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We express our deep appreciation for the detailed comments and advice provided by the editor 
and reviewers, which have been very helpful in clarifying and improving parts of the manuscript. 
The manuscript has been modified in response to the remarks of both the editor and reviewers, 
and key revisions and new parts are marked in red in this rebuttal letter.  
 
Response to the editorial comments 
 
Comment 1: Please take this opportunity to thoroughly proofread the manuscript to ensure that 
there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and 
any errors in the submitted revision may be present in the published version. 
 
Response: We double checked spelling and grammar in the manuscript. 
 
 
Comment 2: Please expand the Introduction to include all of the following with citations: 
a) A clear statement of the overall goal of this method 
b) The rationale behind the development and/or use of this technique 
c) The advantages over alternative techniques with applicable references to previous studies 
d) A description of the context of the technique in the wider body of literature 
e) Information to help readers to determine whether the method is appropriate for their application 
 
Response: Following the editor’s suggestion, the Introduction has been revised as follows: 
 
“Micro-engineered platforms are valuable tools for studying the molecular, cellular, and tissue 
level biology because they enable dynamic control of both the physical and chemical 
microenvironments1-8. Thus, multiple hypotheses can be simultaneously tested in a tightly 
controlled manner. In the case of growth plate cartilage, there is increasing evidence of an 
important role of compressive stress in modulating bone growth through action on the growth plate 
cartilage9-25. However, the mechanism of action of compressive stress – in particular, how stress 
guides formation of chondrocyte columns in the growth plate – is poorly understood. 
 The goal of this protocol is to create a pneumatically actuating microfluidic chondrocyte 
compression device26 to elucidate mechanisms of mechanobiology in growth plate chondrocytes 
(Figure 1 (a-c)). The device consists of two parts: the pneumatic actuation unit and the alginate gel 
construct. The microfluidic pneumatic actuation unit is fabricated using polydimethylsiloxane 
(PDMS) based on photo- and soft-lithography. This unit contains a 5 x 5 array of thin PDMS 
membrane balloons which can inflated differently based on their diameters. The alginate gel 
construct consists of the chondrocytes embedded in a 5 × 5 array of alginate gel cylinders, and the 
entire alginate-chondrocyte constructs are assembled with the actuation unit. The alginate gel 
constructs are compressed by the pneumatically inflated PDMS balloons (Fig. 1(b)). The 
microfluidic device can generate five different levels of compressive stress simultaneously in a 
single platform based on differences in the PDMS balloon diameter. Thus, a high-throughput test 
of chondrocyte mechanobiology under multiple compression conditions is possible.  

The microfluidic device described in this protocol has many advantages over the 
conventional compression device such as external fixators14,21,23 and macroscopic compression 
devices16,19,27,28  for studying chondrocyte mechanobiology: 1) The microfluidic device is cost 
effective because it consumes smaller volume of samples than the macroscopic compression 
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device, 2) The microfluidic device is time effective because it can test multiple compression 
conditions simultaneously, 3) The microfluidic device can combine mechanical and chemical 
stimuli by forming a concentration gradient of chemicals based on the limited mixing in 
microchannels, and 4) Various microscopy techniques (time-lapse microscopy and fluorescence 
confocal microscopy) can be applied with the microfluidic device made of transparent PDMS.  

We adopted and modified the method of Moraes et al.7,29 to create different compressive 
stress levels in a single device to enable high-throughput mechanobiology studies of chondrocyte 
compression. Our approach is appropriate for cells (e.g., chondrocytes) which need three-
dimensional (3D) culture environment and for biological assays after compressing cells. Although 
some microfluidic cell compression devices can compress cells cultured on two-dimensional (2D) 
substrates30-32, they cannot be used for chondrocytes because 2D cultured chondrocytes 
dedifferentiate. There are microfluidic platforms for compressing 3D cultured cells in 
photopolymerized hydrogels7,33, but they are limited in isolating cells after compression 
experiments because isolating cells from photopolymerized hydrogel is not easy. Additionally, the 
effects of ultraviolet (UV) exposure and photo crosslinking initiators on cells may need to be 
evaluated. In contrast, our method allows rapid isolation of cells after compression experiments 
for post biological assays because alginate hydrogels can be depolymerized quickly by calcium 
chelators. The detailed device fabrication and characterization methods are described in this 
protocol.” 
 
