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34 Abstract

35 Researchers should consider various potential factors that affect tenogenic differentiation of 

36 mesenchymal stem cells (MSCs); however, this requires numerous experimental settings, which 

37 are associated with high cost and time. We aimed to assess the differential effects of transforming 

38 growth factor beta 3 (TGF-β3) on the tenogenesis of tonsil-derived MSCs (T-MSCs) and bone 

39 marrow-derived MSCs (BM-MSCs) using design of experiments (DoE). Bone marrow and 

40 tonsillar tissue was collected from four patients; mononuclear cells were separated and treated with 

41 5 and 10 ng/mL of TGF-β3 with vehicle control. A full-factorial experimental design with a 

42 categorical factor of 0 was employed to study the effect of tension based on T-MSCs. Eighty-four 

43 trials were utilized, fitted with RSM, and then used to obtain mathematical prediction models. 

44 Exposure of T-MSCs and BM-MSCs to TGF-β3 increased the expression of scleraxis (SCX), 

45 tenomodulin (TNMD), decorin, collagen I, and tenascin C. Expression of most of these factors 

46 reached a maxima after 2–3 days of treatment. Considering all of the tenocyte lineage-related 

47 factors that were assessed, the predicted value of the factors from T-MSCs was significantly 

48 induced at 2.7 ng/mL of TGF-β3 during 2.5-day culture, whereas the predicted value of the factors 

49 from BM-MSCs was significantly induced during 2.3-day culture, regardless of TGF-β3 

50 concentration. This study demonstrated that tenogenic differentiation of T-MSCs and BM-MSCs 

51 under TGF-β3 stimulation showed a similar culture time for peak expression of tenocyte-related 

52 mRNAs using RSM. This study suggests the potential of using the DoE approach for optimization 

53 of the culture protocol for tenogenesis of MSCs.
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54 Introduction

55 Tissue healing after tendon repair surgery is challenging [1] because tendons have limited 

56 self-healing potential given the scar tissue on the repaired tendon [2, 3]. Even after long periods, 

57 the structure and strength of the repaired tissue do not show full recovery, and the tissue does not 

58 return to the normal state [4]. For these reasons, various studies on tendon repair using tissue 

59 engineering with mesenchymal stem cells (MSCs) have been performed [5-9].

60 Although bone marrow-derived, adipose tissue-derived, synovial membrane-derived, and 

61 human embryonic MSCs have been used to differentiate into tenocytes [6, 9, 10], these stem cells 

62 are obtained through invasive procedures. Thus, there is usually a lack of adequate number of 

63 MSCs for clinical use [11]. T-MSCs obtained from waste tissue after tonsillectomy represent a 

64 new source of progenitor cells [12, 13], and several studies have focused on T-MSCs as cellular 

65 therapeutic agents for various diseases. If T-MSCs show non-inferior tenogenic differentiation 

66 potential compared to other cell sources, physicians can consider tonsils as a stem cell source for 

67 cellular therapeutic agents. However, protocols for tenogenic differentiation of T-MSCs have not 

68 been established, and there is a lack of studies comparing T-MSCs with MSCs from other cell 

69 sources for tenogenic differentiation. 

70 Researchers should consider various potential factors affecting tenogenic differentiation 

71 of MSCs; however, this requires numerous experimental settings whose optimization is associated 

72 with high cost and time. Response surface methodology (RSM), which is a part of design of 

73 experiments (DoE), is gaining recognition as a powerful approach for optimizing conditions for 

74 the production of industrially important products such as chemicals and enzymes. In the last few 
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75 years, RSM has been applied to optimize and evaluate the interactive effects of independent factors 

76 in numerous chemical and biochemical processes [14]. Recently, DoE has been used to investigate 

77 differentiation of MSCs [15]. The main advantages of this methodology are that it (1) avoids 

78 experimental bias and (2) reduces the number of experiments, leading to a rational understanding 

79 of what could be the most favorable factor combination [14, 16].

