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Dear Editor,  

 

Re: Submission of manuscript to Journal of Visualized Experiments 

 

We wish to submit the manuscript titled ‘Construction of an in vitro model of human 

cutaneous hypertrophic scar using macromolecular crowding’ for publication as an 

original article in JoVE. 

 

Pathological scarring is a highly prevalent condition in clinic following burns and 

trauma. Although the exact mechanisms of pathological (hypertrophic scars and 

keloids) scar formation are not fully understood, excessive deposition of collagen 

during wound healing has been demonstrated to be an essential contributor. The lack 

of suitable in vitro and in vivo models, in particular, is a major barrier towards 

developing and evaluating interventions and therapies for scar remediation.  

 

It has been found that in vivo tissues are highly crowded by proteins, nucleic acids, 

ribonucleoproteins, polysaccharides etc. Macromolecular crowding (MMC) technique 

is used to mimic this physiological crowding condition by adding extra polymers 

(crowders) to cell cultures in vitro. Previous studies have demonstrated that the 

expression of collagen I and fibronectin in WI38 and WS-1 cell lines are significantly 

enhanced in MMC model using Ficoll or dextran as crowders, however the MMC 

technique has not been validated in primary hypertrophic scar-derived human skin 

fibroblasts (HSF).  

 

As hypertrophic scarring arises from the excessive deposition of collagen, we 

therefore aimed to construct a collagen-rich in vitro hypertrophic scar model via 

applying the MMC technique in HSF. The optimized MMC model has been 

demonstrated to possess more similarities with in vivo scar tissues compared to the 2-

dimensional (2-D) cell culture system. In addition, it is cost-effective and time-

efficient compared to animal models. The optimized model reported in this study 

offers an advanced “in vivo-like” model for hypertrophic scar related studies. 

 

I can confirm that all authors are content with and have agreed to submission of this 

manuscript to JoVE. 

 

 

Best wishes, 

 

Fan Chen 

 

Research Fellow 

Skin Research Institute of Singapore 

Agency for Science, Technology and Research (A*STAR) 

Chen.fan@sris.a-star.edu.sg 
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SUMMARY:  30 
This protocol describes the use of macromolecular crowding to create an in vitro human 31 
hypertrophic scar tissue model that resembles in vivo conditions. When cultivated in a crowded 32 
macromolecular environment, human skin fibroblasts exhibit phenotypes, biochemistry, 33 
physiology, and functional characteristics resembling scar tissue. 34 
 35 
ABSTRACT: 36 
It has been shown that in vivo tissues are highly crowded by proteins, nucleic acids, 37 
ribonucleoproteins, polysaccharides, etc. The following protocol applies a macromolecular 38 
crowding (MMC) technique to mimic this physiological crowding through the addition of 39 
neutral polymers (crowders) to cell cultures in vitro. Previous studies using Ficoll or dextran as 40 
crowders demonstrate that the expression of collagen I and fibronectin in WI38 and WS-1 cell 41 
lines are significantly enhanced using the MMC technique. However, this technique has not 42 
been validated in primary hypertrophic scar-derived human skin fibroblasts (hHSFs). As 43 
hypertrophic scarring arises from the excessive deposition of collagen, this protocol aims to 44 
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construct a collagen-rich in vitro hypertrophic scar model by applying the MMC technique with 45 
hHSFs. This optimized MMC model has been shown to possess more similarities with in vivo 46 
scar tissue compared to traditional 2-dimensional (2-D) cell culture systems. In addition, it is 47 
cost-effective, time-efficient, and ethically desirable compared to animal models. Therefore, 48 
the optimized model reported here offers an advanced “in vivo-like” model for hypertrophic 49 
scar-related studies. 50 
 51 
INTRODUCTION:  52 
 53 
Scar tissue represents the endpoint of tissue repair. However, in many individuals, especially 54 
those suffering from burns or trauma1, scarring can be excessive and impose undesirable 55 
effects on the morphology and functioning of healed skin. Although the exact mechanisms of 56 
pathological (hypertrophic scars and keloids) scar formation are not fully understood, excessive 57 
deposition of collagen during wound healing has been demonstrated to be an essential 58 
contribution2.  59 
 60 
It is well-established that transforming growth factor beta 1 (TGF-β1) and alpha smooth muscle 61 
actin (αSMA) play key roles in the formation of hypertrophic scars. Evidence suggests that 62 
elevated TGF-β1 directly stimulates excessive deposition of collagen via regulating the SMAD 63 
signaling pathway3. In addition, αSMA has been found to contribute to hypertrophic scar 64 
formation by regulating cell contraction and reepithelialization in the wound healing process4. 65 
The lack of suitable in vitro and in vivo models is a major impediment towards developing and 66 
evaluating interventions and therapies for scar remediation. The aim of this study is to utilize 67 
the existing MMC technique to construct an “in vivo-like” hypertrophic scar model that is 68 
suitable for evaluating novel and emerging scar-related interventions. 69 
 70 
Reproducing living tissue outside of the body has been a goal for years in the scientific 71 
community. The development of in vitro techniques in the early twentieth century partly 72 
achieved this goal. Current in vitro techniques have slightly evolved from Roux's original 73 
demonstration that embryonic cells can survive ex vivo for several days in warm saline5. 74 
However, in vitro methodologies are mostly limited to single cell types cultivated in 2-D and do 75 
not accurately recapitulate tissues in vivo. While useful for examining cell biochemistry, 76 
physiology, and genetics, native tissues are 3-D and incorporate multiple cell types. Simple 2-D 77 
in vitro systems subject mammalian cells to highly artificial environments in which native tissue-78 
specific architecture is lost6. In turn, this affects intracellular and extracellular events, resulting 79 
in abnormal cell morphology, physiology, and behaviour7.  80 
 81 
The interest behind this protocol lies in the development and clinical management of 82 
hypertrophic scars and keloids. While it is well-established that dermal fibroblasts are largely 83 
responsible for the abundant production of collagens present in scar tissue, cultivating dermal 84 
fibroblasts using 2-D in vitro systems fails to reproduce the turnover of collagen observed in 85 
vivo8. Contemporary in vitro methods still essentially use “warm saline”, an environment 86 
completely different from that in living tissues. Tissues in vivo are extremely crowded, with 87 
proteins, nucleic acids, ribonucleoproteins, and polysaccharides, occupying 5%–40% of the total 88 