 
Comment 3: JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an instrument or 
reagent. Please remove all commercial language from your manuscript and use generic terms 
instead. All commercial products should be sufficiently referenced in the Table of Materials and 
Reagents. 
 
For example: MicroChem Corp., Westborough, MA, WS-650MZ- Page 2 of 6 revised November 
2017 89 23NPPB, Laurell Technologies Corporation, North Wales, PA, Mercury-Xenon Arc 
Lamp, 6295NS, 94 Newport, Irvine, CA, T2492-KG, 124 United Chemical Technologies, Bristol, 
PA), Sylgard 184, Dow Corning, Midland, MI, HP Transparencies for LaserJets, 133 C2934A, 
EB40-250, Pneumadyne, Plymouth, MN, SeaKem LE Agarose, Lonza, Basel, Switzerland, Sigma-
Aldrich, St. Louis, MO, Invitrogen, 202 Waltham, MA, Pronova UP MVG, FMC Corporation, 
Philadelphia, PA, Thermo Fisher Scientific, 210 Waltham, MA, SP 500 EC-LC [2015 year model], 
Schwarzer Precision, Essen, 236 Germany, LSM 255 800, Carl Zeiss AG, Oberkochen, Germany, 
etc. 
 
Response: Following the editor’s suggestion, we removed all commercial language in our 
manuscript. 
 
 
Comment 4: Please format the manuscript as: paragraph Indentation: 0 for both left and right and 
special: none, Line spacings: single. Please leave a single line space between each step, substep 
and note in the protocol section. 
 
Response: Following the editor’s suggestion, we formatted the manuscript. 
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Comment 5: Please adjust the numbering of the Protocol to follow the JoVE Instructions for 
Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please 
refrain from using bullets or dashes. 
 
Response: Following the editor’s suggestion, we formatted the manuscript. 
 
 
Comment 6: Please ensure that all text in the protocol section is written in the imperative tense as 
if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should 
be described in the imperative tense in complete sentences wherever possible. Avoid usage of 
phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 
cannot be written in the imperative tense may be added as a “Note.” However, notes should be 
concise and used sparingly. Please include all safety procedures and use of hoods, etc 
 
Response: Following the editor’s suggestion, we have revised the manuscript and added the 
following safety procedures and use of hoods: 
 
In page 1 
“Note: Wear personal protective equipment (PPE) such as gloves and lab coat for every steps in 
this protocol.” 
 
In page 2 
“Note: Perform step 1.1 - 1.3 in a fume hood.” 
“Note: Wear face shield, gloves, and lab coat for step 1.1.” 
“Note: Do not use Piranha solution and acetone in the same fume hood due to explosion hazard.” 
 
In page 3 
“Note: Perform step 2.1.1 - 2.1.2 in a fume hood.” 
 
 
Comment 7: The Protocol should be made up almost entirely of discrete steps without large 
paragraphs of text between sections. Please simplify the Protocol so that individual steps contain 
only 2-3 actions per step 
 
Response: Based on the editor’s suggestion, individual steps were checked to contain only 2-3 
actions per step. 
 
 
Comment 8: Please convert centrifuge speeds to centrifugal force (x g) instead of revolutions per 
minute (rpm). 
 
Response: All unit of centrifuge speeds in our manuscript is centrifugal force. Revolutions per 
minutes (rpm) was used for spin coater speed only. 
Comment 9: Please ensure you answer the “how” question, i.e., how is the step performed? 
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Response: Based on the editor’s suggestion, we checked if the steps in our manuscript answer the 
“how” question. 
 
 
Comment 10: Please ensure that the highlight is 2.75 pages or less of the Protocol (including 
headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps 
that should be visualized to tell the most cohesive story of the Protocol. 
 
Response: Based on the editor’s suggestion, we highlighted essential parts (less than 2.75 pages) 
of the protocol. 
 
 
Comment 11: Please ensure that you discuss all figures in the Representative Results e.g., how do 
these results show the technique, suggestions about how to analyze the outcome, etc. However, for 
figures showing the experimental set-up, please reference them in the Protocol. 
 
Response: Based on the editor’s direction, we discussed all figures in the Representative Results 
section. 
 
 
Comment 12: Please obtain explicit copyright permission to reuse any figures from a previous 
publication. Explicit permission can be expressed in the form of a letter from the editor or a link 
to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file 
to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, 
i.e. “This figure has been modified from [citation].” 
 