80 In this study, we aimed to optimize culture conditions for the tenogenesis of T-MSCs and 

81 BM-MSCs using TGF-β3 at different concentrations and culture times. 

82

83 Materials and methods

84 This experimental study was approved by the institutional review board of our institution. 

85 Informed consent was obtained from all of the patients or patients’ legal guardians. 

86

87 Isolation and cultivation of human MSCs

88 Bone marrow was collected from four patients (mean age: 79.0±2.2 years) and 

89 mononuclear cells were separated using the Ficoll-Paque Premium (GE Healthcare, Chicago, IL, 

90 USA) gradient method. The isolated cells were seeded at a density of 1×105 cells/cm2 in a growth 

91 medium consisting of low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM-LG; Hyclone, 

92 South Logan, UT, USA), 10% fetal bovine serum (FBS; Corning, Corning, NY, USA), 100 U/mL 

93 penicillin, and 100 µg/mL streptomycin. The tonsillar tissues were collected from four patients 

94 (mean age: 7.6±0.6 years) and minced by using surgical scissors, followed by enzymatic digestion 
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95 using 210 U/mL collagenase type I (Sigma, St. Louis, MO, USA) and 90 KU/mL DNase (Sigma, 

96 St. Louis, MO, USA) in DMEM-LG for 30 min at 37°C. Following filtration through a 100-µm 

97 cell strainer (BD Bioscience, Franklin Lakes, NJ, USA), the cells were washed twice with 

98 Dulbecco’s phosphate-buffered saline (D-PBS; Chembio, Seoul, Korea) Mononuclear cells were 

99 separated using the Ficoll-Paque gradient method [13]. The cells were seeded at a density of 1×104 

100 cells/cm2 in growth medium. MSCs were incubated in a 5% CO2 incubator with humidified air at 

101 37°C, and the medium was replaced every other day. After reaching 80% confluency, the cells 

102 were split at a ratio of 1:3 for BM-MSCs and 1:4 for T-MSCs. MSCs were used between passages 

103 2 and 4 for further experiments. Flow cytometry was performed to characterize the 

104 immunophenotype of BM-MSCs and T-MSCs using the human MSCs analysis kit (BD Bioscience, 

105 Franklin Lakes, NJ, USA).

106

107 Tenogenic differentiation of BM-MSCs and T-MSCs

108 BM-MSCs and T-MSCs were seeded at a density of 1 x 104 cells/cm2 into 24-well plates 

109 in growth medium. After 18 h, the growth medium was removed and replaced with tenogenic 

110 differentiation media, which consisted of DMEM-LG, 10% FBS, and 50 μg/mL L-ascorbate-2-

111 phosphate with 5 or 10 ng/mL TGF-β3 (Sigma, St. Louis, MO, USA). MSC growth medium was 

112 added to the control group. The medium was replaced three times a week.

113

114 Isolation of RNA and quantitative real-time PCR
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115 Total RNA was isolated daily for up to 7 days using the total RNA mini kit supplemented 

116 with DNase I (NucleoGen Biotechnology). First-strand cDNA was synthesized using SuperScript 

117 III First-Strand cDNA synthesis kit (Invitrogen), and quantitative real-time PCR was performed 

118 with SensiFAST SYBR Hi-ROX kit (Bioline) using the QuantStudio 3 real-time PCR system 

119 (Applied Biosystem, Life Technologies). The relative expression level of each gene was 

120 normalized to that of 18S rRNA and calculated using the 2−ΔΔCt method. The data are presented as 

121 fold changes relative to controls. The following genes were analyzed: scleraxis (SCX), 

122 tenomodulin (TNMD), decorin, collagen I/III, and tenascin C. These genes have a crucial role in 

123 the tenogenesis of MSCs [17-19]. The primers used in this study are shown in Table 1.

Table 1. Primers used in this study.*

Gene Forward Primer (5'->3') Reverse Primer (5'->3')