   

volume. As no two molecules can occupy the same space at the same time, there is little free 89 
space available and an almost complete absence of free water9.  90 
 91 
The MMC technique imposes constraints affecting the thermodynamic properties of cytosol 92 
and interstitial fluids. Molecular interactions, receptor-ligand signaling complexes, enzymes, 93 
and organelles are confined and restricted from interacting freely9. Interactions within the 94 
pericellular environment (i.e., interstitium) are also constrained. Recent evidence confirms that 95 
high concentrations of inert macromolecules in crowded solutions perturb diffusion, physical 96 
association, viscosity and hydrodynamic properties10.  97 
 98 
Interestingly, several popular crowding agents (i.e., Ficoll, dextran, polyvinylpyrrolidone [PVP], 99 
and sodium 4-styrenesulfonate [PSS]) are not equivalent when applied to different cell types 100 
and in different settings. In one previous study, Ficoll was reported to be less cytotoxic for 101 
mesenchymal stem cells compared to PVP. These results were interpreted to be the 102 
consequence of its neutral charge and relatively small hydrodynamic radius11. In contrast, a 103 
second study found that dextran is more effective in stimulating collagen I deposition by human 104 
lung fibroblasts compared to Ficoll12. Data from our own study suggests that Ficoll enhances 105 
collagen deposition by hypertrophic scar-derived fibroblasts, whereas PVP is toxic to these 106 
cells13. 107 
 108 
It has been demonstrated that the conversion of procollagen to collagen is faster in a highly 109 
crowded in vivo environment14, while the rate of biological reactions is delayed in a diluted 2-D 110 
culture system15. We have optimized the in vitro protocol here, incorporating MMC to show the 111 
cultivation of dermal fibroblasts serving as a more “in vivo-like” model for dermal fibrosis and 112 
scar formation. In contrast to the common 2-D culture system, cultivating hHSFs with MMC 113 
stimulates the biosynthesis and deposition of collagen significantly13. Notably, other 114 
characteristics of fibrosis (i.e., increased expression of matrix metalloproteinases [MMPs] and 115 
proinflammatory cytokines) are also evident under this optimized MMC protocol13. When 116 
cultivated using this method, it is shown that dermal cells recapitulate the physiological, 117 
biochemical, and functional parameters measured in vivo.  118 
 119 
The optimized MMC in vitro protocol has been used to evaluate the expression of collagen and 120 
other ECM proteins by dermal fibroblasts isolated from hypertrophic scar dermis and 121 
uninvolved adjacent dermis. When cultivated in MMC environments in vitro, it has been 122 
observed that hHSFs express certain characteristics (i.e., mRNA, biochemistry, physiology, and 123 
phenotype) similar to dermal hypertrophic scar tissue in vivo. The evidence indicates that 124 
physical and chemical properties are important considerations when selecting crowders and 125 
optimizing MMC conditions for cultivation in vitro. 126 
 127 
For proof-of-principle, the MMC protocol is applied here to qualitatively and quantitatively 128 
evaluate the ability of Shikonin and its analogues to induce apoptosis. This allows evaluation of 129 
the potential applications of these naturally-derived Traditional Chinese Medicine (TCM) 130 
compounds for managing dermal scarring13. Notwithstanding, the simplicity, cost-effectiveness, 131 
and timeliness of this in vitro MMC protocol also satisfies recent regulations to eliminate 132 



   

experimentation in mammals by the EU Directive 2010/63/EU and U.S. Environmental 133 
Protection Agency (EPA). 134 
 135 
PROTOCOL:  136 
 137 
1. Cell culture  138 
 139 
1.1. Maintain hHSFs and normal dermal fibroblasts derived from non-pathological tissue 140 
(hNSFs) in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS) 141 
and 1% v/v penicillin/streptomycin solution (P/S) at 37°C in an incubator with 5% CO2/95% air. 142 
 143 
1.2. Purchase Ficoll 70, Ficoll 400, and ascorbic acid from the appropriate companies. 144 
 145 
2. Construction of MMC hypertrophic scar model 146 
 147 
2.1. Seed the hHSFs or hNSFs (50,000/well) into a 24 well plate containing 1 mL of media in 148 
each well. 149 
 150 
2.2. Place in a 37°C incubator at 5% CO2 and leave overnight. 151 
 152 
2.3. Prepare the MMC media. Based on the total volume required for the experiment, produce 153 
10% FCS/DMEM media by mixing Ficoll 70 (18.75 mg/mL), Ficoll 400 (12.5 mg/mL), and ascorbic 154 
acid (100 μM). 155 
 156 
2.4. Place the mixture into a 37°C water bath for 1 h to disperse the crowders into the solution, 157 
then sterilize the MMC media using a 0.2 μm filter. 158 
 159 
2.5. Aspirate the spent media and replace with the freshly made MMC media. 160 
 161 
2.6. Incubate the cells for 6 days at 37°C and 5% CO2, changing the media every 3 days. 162 
 163 
3. Expression of the total amount of collagen 164 
 165 
3.1. Prepare Sirius red solution (0.1% w/v). Dissolve 0.2 g of Direct Red 80 powder in 200 mL of 166 
distilled deionized water (ddH2O) with 1 mL of acetic acid. 167 
 168 
3.2. Aspirate the MMC media and add 300 μL of Sirius Red solution into each well. Incubate at 169 
37 °C for 90 min. 170 
 171 
3.3. Gently rinse the Sirius Red solution with tap water and allow the plate to air-dry overnight. 172 
 173 
3.4. Extract the Sirius Red stain by adding 200 μL of sodium hydroxide (0.1 M) into each well. 174 
Place the plate onto an orbital shaker for 5–10 min to fully extract the Sirius Red stain. 175 
 176 