Response: The figures in the manuscript are reproduced from our previous article published in 
Lab on a Chip (Lee, D. Erickson, A. You, T., Dudley, A. T. & Ryu, S. Pneumatic microfluidic cell 
compression device for high-throughput study of chondrocyte mechanobiology. Lab Chip. 18 (14), 
2077-2086, 2018). According to the policy of Lab on a Chip, the authors of the article do not need 
to obtain permission to reproduce figures if the author uses correct acknowledgement. The screen 
shots of the policy were attached on a separate word (.docx) document and uploaded to our 
Editorial Manager account. 
 
 
Comment 13: As we are a methods journal, please revise the Discussion to explicitly cover the 
following in detail in 3-6 paragraphs with citations: 
a) Critical steps within the protocol 
b) Any modifications and troubleshooting of the technique 
c) Any limitations of the technique 
d) The significance with respect to existing methods 
e) Any future applications of the technique 
 
Response: Following the editor’s suggestion, we revised Discussion section as shown below: 
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“To test the effects of compressive stress on growth plate chondrocytes, we developed the 
microfluidic chondrocyte compression device (Figure 1) to apply various levels of compressive 
stress to the chondrocytes in the alginate hydrogel scaffold for 3D culture in high throughput ways. 
To assist other researchers to adopt our device or to develop similar devices, we provided details 
of the device fabrication steps in this protocol article.  

The crucial steps in this protocol are 1) fabricating PDMS layer with pneumatic 
microchannels (Layer 1) without any air bubbles since air bubbles in Layer 1 may damage 
pneumatic microchannels while the backing transparency film is peeled off, 2) maintaining a 
constant temperature (e.g., 80°C) for curing PDMS balloons (Layer 2) because the elasticity of 
PDMS is known to depend on the curing temperature36, 3) aligning the alginate gel constructs with 
the PDMS balloons, and 4) using fresh  amino-silanized glass plate (Glass plate 2) for bonding the 
alginate gel columns on Glass plate 2 within two days after the salinization treatment.  
 The major limitation of this protocol is that it is relatively labor intensive to fabricate the 
device because the process involves photolithography and multiple steps of soft lithography. 
Additionally, the performance of microfluidic cell compression devices fabricated based on our 
protocol needs to be evaluated whenever different types of hydrogels and cells are used. This is 
because any differences in mechanical properties of hydrogels and cells will affect device 
performance. 
 Although our microfluidic cell compression device is for applying dynamic compression 
to chondrocytes, its performance was evaluated by imaging statically compressed alginate gels and 
cells. This is because it was hard to image gels and cells under dynamic compression with the 
conventional confocal microscopy. We compared static (14 kPa, 1 h) and dynamic compression 
(14 kPa, 1 Hz, 1 h) in terms of the permanent deformation of alginate gel, and found that the 
permanent deformation of the gel under the dynamic compression was negligible compared to the 
static compression (see Supplementary Figure S3).  

One advantage of our method is that it can be used for other cell types which need 3D 
culture environment. The resultant compression of the device can be modulated depending on 
applications by changing the diameter and thickness of the PDMS balloons and/or the pressure in 
the balloon. It is also possible to modify the elasticity of the PDMS balloon by adjusting the mixing 
ratio between the prepolymer and the curing agent. Cells in this device can be imaged in real time 
using light/fluorescence microscopy, and the device can be rapidly disassembled for cell harvest 
to enable downstream analysis. Another advantage is the ability to generate five distinct 
mechanical stress levels with five technical replicates per each stress level using a single device. 
Combining replication and a “dose-response” analysis ensures a high degree of rigor and 
reproducibility in the results.” 
 
 
Comment 14: Please expand the journal title in the reference section. 
 
Response: Based on the editor’s direction, we replaced the abbreviation of journal title with full 
journal title in the reference section. 
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Response to Reviewer #1’s comments 
 
The manuscript by Lee et al. describes a microfluidic platform for compression of chondrocytes, 
that follows the Lab on a Chip article from the authors. There is significant interest in the 
mechanobiology community for microengineered tools for mechanically stimulating cells, so this 
is a timely contribution. While the topic is of interest, I find the introduction and discussion can be 
further developed. Even though this is aimed at a methodology-focused audience, the current 
presentation of the introduction and discuss do not meet the instructions provided by JoVE. Some 
clarifications are also needed in the protocol section. 
 