PPARγ GAGGCAGCAGAGGTTAACAGA CACCGAGGCGTAAAGTACCA
LPL CCGCCGACCAAAGAAGAGAT TAGCCACGGACTCTGCTACTAdipogenic
FABP4 TGGGCCAGGAATTTGACGAA CACATGTACCAGGACACCCC
RUNX2 CCTACCTGAGCCAGATGACG ATGCTGGGTGGCCTGAAAT
ALP GAATCTTCCCCAAGGGCCAA CAGAATGTTCCACGGAGGCTOsteogenic
BGLAP TCCTTTGGGGTTTGGCCTAC CCAGCCTCCAGCACTGTTTA
SOX9 AGGAAGTCGGTGAAGAACGG AAGTCGATAGGGGGCTGTCT
COL2 GCTCCTGCCGTTTCGCTG ATTATACCTCTGCCCATCCTGCChondrogenic
ACAN CTTCCGCTGGTCAGATGGAC CGTTTGTAGGTGGTGGCTGT
SCX ACAGATCTGCACCTTCTGCC GCCACCTCCTAACTGCGAAT
TNMD TCCCTCAGGCTCTGGTATGA AGGACTGAGAGACCACTGCT
DCN TGCCAAAGGATCTTCCCCCT AGGTGTAAATGCTCCAGGACT
COL1A1 AGTGGTTTGGATGGTGCCAA GCACCATCATTTCCACGAGC
COL3A1 TGGAGGATGGTTGCACGAAA ACAGCCTTGCGTGTTCGATA

Tenogenic

TNC ATGGGCAGACGCACCATTAG TGTGCATCGACCTTCACAAGA
Internal control 18S rRNA GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
* NCBI/ Primer-BLAST: Finding primers specific to your PCR template (using Primer3 and BLAST). 
Available from: https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (Assessed on 15 December 2017)

124

125 Experimental design
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126 A full-factorial experimental design with a categorical factor of 0 was employed to study 

127 the effect of tension in T-MSCs. The design comprised of three levels coded as -1, 0, and +1. In 

128 total, 18 runs were performed in duplicate to optimize the level of chosen variables, such as days 

129 and amount. For the purpose of statistical computation, two independent variables denoted as  𝑥1

130 and  were selected. The levels used in the experiments were determined from the preliminary 𝑥2

131 experiments and are presented in Table 2. 

Table 2. ANOVA for response surface model 
MSCs Source Sum of squares Mean square F-value p-value

Days 17.57867 5.859557 9.98 < 0.001
T-MSCs Concentration of TGF-β3 88.30324 29.43411 50.11 < 0.001

Days 37.2556 12.4185 3.68 0.013
BM-MSCs Concentration of TGF-β3 71.4878 23.8293 7.07 < 0.001
MSCs, mesenchymal stem cells; T-MSCs, tonsil-derived mesenchymal stem cells; BM-MSCs, bone marrow-
derived mesenchymal stem cells

132

133 The results were analyzed via analysis of variance (ANOVA). Multi-level factorial 

134 designs were used to estimate the response calculated according to the following second-degree 

135 polynomial equation (1):

136                                  (1)Y = 𝛽𝑜 +  ∑2
𝑖 = 1𝛽𝑖𝑋𝑖 + ∑2

𝑖 = 1𝛽𝑖𝑖𝑋2
𝑖 + ∑

𝑖 ≠ 𝑗𝛽𝑖𝑗𝑋𝑖𝑋𝑗

137 where  is the estimated response; and are the regression coefficients for intercept, Y 𝛽𝑜, 𝛽𝑖, 𝛽𝑖𝑖, 𝛽𝑖𝑗 

138 linearity, square, and interaction, respectively; and  and ( ) are the different 𝑋𝑖 𝑋𝑗 i,j = 1,2, i ≠ j

139 interaction coefficients between the predicted response and independent variables in the coded 

140 values according to Table 2. 

141 In this study, RSM combined with a full factorial design was used to investigate MSCs in 
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142 tissues. By using a multi-level two-factorial design and a full range of RSM, the following 

143 parameters were optimized: SCX, TNMD, decorin, collagen I/III ratio, and tenascin C. A second-

144 order polynomial regression model was used to generate three-dimensional response surfaces of 

145 MSCs. The regression model would provide a good explanation of the relationship between the 

146 independent variables and responses [20]. 

