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Figure S1. Viscosity of PDN1 as a function of time after mixing at room temperature. Black 

dots denote the mean value, and the grey area denotes the standard deviation. Sample size, N 

= 3. 
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Figure S2. Gelation kinetics of chitosan and glycol-chitosan. The primary network (chitosan) 

crosslinks within seconds, while the secondary network (glycol-chitosan) did not occur within 

15 mins. The disparate kinetics provides a sufficient time window for pore formation. 
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Figure S3. Young’s moduli of NSN, PSN, and PDNs calculated from compression tests. 

Sample size, N = 4. **** P < 0.0001, n.s. means P ≥ 0.05.
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Figure S4. Stress relaxation time of different hydrogels. Stress relaxation was evaluated by 

the stress retention of 1/e.
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Figure S5. Confocal, SEM, and µCT images showing the porous structures of NSN, PSN, 

and PDNs. Sample size, N = 3.
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Figure S6. Permeability setup. (a) Schematics showing the internal structure of the perfusion 

chamber. (b) Digital photos showing the setup of the experiment.
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Figure S7. Comparison of toughness among NSN, PSN, NDN, and PDNs.
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Figure S8. Swelling ratio of different hydrogels immersed in PBS for 7 days. Sample size, N 

= 4.
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Figure S9. Biodegradation assay showing the remaining weight of different hydrogels when 

exposed to an enzyme solution over time. Sample size, N = 4.
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Figure S10.  Viability of hVFFs encapsulated inside different hydrogels at Day 0, 3, and 7. 

Live cells are shown in green and dead cells in red. Sample size, N = 4.
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Figure S11. Morphology for hVFFs encapsulated inside different hydrogels at Day 7. F-actin 

is shown in red and nuclei in blue. Sample size, N = 4.
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Figure S12. Comparison of cell penetration in NSN and PDN. (a) Experimental setup. (b) 

Confocal imaging showing hVFFs penetration into different hydrogels. Cells were 

counterstained with DAPI. (c) Penetration depth of hVFFs into different hydrogels. Sample 

size, N = 3. ** P < 0.01.
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Figure S13. Detailed fabrication process and design for the phonomimetic bioreactor system. 

(a) Step-by-step instructions on how to fabricate a bioreactor body. (b) Schematic and digital 

photo showing the configuration of the control loop and arrangement of the complete 

bioreactor setup.
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Figure S14. Porous structure of PDN before and after being stimulated inside bioreactor for 

over 1 million cycles under perfusion.
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Figure S15. FEA simulation showing the stress distribution of PDN and the elastomeric parts 

of the bioreactor during one period of oscillation. t/T represents the normalized time during 

one period. Black contours indicate the undeformed shape and the inner circle refers to the 

hydrogel.
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Figure S16. Collagen secretion by hVFFs within different hydrogels with and without 

mechanical stimulations at Day 7.
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Figure S17. Use of PDN in animals. (a) Injection of PDN (0.85 mL) into a rat cadaver 

subcutaneously through a fine needle (21G). PDN formed in situ without leakage. (b) 

Schematic illustration showing the potential use of PDN for vocal fold repair and regeneration.
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Figure S18. Pore size and toughness of gelatin-based PDN. (a) SEM images showing the 

structures of pure gelatin and gelatin-PDN. (b) Pore size comparison. (c Photos showing the  

pure gelatin specimens ruptured during sample preparation steps due to the brittleness of the 

hydrogel matrix. (d) Stretchability and (e) toughness of gelatin-PDN hydrogels. Toughness of 

pure gelatin hydrogels was not measured due to specimen rupture before testing and denoted 

with a cross sign. Sample size, N = 3.
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Table S1. Summary of structural and mechanical properties of representative hydrogels and 

biological tissues. 

  
Pore 

size (μm) 
Porosity 

(%) 
Toughness 
Γ (J m

-2
) 

Permeability
(m

2
) 

τ1/2 (s) 
Cytocompatible 

synthesis? 
Refs. 

In
je

c
ta

b
le

 t
o

u
g

h
 h

y
d

ro
g

e
ls

 

This work 6-10 ~ 21-54 
Γ: 5-39 

W
a
: ~ 14 

λ
b
: ~ 3 

10
-14

-10
-12

 10
1
-10

2
 Yes - 

MethGH-HA 
hydrogel 

N/A
c
 ~ 0 

Γ: N/A 
W: 9-14 
λ: ~ 3 

N/A N/A Yes 
[27]

 

Dual-click tough 
hydrogel 

N/A ~ 0 N/A N/A N/A Yes 
[26] 

PVA-CPBA/Ca N/A ~ 0 N/A N/A N/A Yes 
[29]

 