Comment 1: Introduction. The introduction is rather brief and the authors lump a large number 
of references together without differentiating them. The authors mentioned this is modified from 
the work of Moraes et al., but without describing the actual device. Given the scope is to 
developed a microfluidic platform, I don't find enough introduction on what the device working 
principle is in the introduction. This would be true even for an expert in the field, let alone 
someone who might be new to the topic. It launches right away to fabrication with a series of 
steps that would make little sense if the reader does not have a big picture view of device. I 
suggest that the authors might want to move part of Figure 2 and use it as Figure 1 in the 
introduction. There should be a figure that describe the overall design of the device. The authors 
should consider describing the rationale behind the development/use of this method, and improve 
on the description of the context of the method with respect to other approaches. A quick google 
search on microfluidic compression shows two relevant papers (PMIDs: 30386779 and 
21975691), but there may be more with similar working principle. There are also many 
constriction channel-based devices that many groups have worked on for compression, but the 
cells are traveling through the channels which may be less relevant here. 
 
Response: Following the reviewer’s advice, we revised Introduction section as shown below: 
 
“Micro-engineered platforms are valuable tools for studying the molecular, cellular, and tissue 
level biology because they enable dynamic control of both the physical and chemical 
microenvironments1-8. Thus, multiple hypotheses can be simultaneously tested in a tightly 
controlled manner. In the case of growth plate cartilage, there is increasing evidence of an 
important role of compressive stress in modulating bone growth through action on the growth plate 
cartilage9-25. However, the mechanism of action of compressive stress – in particular, how stress 
guides formation of chondrocyte columns in the growth plate – is poorly understood. 
 The goal of this protocol is to create a pneumatically actuating microfluidic chondrocyte 
compression device26 to elucidate mechanisms of mechanobiology in growth plate chondrocytes 
(Figure 1 (a-c)). The device consists of two parts: the pneumatic actuation unit and the alginate gel 
construct. The microfluidic pneumatic actuation unit is fabricated using polydimethylsiloxane 
(PDMS) based on photo- and soft-lithography. This unit contains a 5 x 5 array of thin PDMS 
membrane balloons which can inflated differently based on their diameters. The alginate gel 
construct consists of the chondrocytes embedded in a 5 × 5 array of alginate gel cylinders, and the 
entire alginate-chondrocyte constructs are assembled with the actuation unit. The alginate gel 
constructs are compressed by the pneumatically inflated PDMS balloons (Fig. 1(b)). The 
microfluidic device can generate five different levels of compressive stress simultaneously in a 
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single platform based on differences in the PDMS balloon diameter. Thus, a high-throughput test 
of chondrocyte mechanobiology under multiple compression conditions is possible.  

The microfluidic device described in this protocol has many advantages over the 
conventional compression device such as external fixators14,21,23 and macroscopic compression 
devices16,19,27,28  for studying chondrocyte mechanobiology: 1) The microfluidic device is cost 
effective because it consumes smaller volume of samples than the macroscopic compression 
device, 2) The microfluidic device is time effective because it can test multiple compression 
conditions simultaneously, 3) The microfluidic device can combine mechanical and chemical 
stimuli by forming a concentration gradient of chemicals based on the limited mixing in 
microchannels, and 4) Various microscopy techniques (time-lapse microscopy and fluorescence 
confocal microscopy) can be applied with the microfluidic device made of transparent PDMS.  
We adopted and modified the method of Moraes et al.7,29 to create different compressive stress 
levels in a single device to enable high-throughput mechanobiology studies of chondrocyte 
compression. Our approach is appropriate for cells (e.g., chondrocytes) which need three-
dimensional (3D) culture environment and for biological assays after compressing cells. Although 
some microfluidic cell compression devices can compress cells cultured on two-dimensional (2D) 
substrates30-32, they cannot be used for chondrocytes because 2D cultured chondrocytes 
dedifferentiate. There are microfluidic platforms for compressing 3D cultured cells in 
photopolymerized hydrogels7,33, but they are limited in isolating cells after compression 
experiments because isolating cells from photopolymerized hydrogel is not easy. Additionally, the 
effects of ultraviolet (UV) exposure and photo crosslinking initiators on cells may need to be 
evaluated. In contrast, our method allows rapid isolation of cells after compression experiments 
for post biological assays because alginate hydrogels can be depolymerized quickly by calcium 
chelators. The detailed device fabrication and characterization methods are described in this 
protocol.” 
 