147

148 Statistical analysis

149 The statistical significance among different concentrations and time points was analyzed by 

150 ANOVA, followed by Tukey’s multiple comparison test using SAS version 9.4.2 (SAS Institute, 

151 Cary, NC). All statistics were two-tailed, and p < 0.05 was considered significant.

152

153 Results

154 Immunophenotypic characterization of BM-MSCs and T-MSCs

155 In this study, immunophenotypic surface marker analysis of BM-MSCs and T-MSCS showed the 

156 typical expression profile of human MSCs. Both MSC populations expressed CD73, CD90, and 

157 CD105, whereas they lacked expression of CD11b, CD19, CD34, CD45, and HLA-DR (Table 3). 

158 T-MSCs showed stemness and were able to differentiate into at least adipocytes, osteoblasts, and 

159 chondroblasts.[21]

160

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 21, 2018. ; https://doi.org/10.1101/327734doi: bioRxiv preprint 

https://doi.org/10.1101/327734
http://creativecommons.org/licenses/by/4.0/


9

Table 3. Immunophenotypic markers on the cell surface of T-MSCs and T-MSCs.
BM-MSCs T-MSCs

CD73 99.9 ± 0.05 99.9 ± 0.03
CD90 99.6 ± 0.00 97.7 ± 1.57

Positive

CD105 99.8 ± 0.10 99.9 ± 0.05
CD11b
CD19
CD34
CD45

Negative

HLA-DR

1.2 ± 1.00 0.23 ± 0.03

T-MSCs, tonsil-derived mesenchymal stem cells; BM-MSCs, bone marrow-derived 
mesenchymal stem cells

161

162 Expression of tenogenic genes in MSCs under TGF-β3 stimulation

163 Exposure of T-MSCs and BM-MSCs to TGF-β3 resulted in increased expression of SCX, TNMD, 

164 and tenascin C, as well as increased collagen I/III ratio. The expression of decorin in both T-MSCs 

165 and BM-MSCs was lower than that of untreated MSCs. The peak expression of each mRNA varied 

166 slightly according to the culture time and TGF-β3 concentration (Fig 1).

167

168 Fig 1. Tenogenic mRNA expression of T-MSCs (A) and BM-MSCs (B) exposed to TGF-β3. The 

169 peak expression of each mRNA differed slightly according to the culture time and TGF-β3 

170 concentration. The collagen I to III ratio of T-MSCs increased regardless of TGF-β3 concentration, 

171 whereas the ratio in BM-MSCs decreased. (*; p < 0.05, analyzed by one-way analysis of variance, 

172 followed by Tukey’s multiple comparison test)

173

174 Optimization of tenocyte lineage-related factors from T-MSCs
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175 The DoE used in this study allowed optimization of tenocyte lineage-related factors from T-MSCs 

176 and BM-MSCs under different TGF-β3 concentrations and culture times. From the DoE approach, 

177 the predicted value of SCX from T-MSCs was significantly increased at 8.4 ng/mL TGF-β3 (p = 

178 0.014) and 2.3 days of culture (p = 0.040). The expression of collagen I showed the maximum 

179 increase at 8.1 ng/mL TGF-β3 (p < 0.001) at 2.7 days of culture (p = 0.036). TNMD peaked at 2.5 

180 days of culture (p = 0.011), regardless of TGF-β3 concentration. TGF-β3 concentration affected 

181 the peak expression of decorin (p < 0.001) and the ratio of collagen I to III (p < 0.001) regardless 

182 of culture time (Table 4). For all of the tenocyte lineage-related mRNAs that were assessed, the 

183 predicted value of the factors was significantly increased at 2.7 ng/mL TGF-β3 (p < 0.001) at 2.5 

184 days of culture (p = 0.001) (Fig 2A).
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Table 4. Optimization of each tenocyte lineage-related factor from T-MSCs and BM-MSCs using response surface 
methodology.

Estimated value from T-MSCs Estimated value from BM-MSCs
Time (day) p-value Concentration p-value Time (day) p-value Concentration p-value

Scleraxis 2.3 0.040 8.4 0.014 2.1 0.014 3.6 0.133
Tenomodulin 2.5 0.011 31.2 0.528 2.9 0.872 0.6 0.034
Decorin 4.8 0.891 1.1 <0.001 0.6 0.599 2.0 0.004
Collagen I/III 2.8 0.376 7.8 <0.001 2.1 0.009 2.3 0.018
Tenacin C 2.2 0.038 7.6 0.075 1.9 0.019 0.2 0.805
 TGF-β3; transforming growth factor beta 3, T-MSCs; tonsil-derived mesenchymal stem cells, BM-MSCs; bone marrow-
derived mesenchymal stem cells