   

3.5. Transfer 100 μL of the extracted Sirius Red stain into a 96 well transparent plate and 177 
measure the absorbance at 620 nm using a microplate reader. 178 
 179 
4. Expression of collagen I (immunostaining) 180 
 181 
4.1. Wash the wells using 200 μL of phosphate-buffered saline (PBS, pH = 7.35). 182 
 183 
4.2. Fix the cells using methanol (500 μL/well) at 4 °C for 10 min. 184 
 185 
4.3. Block nonspecific interactions with 3% bovine serum albumin for 30 min at room 186 
temperature (RT). 187 
 188 
4.4. Aspirate the blocking solution and incubate with 200 μL of anti-collagen I antibody (10 189 
μg/mL) for 90 min at RT. 190 
 191 
4.5. Aspirate the primary antibody and wash 3x with PBS for 5 min each. 192 
 193 
4.6. Incubate with 200 μL of Goat anti-Rabbit-FITC secondary antibody (1:400 dilution) and 4’,6-194 
diamidino-2-phenylindole (DAPI; 1: 2000 dilution) for 30 min at RT. Cover the plate with 195 
aluminum foil. 196 
 197 
4.7. Discard both the secondary antibody and DAPI and wash 3x with PBS for 5 min each. 198 
 199 
4.8. Visualize the fluorescence staining directly under a microscope.  200 
 201 
5. Western blotting 202 
 203 
5.1. Wash the cells 2x with PBS. 204 
 205 
5.2. Add 40 μL of lysis buffer into each well and scrape the cell layer with a pipette tip. The lysis 206 
buffer contains RIPA buffer, protease inhibitor cocktail (PIC), 2 mM sodium vanadate, and 10 207 
mM sodium fluoride. 208 
 209 
5.3. Transfer the protein lysate into microcentrifuge tubes and measure the protein 210 
concentration using a protein assay as per the manufacturer's instructions16. 211 
 212 
5.4. Load 10 μg of protein of each group into the wells of 4%–12% Bis-Tris protein gels. Perform 213 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at 200 V for 90 min. 214 
 215 
5.5. Transfer the protein to nitrocellulose membrane by running a western blot at 90 V for 90 216 
min. Avoid formation of air bubbles between the gel and nitrocellulose membrane. 217 
 218 
5.6. Block the membrane with 10 mL of blocking buffer. 219 
 220 



   

5.7. Incubate with primary antibodies at 4°C overnight. Primary antibodies are: anti-collagen I, 221 
anti-collagen III, anti-collagen IV, anti-αSMA, anti-MMP-1, anti-MMP-2, anti-MMP-9, anti-MMP-222 
13, and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 223 
 224 
5.8. Wash the membrane with 0.1% TBS-Tween 20 (5x for 5 min each). TBS/Tween 20 (1 L) 225 
contains the following: 50 mL of 1 M Tris (pH = 7.4), 30 mL of 5 M sodium chloride, 1 mL of 226 
Tween 20, and 920 mL of ddH2O. 227 
 228 
5.9. Incubate with a species appropriate secondary antibody at RT for 1 h. 229 
 230 
5.10. Repeat step 5.8 and visualize fluorescence using an imaging system. 231 
 232 
6. RT-PCR 233 
 234 
6.1. Collect the total RNA using the lysis buffer mixed with 2-mercaptoethanol included in the 235 
RNA extraction assay kit. 236 
 237 
6.2. Purify the RNA as per the manufacturer's instructions17. 238 
 239 
6.3. Measure the RNA concentration using a microvolume spectrophotometer. 240 
 241 
6.4. Perform first strand cDNA synthesis using a cDNA synthesis kit as per the manufacturer's 242 
instructions. 243 
 244 
6.5. RT-PCR oligonucleotide primers are provided (precoated) in custom 96 well plates. Mix 100 245 
ng of the cDNA samples with 10 μL of SYBR green supermix into the customized plate.  246 
 247 
6.6. Increase the total volume to 20 μL/well using ddH2O. 248 
 249 
6.7. Run RT-PCR using a thermal cycler following the manufacturer's instructions: 40 cycles of 250 
denaturing at 98°C for 15 s and annealing/extension at 60 °C for 60 s. The genes tested in RT-251 
PCR include: COL1A1, COL3A1, ACTA2, SMAD2, SMAD3, SMAD4, SMAD7, IL1A, IL1B, IL6, IL8, 252 
MMP1, MMP2, MMP3, TGFB1, and VEGF. 253 
 254 
REPRESENTATIVE RESULTS:  255 
 256 
Triplicate samples were performed in each experiment, and each experiment was repeated 3x 257 
using cells from three individual patients. Data are expressed as percentages of the control 258 
group. One-way ANOVA and Tukey's post-hoc test were applied to analyze statistical 259 
differences (*p ˂ 0.05). 260 
 261 
MMC using Ficoll at 9% FVO (fractional volume occupancy) enhances the total amount of 262 
collagen and collagen I deposition in hHSF13. As illustrated in Figure 1A, cell density of hHSFs 263 
significantly increased after culturing with Ficoll at 9% and 18% FVO compared to the control 264 