 
Comment 2: Discussion. The discussion is also under developed. It should not be focused on 
discussing the experimental result, but rather describing what are the critical steps in the protocols. 
Are there steps that are particular tricky or require more attention? It should also be used to point 
out the significance of the method with respect to alternative methods (such as the two mentioned 
above). I like the high throughput nature and that it spans a range of strains. The authors say 
'dynamic' compression several places (including the title). To me, this implies cyclic loading, but 
I did not see description of this. Putting (or statically) may cause confusion as well. Finally, the 
authors should point out any limitations to the approach. 
 
Response: Based on the reviewer’s comments, we revised Discussion section as shown below: 
 
“To test the effects of compressive stress on growth plate chondrocytes, we developed the 
microfluidic chondrocyte compression device (Figure 1) to apply various levels of compressive 
stress to the chondrocytes in the alginate hydrogel scaffold for 3D culture in high throughput ways. 
To assist other researchers to adopt our device or to develop similar devices, we provided details 
of the device fabrication steps in this protocol article.  

The crucial steps in this protocol are 1) fabricating PDMS layer with pneumatic 
microchannels (Layer 1) without any air bubbles since air bubbles in Layer 1 may damage 
pneumatic microchannels while the backing transparency film is peeled off, 2) maintaining a 
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constant temperature (e.g., 80°C) for curing PDMS balloons (Layer 2) because the elasticity of 
PDMS is known to depend on the curing temperature36, 3) aligning the alginate gel constructs with 
the PDMS balloons, and 4) using fresh  amino-silanized glass plate (Glass plate 2) for bonding the 
alginate gel columns on Glass plate 2 within two days after the salinization treatment.  
 The major limitation of this protocol is that it is relatively labor intensive to fabricate the 
device because the process involves photolithography and multiple steps of soft lithography. 
Additionally, the performance of microfluidic cell compression devices fabricated based on our 
protocol needs to be evaluated whenever different types of hydrogels and cells are used. This is 
because any differences in mechanical properties of hydrogels and cells will affect device 
performance. 
 Although our microfluidic cell compression device is for applying dynamic compression 
to chondrocytes, its performance was evaluated by imaging statically compressed alginate gels and 
cells. This is because it was hard to image gels and cells under dynamic compression with the 
conventional confocal microscopy. We compared static (14 kPa, 1 h) and dynamic compression 
(14 kPa, 1 Hz, 1 h) in terms of the permanent deformation of alginate gel, and found that the 
permanent deformation of the gel under the dynamic compression was negligible compared to the 
static compression (see Supplementary Figure S3).  
One advantage of our method is that it can be used for other cell types which need 3D culture 
environment. The resultant compression of the device can be modulated depending on applications 
by changing the diameter and thickness of the PDMS balloons and/or the pressure in the balloon. 
It is also possible to modify the elasticity of the PDMS balloon by adjusting the mixing ratio 
between the prepolymer and the curing agent. Cells in this device can be imaged in real time using 
light/fluorescence microscopy, and the device can be rapidly disassembled for cell harvest to 
enable downstream analysis. Another advantage is the ability to generate five distinct mechanical 
stress levels with five technical replicates per each stress level using a single device. Combining 
replication and a “dose-response” analysis ensures a high degree of rigor and reproducibility in the 
results.” 
 
 
Comment 3: Minor Concerns. Protocol: The protocol is generally thorough, but I have a few 
suggestions and places for clarification. 
 
Comment 3-1: 1. photomask design could be uploaded as supplemental file, if it is not already 
made available. 
 
Response: We have included our photomask design as a supplementary figure 1 as shown below: 
 
“1.3.4 Place a high-resolution microchannel photomask (25,400 dpi, see Supplementary Figure 1) 
…” 
 
 
Comment 3-2: 1.1.1. Please include total volume used. 
 
Response: Following the reviewer’s suggestion, we include total volume of Piranha solution. 
In page 2 
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“1.1.1 Make Piranha solution (60 ml) by mixing sulfuric acid (H2SO4) and hydrogen peroxide 
(H2O2) with 3:1 volume ratio.” 
 