185

186 Fig 2. Response surface for all tenocyte lineage-related mRNAs from T-MSCs (A) and BM-MSCs (B).
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187 Optimization of tenocyte lineage-related factors from BM-MSCs

188 From the DoE approach, the predicted maximum ratio of collagen I to III in BM-MSCs was 

189 significantly increased at 2.3 ng/mL TGF-β3 (p = 0.018) and 2.1 days of culture (p = 0.009). The 

190 maximum expression of SCX, collagen I, and tenascin C was affected by culture time. The 

191 expression of TNMD and decorin peaked at 0.6 ng/mL (p = 0.036) and 2.0 ng/mL (p = 0.004) 

192 TGF-β3, respectively, regardless of culture time for the predicted peak expression of TNMD (p = 

193 0.872) and decorin (p = 0.599) (Table 4). For all of the tenocyte lineage-related mRNAs that were 

194 assessed, the predicted value of the factors was significantly increased at 2.3 days of culture (p = 

195 0.004) regardless of TGF-β3 concentration (Fig 2B). 

196

197 Fig 2. Response surface for all tenocyte lineage-related mRNAs from T-MSCs (A) and BM-

198 MSCs (B).

199

200 Discussion

201 In this study, we aimed to assess the effects of TGF-β3 on the tenogenesis of T-MSCs and 

202 BM-MSCs using RSM and found that tenocyte-like cells could be successfully differentiated from 

203 T-MSCs and BM-MSCs under TGF-β3 stimulation.

204  During tenogenic differentiation of T-MSCs, researchers should consider various 

205 potential factors influencing tenogenesis; however, this would require numerous experimental 
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206 settings. We conducted this study to optimize the culture conditions for tenogenesis of T-MSCs 

207 and BM-MSCs under TGF-β3 stimulation at different concentrations and culture times using 

208 design experiments. In the present study, exposure of T-MSCs and BM-MSCs to various 

209 concentrations of TGF-β3 resulted in an increase in the expression of SCX, TNMD, decorin, 

210 collagen I, and tenascin C after 2–3 days of culture. Considering all of the tenocyte lineage-related 

211 factors that were assessed, the predicted value of the factors was significantly induced during 2.5-

212 day culture and 2.3-day culture in T-MSCs and BM-MSCs, respectively.

213 In the present study, the expression of scleraxis, TNMD, collagen I/III ratio, and tenascin 

214 C, i.e., all examined molecules except for decorin, tended to increase after exposure of T-MSCs 

215 and BM-MSCs to TGF-β3. Our results were similar to those of a previous study [19]. Although 

216 the peak expression of each gene for T-MSCs and BM-MSCs was analyzed using DoE, the optimal 

217 culture time and concentration of TGF-β3 varied for the peak expression of each gene. For instance, 

218 in the present study, the expression of decorin decreased as the culture progressed, whereas the 

219 expression of TNMD peaked during the 7-day culture in BM-MSCs after TGF-β3 treatment. 

220 Because the expression levels of all genes that were analyzed in this study should increase for 

221 tenogenesis of MSCs, we could not determine the optimal culture time. Figure 1 shows the results 

222 of ANOVA for mRNA expression. Although the expression of TNMD did not change significantly, 

223 we could not determine the expression of TNMD after exposure of MSCs to TGF-β3 owing to the 

224 small sample size and experimental settings. A full factorial design is a powerful tool for 

225 understanding complex processes of tenocyte lineage-related factors in multifactor systems, 

226 because it includes all possible factor combinations for each of the factors. RSM is an empirical 
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227 statistical technique employed for multiple regression analysis that uses quantitative data obtained 

228 from design experiments to solve multivariate equations simultaneously.