   

and MMC using PVP. Figure 1B,C indicates that Ficoll (at 9% FVO) significantly enhanced the 265 
deposition of collagen (including collagen I) compared to other MMC formulations. Quantitative 266 
analysis (Figure 1D,E) further demonstrated that Ficoll (at 9% FVO) most effectively improved 267 
the deposition of collagen. 268 
 269 
hHSFs and hNSFs cultivated in MMC environments were found to regulate the expression of 270 
ECM species in addition to collagen13. Data reported in Figure 2 indicates that when hHSFs and 271 
hNSFs were cultivated with MMC, the expression of collagen IV also increased significantly. 272 
Matrix metalloproteinases (MMPs) play an important role during wound healing and scar 273 
formation, regulating ECM assembly, and remodelling18. MMPs also contribute to cell 274 
proliferation, cell migration, angiogenesis and apoptosis19. Notably, an elevated expression of 275 
MMPs was found to accumulate in hypertrophic scar tissues compared to native tissues20. It 276 
was observed that the expression of MMP-2, -9, and -13 were significantly upregulated in both 277 
hNSF and hHSF cultures cultivated in MMC environments. 278 
 279 
We also probed for the synthesis of interleukin-6 (IL-6) and vascular endothelial growth factor 280 
(VEGF); however, these were undetectable in a western blot. In contrast, RT-PCR analysis 281 
(Figure 3) revealed that the expression of IL6 was significantly upregulated, while the 282 
expression of VEGF was downregulated in hNSFs and hHSFs cultivated in MMC conditions. An 283 
increased expression of IL-6 has been demonstrated to contribute to hypertrophic scar 284 
formation21. Paradoxically, it is also reported that the formation of hypertrophic scars is 285 
associated with an elevated expression of VEGF22. The RT-PCR analysis performed here 286 
indicated that the expression of VEGF was greatly attenuated in hNSFs and hHSFs cultivated 287 
under MMC conditions. 288 
 289 
Finally, the results demonstrated both 1) increased syntheses of collagens, collagen I, collagen 290 
IV, MMP-2, MMP-9, and MMP-13 de novo and 2) increased expression of IL6 mRNA in hHSFs 291 
and hNSFs. Taken together, these data indicate that cultivation of primary hHSFs and hNSFs in 292 
media formulations that include MMC results in retention of the characteristic gene expression, 293 
biochemistry, and phenotypes observed in native hypertrophic scar tissue in vivo, leading to a 294 
robust “scar-in-a-jar” model. 295 
 296 
FIGURE AND TABLE LEGENDS:  297 
 298 
Figure 1: MMC enhances the total amount of collagen and collagen I deposition in hHSFs. 299 
(A) Cell morphology, (B) total collagens, stained with Sirius Red, (C) collagen I expression, 300 
demonstrated by immunofluorescence, (D) quantitative analysis of total collagen, and (E) 301 
quantitative analysis of collagen I deposition. hHSFs were cultured in media supplemented with 302 
Ficoll (9% and 18% FVO), PVP40 (18% FVO), or PVP360 (54% and 72% FVO), for 6 days. 303 
Representative images were selected. Image quantitation was performed using ImageJ and is 304 
expressed as the average percentage of the control. All experiments were repeated 3x using 305 
cells isolated from three unrelated donors. Statistical analysis was performed using one-way 306 
ANOVA with Tukey's post-test (*p < 0.05 vs. control group, error bars indicate SEM). Scale bars 307 
= (A) 0.5 mm, (B) 2 mm, and (C) 0.5 mm. This figure has been modified from a previous study13. 308 



   

 309 
Figure 2: Effects of MMC on cell protein expression. hHSFs and hNSFs were cultured under 310 
MMC conditions for 6 days. Whole cell lysates were prepared with RIPA buffer containing 311 
protease inhibitor cocktail, sodium vanadate, and sodium fluoride. Protein concentration was 312 
measured using the protein assay. Representative images are presented. For quantitative 313 
analysis, the intensities of individual protein bands were measured with densitometry, 314 
normalized to GAPDH, and converted to percentage of the hNSF in normal medium using 315 
ImageJ software. All experiments were performed 3x using cells from three unrelated donors. 316 
Statistical analysis was performed using one-way ANOVA with Tukey's post-test (*p < 0.05, 317 
error bars indicate SEM). This figure has been modified from a previous study13. 318 
 319 
Figure 3: Effects of MMC on cell gene expression. hHSFs and hNSFs were cultivated under 320 
MMC conditions for 6 days. Total RNA was harvested using an assay kit, and first strand cDNA 321 
was synthesized using the cDNA synthesis kit. Target gene expression was normalized to 322 
GAPDH and converted to the percentage of the hNSF in normal medium. All experiments were 323 
repeated 3x using cells from three unrelated donors. Statistical analysis was performed using 324 
one-way ANOVA with Tukey's post-test (*p < 0.05, error bars indicate SEM). This figure has 325 
been modified from a previous study13. 326 
 327 
DISCUSSION: 328 
 329 
This protocol aims to optimize and authenticate an improved :scar-in-a-jar” in vitro model for 330 
human cutaneous scar tissue. Previous studies have reported the application of MMC 331 
technique to human lung fibroblasts12, human bone marrow mesenchymal stem cells23, and 332 
human dermal fibroblasts23 using dextran12, Ficoll12, and PVP23 as crowders. In the study 333 
reported here, the previously published protocol for hypertrophic scar-derived human skin 334 
fibroblasts was optimized with Ficoll or PVP as crowders.  335 
 336 
The selection and concentration of macromolecular crowders are critical parameters, as they 337 
do not yield equivalent results. A previous study has reported that PVP40 (18% FVO) and 338 
PVP360 (54% FVO) significantly enhance collagen deposition and cell proliferation in dermal 339 
fibroblasts23 (effects of PVP at FVOs >54% are untested). However, these two conditions do not 340 
work consistently for hHSFs using this protocol.  341 
 342 
As shown in Figure 1, Ficoll significantly enhances collagen I deposition compared to the 343 
control, while PVP has no significant effects. Ficoll at 9% FVO significantly increases total 344 
amount of collagen and collagen type I compared to Ficoll at 18% FVO. In addition, it is critical 345 
to use cells of a low passage, as primary dermal fibroblasts have a limited lifespan in culture24. It 346 
was chosen to use only freshly isolated hHSFs to retain the in vivo phenotype. After prolonged 347 
cultivation, primary hHSFs exhibit unusual morphology and atypical functional responses. It is 348 
also recommended that the MMC medium be supplemented with ascorbic acid, a key inducer 349 
of collagen synthesis in hHSF25. Furthermore, it is suggested by other researchers to use the 350 
same antibodies listed in the Table of Materials for hHSF-related studies; however, antibodies 351 
need to be validated if applying this protocol to other cell types. 352 