 
Comment 3-3: 1.2.4. It might be helpful to include the power of the UV lamp and the distance it 
is placed by the sample 
 
Response: Following the reviewer’s suggestion, we included the UV light exposure system 
information. In page 2 
 
“1.2.4 Expose the SU-8 5 coated glass plate to UV light (60 mW/cm2, distance between UV lamp 
and photomask is 20 cm, total amount of UV light energy = 60 mJ/cm2) for 1 second. The UV 
exposure time should be adjusted according to the power of a used UV light.” 
 
 
Comment 3-4: 2.1.9. Can the authors indicate the plasma etcher model used? 
 
Response: Based on JoVE editor’s directions, we moved all the product information to a separate 
material list file.  
 
 
Comment 3-5: 3. It stated that the protocol for machining of the aluminum mold is not included. 
The authors should at least describe the geometry and the feature of the mold. 
 
Response: Following the reviewer’s suggestion, we included the design of the aluminium mold 
as a supplementary figure as shown below: 
 
“3.2.3 Pour the boiled agarose gel solution onto an aluminum mold (see Supplementary Figure 
S2), and sandwich it with a glass plate.” 
 
 
Comment 3-6: 3.3.8. Can the authors describe the desirable cell density? 
 
Response: We’ve already suggested a working cell number density value as shown in our response 
to the following comment. 
 
 
Comment 3-7: 3.4.2. This step doesn't make sense to me. Do you mean 8 x10^6 particles/ml of 
chondrocytes? 
 
Response: To prevent confusions, we revised step 3.4.2 as shown below: 
 
“3.4.2 Add 8×106 chondrocytes into the 1 ml of alginate gel solution [or Add 3 µl of 1 µm-diameter 
fluorescent beads (542/612 nm) in 1 ml of alginate gel solution (0.3% (v/v))].” 
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Comment 3-8: 3.4.3. Where does this amino-silanized glass plate come from? I suppose this is 
from step 1.6. If so, please make it explicit. 
 
Response: Following the reviewer’s suggestion, we revised a sentence as shown below: 
 
“3.4.3 Place 150 µl of the alginate-chondrocyte (or bead) solution on the amino-silanized glass 
plate fabricated in Step 3.1.” 
 
 
Comment 3-9: 5.4 and 5.5. These two steps are quite vague. Maybe the two steps can be combined 
somehow and example square wave parameters can be provided (this is where I thought the authors 
are doing cyclic loading, but I don't see it from the representative results). 
 
Response: Following the reviewer’s comments, we added detailed explanation why we used static 
compression to characterize the device. Based on editor’s direction, we added example square 
wave parameter in step 5.4. 
 
In page 5 
“5.4 Manipulate the solenoid valve with a square wave (e.g., 1 Hz) generated by the function 
generator.” 
 
In page 6 
“This article shows detailed steps of the microfluidic chondrocyte compression device fabrication 
(Figure 2). The device contains a 5 × 5 arrays of cylindrical alginate-chondrocyte constructs, and 
these constructs can be compressed with five different magnitudes of compression (Figure 1, 3 and 
4). The height of the pneumatic microchannel is around 90 µm, and the PDMS balloon diameters 
are 1.2, 1.4, 1.6, 1.8 and 2.0 mm, respectively. The performance of the device was quantified with 
confocal microscopy with static compression conditions and image processing. Static compression 
was employed for the microscopic imaging because the z-stack imaging with the confocal 
microscopy takes a few minutes, so it is too slow for quantitative imaging during the dynamic 
compression.” 
 
 
Comment 3-10: Abstract: line 45: microscope instead of microscopy 
 
Response: Following the reviewer’s advice, we revised the sentence as shown below. 
 
In the abstract 
“……..2) It is easy to visualize cell morphology via a conventional light microscope,……” 
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Response to Reviewer #2’s comments 
 
In this paper, authors observed the change of cell with fluorescent according to the compressed 
pressures and pressure areas through a microfluidic chip. The chondrocytes in the chip was given 
the compressive stress to observe whether compressive stress could affect the cell growth. The 
protocol of this study is from Lab on a chip paper (Lee, D. Erickson, A. You, T., Dudley, AT & 
Ryu, S. Pneumatic microfluidic cell compression device for high-throughput study of chondrocyte 
mechanobiology. Lab Chip. 18 (14), 20177-2086, 2018). 
 
