temperature, which is potentially important for monitoring of the behavior pattern, analysis 

of the circadian rhythm, and diagnosis of abnormality. 

We hope the extensive revision and explanation can satisfactorily address your comments 

and concerns on the paper. Thank you once again for your time in reviewing the paper. 
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Response to the comments and suggestions from Reviewer #2 

             General comment. The manuscript reported the preparation of a fast-swelling hydrogel 

with high swelling ratio and its application as a soft gastric-retentive device for physiological 

monitoring. It is a very impressive work. I recommend the acceptance of this manuscript after the 

following questions are addressed. 

            Response. Thank you very much for pointing out the novelty and significance of our work. 

We also greatly appreciate your insightful suggestions and comments, which help us to further 

strengthen the paper. 

 

            Comment 1. What is the difference between the membrane with one freeze-thaw cycle and 

four freeze-thaw cycles? 

Response 1. Thank you for the question. The crystallinity of PVA hydrogel is increased 

with freeze-thaw cycle numbers. Thus, the mechanical properties (including Young’s modulus, 

toughness, fatigue threshold and others) are varied over freeze-thaw cycles (shown in Table R3) 

(ref. 32). In particular, the PVA hydrogel membrane with four freeze-thaw cycles has a higher 

fatigue resistance than the membrane with one freeze-thaw cycle, while it maintains the relatively 

low modulus, leading to a mechanically soft and robust hydrogel device with a high swelling ratio 

(Figure 2d). 

Table R3. Comparison of PVA hydrogels with one freeze-thaw cycle and four freeze-thaw cycles (data 

come from the work under revision, Lin et al., 2018).  

PVA 

hydrogels 

Crystallinity 

in dry state  

Young’s 

modulus (kPa) 

True strength 

(MPa) 

Fatigue threshold 

(J/m2) 

One freeze-

thaw cycle 
2% 3  0.12 29 

Four freeze-

thaw cycles 
37% 47 8.2  310 

 

Comment 2. The superabsorbent particles should be sodium polyacrylate homopolymers, 

Waster Lock 770. Polyacrylate homopolymers are different from sodium polyacrylate 

homopolymers. 

Response 2. Thank you for the rigorous suggestion. We corrected the chemical name of 

superabsorbent particles into sodium polyacrylate homopolymers. 
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Comment 3. In Figure S10, why do the authors choose 1.2 MPa as the maximal stress? 

The long-term mechanical force from the stomach is ~1000 cycles per day of 5-10 kPa. 

Response 3. Thank you for raising this question. It is true that the gastric mechanical 

pressure on the ingestible device (e.g., food or hydrogel device) is ~ 5-10 kPa (ref. 17). However, 

the stress experienced by the encapsulating membrane is much higher than the compressive stress 

experienced by the whole structure of hydrogel device, due to the following reasons:  

(1) At the undeformed state of hydrogel device (for example, Figure 2a, fully swollen hydrogel 

device), its expanded membrane has already been stretched biaxially owing to the inflated 

core materials;  

(2) By further compressing the swollen hydrogel device, the hydrogel membrane experiences 

even larger deformation and larger stresses, and the deformation in the hydrogel membrane 

are not uniform and highly localized at the side parts that are not directly contact with the 

clamps (Figure 3d);  

(3) There is significant difference of fatigue behavior between polyacrylamide-agar hydrogel 

and PVA hydrogel. We showed in supplementary information that the polyacrylamide-agar 

hydrogel cannot sustain 1.2 MPa after 110 cycles of tensile loading, while PVA can 

(Supplementary Figure 10, b and c). In the revision, we added that the sustainable stress on 

PVA membrane can be achieved as high as 4.3 MPa after 9,000 cycles (Supplementary 

Figure 10d). Therefore, the polyacrylamide-agar hydrogel has low sustainable stress and 

short fatigue life, while PVA hydrogel exhibit dramatically enhanced fatigue-resistance; 

(4) The real gastric environment can be more complicated and demanding for long-term gastric 

retention. Actually before we testified the hydrogel device with PVA antifatigue hydrogel 

membrane, we used the tough hydrogel membrane (polyacrylamide-agar hydrogel), which 

easily ruptures in the porcine stomach within two day (Figure R1, a failed in vivo 

experiment), indicating that the common tough hydrogel cannot sustain the real gastric 

contraction. After that, we turned to the fatigue-resistant hydrogel membrane, that can be 

applicable in the real stomach. 