   

 353 
As reported in the representative results, the inclusion of macromolecular crowders was found 354 
to stimulate the expression of collagen (i.e., collagen I, collagen IV, MMPs, and IL6) in hHSFs 355 
when compared to hHSFs that were cultivated using classical non-MMC conditions. It is argued 356 
that the optimized MMC model retains aspects of hHSFs’ in vivo phenotype, recapitulating their 357 
characteristic morphology, biochemistry, physiology, and abundant extracellular matrix of 358 
cutaneous scar tissue in vivo (in contrast to existing 2-D culture approaches). We are not able to 359 
identify any similar in vitro model that is able to recapitulate similar “in vivo-like” properties. 360 
When compared to existing animal models, this MMC protocol is quicker as well as more user-361 
friendly, cost-effective, and time-efficient. Cuttle et al. established a porcine hypertrophic scar 362 
model using thermal injury, which appears to have similar characteristics to that of human 363 
hypertrophic scars26. However, in addition to the costs and time needed to maintain the 364 
animals, the experiment requires more than 3 months to complete26. This optimized MMC 365 
model requires about 1 week of preparation before ready for use. 366 
 367 
The protocol offers an advanced in vitro model for the examination of novel anti-scarring 368 
therapies. The MMC model has been used to evaluate Shikonin, a molecule previously reported 369 
to inhibit de novo formation of scars, for remediation of mature hypertrophic scars27,28. Similar 370 
evaluation of novel compounds and interventions using classical approaches to drug discovery 371 
and proof-of-concept would require considerable resources, funds, and time. This study 372 
required minimal finances and can be completed within several months. The protocol is flexible 373 
and readily adaptable for applications in the development and assessment of novel 374 
hypertrophic scar treatments prior to animal studies.  375 
 376 
In addition, this protocol can be further modified to develop more “in vivo-like” properties. For 377 
example, the presence of overabundant TGF-β1 is a consistent finding in hypertrophic scar 378 
tissues, mediating scar formation by stimulating collagen synthesis and deposition28. TGF-β1 379 
could be readily incorporated into the MMC protocol and further improve recapitulation of in 380 
vivo pathology. We have not yet explored the model’s full potential, which may be useful for 381 
other collagen- and ECM-related pathologies (i.e., scleroderma, pulmonary fibrosis, 382 
endomyocardial fibrosis, etc). Moreover, it would be interesting to observe the effects of MMC 383 
on cells over a longer culture period, such as 2 or 3 weeks. It is also worthwhile to further 384 
evaluate the effects of MMC on cell and ECM hierarchical architecture and alignment, 385 
particularly the orientation of collagen, as these characterizations are essential for in vivo scar 386 
tissue formation. 387 
 388 
One of the major limitations of this protocol is the restriction of cell types. Hypertrophic scar 389 
formation involves the participation of various cell populations, and the interactions between 390 
different cell types plays an essential role in scar formation. For example, keratinocytes also 391 
play an important role in cutaneous wound healing and scar formation29. Incorporating 392 
additional cell populations into this model will greatly improve its significance in future 393 
research.  394 
 395 
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Name of Material/ Equipment Company Catalog Number

0.2 μm filter Sartorius 16534

2-Mercaptoethanol Sigma-Aldrich M6250

4’,6-diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific P36962

Alexa Fluor 680 Thermo Fisher Scientific A-21076

Alexa Fluor 800 Thermo Fisher Scientific A-11371

alpha smooth muscle actin (αSMA) primary antibody Abcam ab5694

Applied Biosystems 7500 Fast Real-Time PCR System (thermal cycler ) Thermo Fisher Scientific 4351106

Ascorbic acid Wako #013-12061

Bovine serum albumin Sigma-Aldrich #A2153   

Bradford protein assay Bio-Rad 500-0006

Collagen I primary antibody (for immunostaining) Abcam 6308

Collagen I primary antibody (for western blot) Abcam ab21286

Collagen III primary antibody Abcam ab7778

Collagen IV primary antibody Abcam ab6586

Direct Red 80 Sigma-Aldrich 2610108

Dulbecco's Modified Eagle's Medium (DMEM) Life Technologies 11996-065

Fetal calf serum (FCS) Life Technologies 6000-044

Ficoll 400 GE HealthCare #17-0300-10

Ficoll 70 GE HealthCare #17-0310-10 

GAPDH primary antibody Sigma-Aldrich G8795

Goat Anti-Rabbit secondary antibody Abcam ab97050

Human hypertrophic scar/normal fibroblasts (hHSF/hNSF) Cell Research Corporation 106, 107, 108

iScript cDNA Synthesis Kit Bio-Rad #1708890

MMP-1 primary antibody Abcam ab38929

MMP-13 primary antibody Abcam ab39012

MMP-2 primary antibody Abcam ab37150

MMP-9 primary antibody Abcam ab38898

NanoDrop Microvolume Spectrophotometers Thermo Fisher Scientific N/A

Nitrocellulose membrane Bio-Rad 10484060

NuPAGE 4-12% Bis-Tris Protein Gels Thermo Fisher Scientific NP0321BOX

Odyssey blocking buffer LI-COR Biosciences 927–40000

Odyssey Fc Imaging System LI-COR Biosciences N/A
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Olympus IX-81 HCS microscope (for immunostaining) Olympus N/A