229

230 Statistical analysis

231 The quadratic equation for predicting the optimum point was obtained according to the 

232 data and input variables, and then the empirical relationship between the response and independent 

233 variables in the coded units was presented based on the experimental results as follows:

234 Y = 0.06 + 1.14𝑋1 + 0.623𝑋2 ‒ 0.288𝑋2
1 ‒ 0.163𝑋2

2 + 0.105𝑋1𝑋2

235 where  is the T-MSCs, and  are the day and amount, respectively (Table 5). The Y 𝑋1 𝑎𝑛𝑑  𝑋2

236 results of the ANOVA for the quadratic equation are tabulated in Table 5. The ANOVA shows 

237 whether the equation and actual relationship between response and significant variables 

238 represented by the equation are accurate. The significance of the coefficient term is determined by 

239 the values of F and p, and larger values of F and smaller values of p represent more significant 

240 terms. 

241
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Table 5. ANOVA for response surface quadratic model
MSCs Source Estimate Standard Error F-value p-value

Intercept 0.064 0.337 0.04 0.849
𝑋1 1.143 0.352 10.50 0.0013
𝑋2 0.623 0.151 16.97 <.0001
𝑋2

1 -0.288 0.058 11.29 0.0009
𝑋2

2 -0.163 0.044 13.91 0.0002

T-MSCs

𝑋1𝑋2 0.105 0.039 7.08 0.0083
Intercept -1.874 1.142 2.69 0.1029
𝑋1 3.534 1.195 8.76 0.0035
𝑋2 0.442 0.513 0.74 0.3897
𝑋2

1 -0.895 0.290 9.48 0.0024
𝑋2

2 -0.064 0.148 0.18 0.6671

BM-MSCs

𝑋1𝑋2 0.117 0.134 0.76 0.3855
MSCs, mesenchymal stem cells; T-MSCs, tonsil-derived mesenchymal stem cells; BM-MSCs, 
bone marrow-derived mesenchymal stem cells; , day; , concentration of TGF-β3𝑋1 𝑋2

242

243 In the results, were highly significant factors. The analysis of 𝑋1, 𝑋2, 𝑋2
1, 𝑋2

2, 𝑎𝑛𝑑 𝑋1𝑋2 

244 equation (1) depicted that the variables, i.e., days and amount, have positive effects on T-MSCs. 

245 Synergistic interactions between days and amount were highly significant (p < 0.05). The results 

246 also indicated that the selected quadratic model was adequate in assuming the response variables 

247 for the experimental data.

248

249 Three-dimensional response surface plot

250 MSCs were sensitive to culture time and TGF-β3 concentration, which was consistent with 

251 the results presented in Table 5. Figure 2 depicts the three-dimensional response surface 

252 relationship between days and concentration for T-MSCs and BM-MSCs. These data indicate that 

253 the appropriate culture days and amount would result in the highest mRNA concentration. 

254 Response surface plots as a function of two factors at a time, with maintenance of all other factors 
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255 at fixed levels, are helpful in understanding both the main and interaction effects of the two factors. 

256 In the present study, the interaction effects of the variables and optimal levels of each variable 

257 were determined by the response surface graphs. The optimum values drawn from these figures 

258 were in close agreement with those obtained by optimizing the regression model equation (1). 

259 There are certain limitations to this study. First, MSCs were stimulated only by a single 

260 chemical. Several other proteins can be stimulation candidates for MSCs, although we only 

261 referred to previous studies that used TGF-β for tenogenic differentiation of MSCs [8, 22]. 

262 Therefore, different approaches would be required for different chemical stimulators. Second, 

263 several studies showed that mechanical stretching stimulates MSCs to proliferate and differentiate 

264 into tenocytes [23, 24]. Further studies focusing on mechanical stimulation of T-MSCs and BM-

265 MSCs should be performed. 

266 In summary, we demonstrated a protocol for tenogenic differentiation of T-MSCs and BM-

267 MSCs using the DoE approach and showed that this protocol could be less expensive than the 

268 standard protocol. In addition, our protocol was optimized with experimental variation. From the 

269 DoE approach, tenogenic mRNAs in T-MSCs and BM-MSCs were significantly upregulated at 

270 2.5 days of culture and 2.3 days culture, respectively. In T-MSCs, the peak expression of tenogenic 

271 mRNAs was predicted to occur 2.7 ng/mL TGF-β3, whereas no significant TGF-β3 concentration 

272 was observed for BM-MSCs. This study suggests the potential of using the DoE approach for 

273 optimization of the culture protocol for tenogenesis of MSCs. 
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