Comment 1: There is no explanation of channel design(length/width/height) and PDMS balloon 
diameter to have 5 different compressive stresses. I recommend to add this information in protocol. 
 
Response: Following the reviewer’s advice, we added detailed channel dimensions in the 
supplementary information, and revised representative result section as shown below: 
 
In page 6 
“………….The height of pneumatic channels is around 90 µm and the PDMS balloon diameters 
are 1.2, 1.4, 1.6, 1.8 and 2.0 mm, respectively…………...”  
 
 
Comment 2: At line 94&109 : please provide the total amount of the UV light energy for curing 
photoresist especially for SU-8 5 and SU-8 100 
 
Response: Following the reviewer’s suggestion, we revised manuscript as shown below: 
 
In page 2 
“1.2.4 Expose the SU-8 5 coated glass plate to UV light (60 mW/cm2, distance between UV lamp 
and photomask is 20 cm, total amount of UV light energy = 60 mJ/cm2) for 1 second. The UV 
exposure time should be adjusted according to the power of a used UV light.” 
 
“1.3.4 Place a microchannel photomask (25,400 dpi) on the SU-8 100 coated glass plate and expose 
the photomask covered glass plate to UV light for 4 seconds (total amount of UV light energy = 
240 mJ/cm2). The UV exposure time should be adjusted according to the power of a used UV 
light.” 
 
 
Comment 3: At line 140. The merchandise information of plasma cleaner is needed. 
 
Response: Based on JoVE editor’s directions, we moved all the product information to a separate 
material list file. 
 
 
Comment 4: At line 142. In figure 1(a) there is not "Glass plate 1". Please correct either figure or 
sentence. 
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Response: Although Glass plate 1 is mentioned in step 2.1.10 (formerly line 142), it is not needed 
in the procedure shown in Figure 2(a) [figure 1(a) in previous manuscript]. 
 
 
Comment 5: At line 149. It seems that the punching hole step of layer 2 is missing. 
 
Response: We agree with the reviewer’s point. We added a step as shown below: 
 
In page 4 
“2.3.5. Punch a hole on Layer 2 for the inlet.” 
 
 
Comment 6: At line 182. The microwave oven power & time OR the hot plate temperature & time 
are needed. 
 
Response: The power of our microwave is 1200 W, and we heated agarose gel powder in diH2O 
for 35 seconds. However, we did not provide the specific method for making agarose gel solution 
because the detailed method is already provided by each agarose gel powder manufacturer. Also, 
depending on the specific agarose gel products, the volume of agarose gel solution, and dimension 
of glass ware (in the case of hot plate), the heating time varies. Thus, heating time for melting 
agarose powder in diH2O needs to be determined by each lab empirically. 
 
 
Comment 7: The values of PDMS balloon diameter are needed. 
 
Response: Following the reviewer’s advice, we revised representative results section as shown 
below: 
 
In page 6 
“… the PDMS balloon diameters are 1.2, 1.4, 1.6, 1.8 and 2.0 mm, respectively…” 
 
 
Comment 8: The picture resolution should be improved. 
 
Response: Each figure as a vector file will be uploaded on JoVE to ensure high resolution images. 
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Response to Reviewer #3’s comments 
 
In this manuscript, the authors used a microfluidic platform to apply dynamic mechanical 
compressions with five different magnitudes for stimulating chondrocytes. Specifically, they well 
described the detailed methods of the fabrication and characterization for the presented device. I 
recommend this manuscript to be published in the journal after the following revision. 
 
Comment 1: As the authors mentioned in the paper, the device was fabricated and modified from 
the one of Moraes et al. and the authors published the similar work recently at the journal of Lab 
Chip in 2018. The authors are recommended to clearly highlight the novelty of this study in the 
manuscript. 
 