Penicillin/streptomycin solution (P/S) Life Technologies 15140-122

PrimePCR Assays Bio-Rad

Protease inhibitor cocktail (PIC) Sigma-Aldrich 11697498001

PVP 360 Sigma #PVP360

PVP 40 Sigma #PVP40

RIPA buffer Merck R0278

RNeasy Plus Mini Kit QIAGEN #74134

Sodium vanadate Sigma-Aldrich 450022

Sodium vanadate Sigma-Aldrich 450243

SpectraMax M5 Multi-Mode microplate reader Molecular Devices N/A

SsoAdvanced universal SYBR green supermix Bio-Rad #172-5270

Tween 20 Sigma-Aldrich P9416



Comments/Description



Customized primers pre-coated in 96-well plates based on requirement



Dear Editor, 

 

RE Manuscript: JoVE61037 

 

Title: Construction of an in vitro model of human cutaneous hypertrophic scar using 

macromolecular crowding 

 

We thank you for arranging for our manuscript to be reviewed and we appreciate the valuable 

comments from the reviewers. In the following pages we address the comments raised by the 

reviewers point-by-point and we hope that this revised version of the manuscript is now 

suitable for publication in JoVE. We have tracked the changes within the revised manuscript 

to identify all of the edits. 

 

Editorial comments: 
General: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. 

 

The manuscript has been proofread by all the co-authors to make sure no spelling or grammar 

issues in the document. 

 

2. Please ensure that the manuscript is formatted according to JoVE guidelines–letter (8.5” x 

11”) page size, 1-inch margins, 12 pt Calibri font throughout, all text aligned to the left 

margin, single spacing within paragraphs, and spaces between all paragraphs and numbered 

protocol steps/substeps. 

 

We have double-checked the format to make sure the page size is 8.5” x 11”; 1 inch margins; 

12 pt Calibri (body) and all text aligned to the left. The paragraph line-spacing is single with 

a single line-space between paragraphs and numbered protocol steps/substeps. 

 

3. Please define all abbreviations before use, e.g., FVO. 

 

Definition of FVO has been added in line 229. 

 

4. JoVE cannot publish manuscripts containing commercial language. This includes 

trademark symbols (™), registered symbols (®), and company names before an instrument or 

reagent. Please limit the use of 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: Life Technologies, GE Healthcare, Wako, Ficoll, Sartorius, Sigma-Aldrich, 

Olympus IX-81 HCS, Merck, Bio-Rad, NuPAGE, Thermo Fisher Scientific, Odyssey, LI-

COR Biosciences, QIAGEN, NanoDrop, iScript, SsoAdvanced 

 

All the commercial language, symbols and descriptions have been replaced with generic 

terms in the manuscript. 

 

Protocol: 

1. There is a 10 page limit for the Protocol, but there is a 2.75 page limit for filmable content. 

If revisions cause the highlighted portion to be more than 2.75 pages, please highlight 2.75 

pages or less of the Protocol (including headers and spacing) that identifies the essential steps 
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of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive 

story of the Protocol. 

 

The length of protocol is within 2 pages, which does not exceed the limit for filmable content. 

 

2. For each protocol step/substep, please ensure you answer the “how” question, i.e., how is 

the step performed? Alternatively, add references to published material specifying how to 

perform the protocol action. If revisions cause a step to have more than 2-3 actions and 4 

sentences per step, please split into separate steps or substeps. 

Specific Protocol steps: 

1. 6.5: The plates do not appear to be in the Table of Materials; neither do the PCR reagents. 

 

The RT-PCR was performed using PrimePCR Assays. The 96-well assay plate is provided 

pre-coated with optimized primers; all that is required is to add assay samples and SYBR 

green. This has been clarified in the Table of Materials. 

 

Other reagents such as RLT buffer used for RT-PCR are a provided component in the assay 

kit listed in Table of Materials. 

 

2. 6.7: Should there be an extension step here? 

 

The recommended protocol combines the Annealing and Extension steps into a single step 

(snapshot below, from SsoAdvanced Universal SYBR Green Supermix manual). This has 

been clarified in line 218. 

 

 
 

 

Figures: 

1. 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].” 

 



Copyright has been obtained from the Elsevier. 

 

2. Figure 1: Please combine all panels of this figure into one image file. 

 

Figure 1 has been revised into one image. 

 

Discussion: 

1. 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 

 

The discussion has been revised as follows: 

 

The 1st paragraph provides an overall summary about the research and explained the 

modifications of this reported protocol compared to previous published method; 

 

More details have been added in the 2nd paragraph to identify and discuss critical steps in the 

protocol, including (i) the selection of crowders and optimisation of FVOs; (ii) use of cells at 

low passage number; and (iii) supplementation with ascorbic acid; (iv) validation of primary 

antibodies before apply this protocol to other cell types. 

 

The 3rd and 4th paragraphs remain unchanged. This text addresses the significance of this 

protocol against other existing models and the application and future direction of this 

protocol.  

 

The last paragraph has been added to explain one of the limitations of this model.  

 

References: 

1. Please do not abbreviate journal titles. 

 

All journal titles have been revised to full name. 

 

Table of Materials: 

1. Please ensure the Table of Materials has information on all materials and equipment used, 

especially those mentioned in the Protocol. 

 

Missing information has been added in the revised Table of Materials (highlighted). 

 

Reviewers' comments: 

Reviewer #1: 
Manuscript Summary: 

This is an interesting and generally nicely written protocol that will be of interest to other 

scientists. 