 

Figure R1. Short stay in the pig stomach of hydrogel device with commonly used tough hydrogel 

membrane (polyacrylamide-agar hydrogel). X-ray images of the hydrogel device residing in the pig 

stomach for only two days. N = 1 for the test. Scale bar is 5 cm. 
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Supplementary Figure 10. Comparison of long-term strength under cyclic tensile test between two 

hydrogel membranes. (a) The undeformed state (left) and the deformed state (right) of the porous 

antifatigue PVA hydrogel membrane. The sample remains stable after 1, 1000, and 10,000 cycles of tensile 

loading. (b) The PVA hydrogel membrane can sustain stress of 1.2 MPa for 10,000 cycles of tensile loading. 

(c) The polyacrylamide-agar hydrogel can reach the maximum stress of 1.2 MPa but ruptures within 110 

cycles of tensile loading. (d) The PVA hydrogel membrane can sustain stress of 4.3 MPa for 9,000 cycles 

of tensile loading. The strain rates are set as 5 mm/s. N = 3 for each test. Scale bars are 5 mm for a. 
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Response to the comments and suggestions from Reviewer #3 

             General comment. The authors prepared an ingestible hydrogel machine with prolonged 

retention time in stomach. Important properties including biocompatibility, mechanical 

compliance, robustness, fast swelling speed, big swelling ratio and controllable deswelling that are 

critical for prolonged retention and easy removal from stomach have been demonstrated. The 

design of encapsulating superabsorbent particles in anti-fatigue porous PVA membrane is new and 

successfully solves the common problems in existing systems such as slow swelling speed, limited 

swelling ratio and poor mechanical integrity. The new system solves all the above mentioned 

problems at the same time. Additionally, the authors have demonstrated versatile capabilities of 

the system in multi-functionalities including incorporation of temperature sensors for monitoring 

and prolonged drug delivery. This manuscript demonstrated an innovative design and did 

systematic characterization. Publication is suggested. For further improvement, 

the authors are suggested to considering the following items. 

            Response. Thank you very much for summarize the novelty and significance of our work. 

We also greatly appreciate your insightful suggestions and comments, which help us to further 

strengthen the paper. 

 

            Comment 1. In caption of Figure 1c, the description “Porous hydrogels swell in water with 

a low swelling ratio” is not accurate, many porous hydrogels with big swelling ratio have been 

reported. If the authors are comparing their results with specific hydrogel systems, please clarify 

by citing the specific references. 

Response 1. Thanks for pointing this out. Indeed, there are several types of porous 

hydrogel with high swelling ratio. For example, the superporous polyacrylate hydrogels, where the 

electrostatic repulsive forces between negatively charged polymer chains highly increased the 

equilibrium swelling ratio (ref. 19). We recognize the superporous hydrogels with both fast and 

large swelling in the comparison chart (Figure 2c).  

However, in the comparison of figure 1, we only focus on the hydrogels made of neutral 

polymer networks with negligible charge effects (ref. 18 as an example for porous gel, ref. 7 as an 

example for bulk hydrogel, and the PVA hydrogel membrane in the hydrogel device). We exclude 

the highly charged hydrogel and only focus on the neutral hydrogel, since highly charged hydrogel 

alone is extremely brittle and weak in swollen state. In order to specify this comparison, we add 

the references7,18 in the Figure 1b and c, respectively. 

 

Comment 2. There is mismatch of description in line 175: “we applied 1,920 cycles of 40% 

compressive strain on the hydrogel machine in SGF (pH 3) ” and caption of Figure 3 f, line 530: 

“the hydrogel machine is immersed in water”. Is the hydrogel machine immersed in water or SGF? 
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Response 2. Thank you for the correction. The hydrogel device should be “immersed in 

SGF (pH 3)” in Figure 3f, and the caption in line 530 has been corrected. We also provide the data 

of hydrogel device under cyclic compression in water in the supplementary figure 9. 
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