Response: We agree with the reviewer’s point. We revised introduction part of the manuscript to 
highlight the novelty of our manuscript as shown below: 
 
In page 1 
“Micro-engineered platforms are valuable tools for studying the molecular, cellular, and tissue 
level biology because they enable dynamic control of both the physical and chemical 
microenvironments1-8. Thus, multiple hypotheses can be simultaneously tested in a tightly 
controlled manner. In the case of growth plate cartilage, there is increasing evidence of an 
important role of compressive stress in modulating bone growth through action on the growth plate 
cartilage9-25. However, the mechanism of action of compressive stress – in particular, how stress 
guides formation of chondrocyte columns in the growth plate – is poorly understood. 
 The goal of this protocol is to create a pneumatically actuating microfluidic chondrocyte 
compression device26 to elucidate mechanisms of mechanobiology in growth plate chondrocytes 
(Figure 1 (a-c)). The device consists of two parts: the pneumatic actuation unit and the alginate gel 
construct. The microfluidic pneumatic actuation unit is fabricated using polydimethylsiloxane 
(PDMS) based on photo- and soft-lithography. This unit contains a 5 x 5 array of thin PDMS 
membrane balloons which can inflated differently based on their diameters. The alginate gel 
construct consists of the chondrocytes embedded in a 5 × 5 array of alginate gel cylinders, and the 
entire alginate-chondrocyte constructs are assembled with the actuation unit. The alginate gel 
constructs are compressed by the pneumatically inflated PDMS balloons (Fig. 1(b)). The 
microfluidic device can generate five different levels of compressive stress simultaneously in a 
single platform based on differences in the PDMS balloon diameter. Thus, a high-throughput test 
of chondrocyte mechanobiology under multiple compression conditions is possible.  

The microfluidic device described in this protocol has many advantages over the 
conventional compression device such as external fixators14,21,23 and macroscopic compression 
devices16,19,27,28  for studying chondrocyte mechanobiology: 1) The microfluidic device is cost 
effective because it consumes smaller volume of samples than the macroscopic compression 
device, 2) The microfluidic device is time effective because it can test multiple compression 
conditions simultaneously, 3) The microfluidic device can combine mechanical and chemical 
stimuli by forming a concentration gradient of chemicals based on the limited mixing in 
microchannels, and 4) Various microscopy techniques (time-lapse microscopy and fluorescence 
confocal microscopy) can be applied with the microfluidic device made of transparent PDMS.  
We adopted and modified the method of Moraes et al.7,29 to create different compressive stress 
levels in a single device to enable high-throughput mechanobiology studies of chondrocyte 



14 
 

compression. Our approach is appropriate for cells (e.g., chondrocytes) which need three-
dimensional (3D) culture environment and for biological assays after compressing cells. Although 
some microfluidic cell compression devices can compress cells cultured on two-dimensional (2D) 
substrates30-32, they cannot be used for chondrocytes because 2D cultured chondrocytes 
dedifferentiate. There are microfluidic platforms for compressing 3D cultured cells in 
photopolymerized hydrogels7,33, but they are limited in isolating cells after compression 
experiments because isolating cells from photopolymerized hydrogel is not easy. Additionally, the 
effects of ultraviolet (UV) exposure and photo crosslinking initiators on cells may need to be 
evaluated. In contrast, our method allows rapid isolation of cells after compression experiments 
for post biological assays because alginate hydrogels can be depolymerized quickly by calcium 
chelators. The detailed device fabrication and characterization methods are described in this 
protocol.” 
 
 
Comment 2: Alginate hydrogels crosslinked with Ca ions are known to have viscoelastic 
properties. However, to be used in the device under dynamic compressions, gels should be more 
elastic so that the alginate-based constructs encapsulating cells may need to be examined whether 
these gels could be fully recovered under applied strains. The authors are recommended to provide 
any evidence to show the gels used in the study could be fully recovered under cyclic compression 
or describe any insight regarding this point in the manuscript. 
 
Response: Following the reviewer’s comments, we included the following graph, which is from 
our previous article published in Lab on a Chip (Lee, D. Erickson, A. You, T., Dudley, A. T. & 
Ryu, S. Pneumatic microfluidic cell compression device for high-throughput study of chondrocyte 
mechanobiology. Lab Chip. 18 (14), 2077-2086, 2018), as a supplementary figure. As shown in 
the figure, the cyclic compression (1 Hz, 1 hour) produced 0.5-6% permanent deformation of 
alginate gel while static compression (1 hour) resulted in 9-30% permanent deformation. Thus, the 
permanent alginate gel deformation seems negligible under dynamic compression. 
 

 
Figure S3. Permanent deformation of the alginate gel (1.5%, w/v) under 1 hour-long dynamic (1 
Hz) and static compression. Reproduced from [26] with permission. 