 

Major Concerns: 

Although PVP data are used as a control, almost no information is present in this manuscript 

to justify why this is done. I understand that the focus of this protocol is on the utilization of 

Ficoll-based MMC system. I also understand that comparison of PVP- and Ficoll-based 



MMCs is given in the original research article (reference 11). In lines 88-90, the authors state: 

"Interestingly, several popular crowding agents, e.g. Ficoll, dextran, polyvinylpyrrolidone 

(PVP) and sodium 4-styrenesulfonate (PSS), are not equivalent when applied to different cell 

types, and when applied in different configurations". This is a very important observation that 

should be discussed in more detail instead of being mentioned in one sentence. I think that an 

extended discussion should be added here to emphasize an important observations that the 

effects of PVP- and Ficoll-based MMCs on HSFs are very different. This will provide a 

justification of the use of PVP-based MMC as a negative control. 

 

More detail is now included with discussion of the effects of different crowders on cells from 

distinct sources in lines 100-105. 

 

Minor Concerns: 

1) Meaning of the abbreviation FVO should be added 

 

Definition of FVO has been added in line 229. 

 

2) Details of the source of PVP samples used in this protocol should be added 

 

Source of PVP has been added in the revised Table of Materials. 

 

Reviewer #2: 
Manuscript Summary: 

This submission reports the effects of macromolecular crowding (MMC), a cell culture 

additive approach, on collagen production and in primary hypertrophic scar-derived human 

skin fibroblasts (HSF). The authors assessed total and type 1 collagen deposition, the levels 

of a variety of wound healing related proteins, and the expression levels of a battery of 

wound healing and inflammation-associated genes with and without MMC treatments. 

Significant effects of MMC treatments were evident. While I have several suggestions to 

improve the readability of the document, these are interesting findings and they are worthy of 

publication. 

 

Major Concerns: 

The nomenclature used to describe the primary fibroblasts is very confusing. The authors 

abbreviate "primary hypertrophic scar derived human skin fibroblasts" as HSF. The normal 

dermal fibroblast controls are abbreviated nsHSF without providing an extended form, so this 

reviewer presumes "normal skin human skin fibroblasts"? "Normal skin human skin" is 

obviously clumsy and redundant, and easily confused with HSF for hypertrophic skin 

fibroblasts. This reviewer suggests the authors consider adopting abbreviations that are easier 

to interpret, such as hNSF (human normal skin fibroblasts) and hHSF (human hypertrophic 

scar fibroblasts) to avoid this problem. 

 

The nomenclature for Human normal skin fibroblasts i.e. hNSF and human hypertrophic scar 

fibroblasts i.e. hHSF have been renamed, as suggested by the reviewer.  

 

Minor Concerns: 

Please include at least one full length description of fractional volume occupancy (FOV), as it 

is currently only used in the abbreviated form in the text. 

 

Definition of FVO has been added in line 229. 



 

Why was a FVOs of 72% assessed? Does that have any physiological relevance? If so, in 

what context? 

 

The selection of FVOs was based on a previously published study1. In vivo FVOs range from 

9% to 54% depending upon the tissue and physiological state of the tissue. As shown in the 

below figure1, Rashid et al. (2014) observed Ficoll at 9% and 18% FVO stimulate the 

proliferation of dermal fibroblasts equally. However, proliferation is dramatically reduced 

among cells cultured with Ficoll at 36% FVO, in contrast to that assayed at FVOs of 9% and 

18%. 

 

For PVP40, it is evident that when cultivated with PVP40 at FVOs of 9%, 18% and 36%, cell 

proliferation is significantly increases. However, when cells are cultivated with PVP at 18% 

FVO more collagen is deposited than is evident under other FVOs. 

 

Cell proliferation is significantly enhanced under PVP360 at FVOs of 9%, 18%, 36% and 

54%; however, PVP360 at 54% is the most effective condition for increasing collagen 

deposition. Effects of PVP at FVOs >54% are untested. 

 

Based on these previously published data, we elected the evaluate Ficoll at 9% and 18% FVO, 

PVP40 at 18% FVO and PVP360 at 54% and 72% FVO in our study.  

 

These have been briefly discussed in the revised discussion part in lines 308-315. 

 

 

 
Rashid et al. (2014) 



 

Reviewer #3: 
Minor Concerns: 

The manuscript is well written and clear. I have two suggestions 

a) perhaps emphasise that it really makes sense to play with the Ficoll concentration. In this 

case authors managed a better collagen deposition with "half-strength" Ficoll MMC (9% v/v 

as opposed to the original publication in Chen et al al2011). This goes to show that the - 

Ficoll - system has to be adapted from time to time to a given cell type. This is a very nice 

working protocol , so people using it should be encouraged to try different strengths of 

macromolecular crowding. Its an empirical aspect, but as we can see here, it pays off. 

 

We appreciate the reviewer agrees with our interpretation that when used as a 

macromolecular crowder, the FVO of Ficoll should be optimized for individual cell types. 

Clearly both the composition of the crowder and FVO thereof, elicit distinct responses from 

different cell populations.  

 

This has been emphasized in the revised discussion in lines 308-315. 

 

b) If the authors can squeeze in a sentence or two that ECM antibodies are not 

interchangeable, as many of them do not work as claimed in data sheets. Did the authors 

validate the antibody in a cyrosection of skin., or a cryo or paraffin section for a hypertrophic 

scar ? 

It would be a good place to make the point that one needs to be absolutely sure that the 

antibody against a collagen works (Wblot vs IHC and all the usual issues). What I mean to 

say is that if this antibody from abcam does the job, than people adopting the protocol should 

stick to it, and not use another collagen antibody without validating it. 

 

The selection of antibodies was based on protocols published by others, and subsequently 

optimized in our lab. We recommend other researchers use these antibody clones for 

hypertrophic scar fibroblasts, however, antibodies need to be validated if apply this protocol 

to other cell types (these have been explained in the revised discussion part in lines 319-321).  

 

Here is one example from our data for the selection and optimization of antibodies to 

collagen I. 

 

The collagen antibody ab6308 was validated and used by our colleagues for their previous 

study2 (revised in the Table of Materials). Data from Figure 1.C demonstrates that 

ab6308works consistently in our study. However, we found that ab6308 did not work well in 

Western blotting, and therefore we evaluated 3 alternative antibodies to collagen I, as shown 

below: 

 



 
 

In our samples many non-specific species are recognised by ab6308, ab34710 and ab88147. 

Based on this analysis, we selected ab21286. By repeating the experiments using protein 

samples collected from 3 patients (below images), we consistently observed two reactive 

species: 100 kDa ~ 150 kDa, the predicted size for collagen I, although reactivity is weak. 

The second species ~ 50 kDa reacts more strongly. 

 

 
 

By checking the previously published work using ab21286, we noted that in most examples a 

single band is reported3-5, probably because the α1 and α2 migrate too closely to be resolved. 

One article reports the double-bands of collagen I6, suggesting that the expression of collagen 

I varies from different samples. 

 

We interpret the 50 kDa band in our assays is degraded collagen I. Evidence suggested that 

the molecular weight of degraded collagen ranges from 70 to 20 kDa7. Due to the weak and 



differential expression of 100~150 kDa collagens, we interpreted our data based on degraded 

collagen I at 50 kDa. 

 

Reviewer #4: 
Manuscript Summary: 

The authors used 'macromolecular crowding' to create "in vivo-like" human hypertrophic scar 

tissue in vitro. When cultivated in a crowded macromolecular environment, human skin 

fibroblasts exhibit a phenotype, biochemistry, physiology and functional characteristics 

resembling scar tissue, and conclude that the technique is useful for validating interventions 

intended to relieve the symptoms of scarring. 

 

Minor Concerns: 

The authors investigate the model for 1 week, does the fibroblast maintain the high activity in 

2w,3w,and 4w. 

 

We previously reported that cells cultivated under MMC conditions exhibit significantly 

improved ECM deposition after 1 week. For this study, we optimized culture conditions, 

including crowders, FVOs and duration, etc., using a different cell population. It is evident 

that 1 week of culture works well for scar-derived fibroblasts. We accept the reviewer’s 

comment, that it would be interesting to see the effects of MMC after longer exposure, for 

example: 2 weeks, 3 weeks, 4 weeks. This was not an objective of this study; we will share 

our findings in a subsequent report.  

 

This has been added in the future direction in the revised discussion section in lines 351-352. 

 

Reviewer #5: 
Manuscript Summary: 

In the manuscript entitled "Construction of an in vitro model of human cutaneous 

hypertrophic scar using macromolecular crowding", the authors have tried to exhibit the 

method of macromolecular crowding (MMC) technique to produce an in vitro model system 

for hypertrophic scar by adding crowders to the human fibroblast cells. 

 

The findings of this manuscript are surely interesting and the use of the MMC technique is 

quite innovative for the generation of in vitro scar models. However, this manuscript needs 

some revision prior to publication. 

 

Major Concerns: 

1. Please elucidate whether the MMC addition strategy is able to mimic the complex 

hierarchical architecture and alignment of cells and ECM present in scar tissue? 

 

There are many studies reporting that MMC addition strategy affects ECM architecture8, 

alignment of extracellular matrix fibers9 and cell orientation10. We are not aware of any study 

that has examined the hierarchical structure of scar tissue resulting from cultivation under 

MMC conditions. We believe that our study is the first to examine the MMC technique with 

hypertrophic scar derived fibroblasts, and thus similarities to the hierarchical architecture, 

alignment of cells and ECM in this model and scar tissue in vivo has yet to be examined.  

We agree that such an examination is worthwhile, offering further evidence to support the 

authenticity of this tool of a model platform for the study of hypertrophic cutaneous scars. 

This has been mentioned in the future direction of the revised manuscript (lines 352-355). 



 

2. The introduction can be elaborated by giving details of alpha smooth muscle actin (SMA) 

and TGF-beta which are the main contributors in scarring. 

 

Roles of TGF-β1 and αSMA have been added in the revised manuscript lines 60-65. 

 

3. The authors have not shown anywhere regarding the formation of collagen in single 

direction which is most important marker of skin scar tissue. 

 

We agree with the reviewer that the orientation of collagen in scar tissue is an important 

parameter. In Figure 1.C, we noted that the collagen orientation in Ficoll at 9% FVO is 

different from other conditions. We found this interesting; however, we reserved our 

interpretation. We prefer to undertake further analyses, e.g. confocal microscopy, second 

harmonic microscopy, polarised birefringence, etc., before we claim fibril alignment. We 

have demonstrated the MMC strategy increases collagen deposition. We intend to 

characterise collagen orientation, among other parameters, in future. This has been added in 

the future direction in the revised discussion section (lines 352-355). 

 

4. Mention the genes studied by RT-PCR in the protocol section. 

 

Genes tested in RT-PCR have been added in lines 219-220. 

 

5. Mention about the statistical analysis undertaken in the protocol 

 

The statistical analysis section has been added in lines 223-226. 

 

6. The discussion part needs to be elaborated 

 

The discussion part has been revised as explained in above section (Editorial comments). 

 

Minor Concerns: 

1. In references somewhere DOI is mentioned, whereas it is missing from some portions 

 

The reference showing DOI is a book chapter. To keep the format consistent, the book 

chapter has been replaced with a journal article reporting the same information. 

 

2. Grammar correction should be taken care throughout the manuscript 

 

The revised manuscript has been carefully proofread by all the co-authors. 
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