PVA-Bioglass N/A N/A N/A N/A N/A Yes 
[55]

 

Fibrin-gelatin 
nanoparticles 

~10 ~ 35 
Γ: N/A 

W: 9-10 
λ: ~ 1.5 

N/A N/A Yes 
[31]

 

C
o

m
m

o
n

ly
 u

s
e
d

 

h
y

d
ro

g
e
ls

 

Alginate 
0.005-
0.017 

~ 0 1-10 N/A 10
2
-10

4
 Yes 

[46,56,57]
 

Agarose 0.08-0.4 N/A 15 10
-17

-10
-16

 10
2
-10

3
 Yes 

[58–60]
 

Chitosan < 0.1 ~ 0 1-10 N/A 10
4
 Yes 

[38]
 

Gelatin 
0.012-
0.03 

N/A 0.5-5 10
-18

-10
-15

 10
3
-10

4
 Yes 

[61–64]
 

Hyaluronic acid 
0.005-
0.012 

N/A N/A N/A 10
2
-10

4
 Yes 

[65,66]
 

PEGDA 
0.007-
0.025 

~ 0 N/A 10
-17

-10
-15

 N/A Yes 
[67,68]

 
 

Polyacrylamide ~0.01 ~ 0 10-500 10
-18

-10
-16

 >10
4
 No 

[46,69]
 

Collagen gel 1.1-2.2 N/A N/A 10
-16

-10
-15

 10
0
-10

2
 Yes 

[70]
 

P
re

fo
rm

e
d

 

p
o

ro
u

s
 s

c
a
ff

o
ld

s
 Bioprinted 

GelMA 
18-53 ~ 10-50 N/A N/A N/A Yes 

[12]
 

Alginate cryogel ~ 30-100 ~ 70 N/A N/A N/A No 
[11]

 

Collagen sponge 
(freeze-dried) 

95-150 > 99 N/A 10
-13

 N/A No 
[71]

 

Bioglass foam ~300 ~ 90-95 N/A 10
-9
 N/A No 

[72]
 

Polycaprolacton

e scaffold 
~1000 ~ 30-70 N/A 10

-10
-10

-8
 N/A No 

[73,74] 

B
io

lo
g
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a
l 
ti

s
s
u

e
s
 

Vocal fold ~1-100 ~ 90 160-450 10
-13

-10
-12

 ~60 

Not applicable 

[75,76]
 

Liver 0.1 ~ 20 160 10
-18

-10
-14

 500 
[56,77,78]

 

Skin 5-500 ~80 1000-20000 10
-17

-10
-16

 N/A 
[79–81]

 

Tendon 4-12 ~ 60-70 N/A 10
-21

-10
-17

 ~1 
[81–83]

 

Intervertebral 
disc 

0.0015 N/A N/A 
AF: 10

-17
 

NP: 10
-18

 
~1 (NP) 

[84]
 

Bone 6-300 ~ 3-80 400-30000 10
-25

-10
-10

 N/A 
[85,86]

 

Small-intestinal 
submucosa 

1-10 ~ 87 N/A 10
-17

 N/A 
[86,87]

 

Articular 

cartilage 
~0.006 ~ 75 690-1300 10

-17
 1500 

[9,88] 

a) 
W: work of fracture, kJ m

-3
. 

b) 
λ: Stretchability. 

c)
 N/A: not available. 
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Table 2. Simulation parameters used in the numerical model 
Parameter Value 

Inlet average velocity of air (m s
-1
) 2.66 

Outlet pressure 0 
Half of the initial glottal gap size (mm) 1 
Epithelium thickness (mm) 0.1 
Minimum mesh size(mm) 0.0075 
Maximum mesh size (mm) 1.33 
Dragon Skin density (kg m

-3
) 1 070 

Dragon Skin dynamic viscosity (Pa·s) 20 
Dragon Skin Young’s modulus (Pa) 592 949 
Dragon Skin Poisson’s ratio 0.49 
Dragon Skin isotropic structural loss factor 0.24 
Ecoflex 00-10 density (kg m

-3
) 1 040 

Ecoflex 00-10 Young’s modulus (Pa) 9 693 
Ecoflex 00-10 Poisson’s ratio 0.49 
Ecoflex 00-10 isotropic structural loss factor 0.53 

 

Table 3. Material parameters of the hydrogels used in simulation 
Parameter NSN PSN PDN 

Density (kg m
-3
) 1 000 1 000 1 000 

Poisson’s ratio 0.49 0.49 0.49 

Ogden parameter   3.24 1.91 2.79 

Ogden parameter   (Pa) 1 913.57 2 526.60 3 159.89 

Mass damping parameter   (s
-1
) 0.0093 0.027 0.026 

Stiffness damping parameter   (s) 0.0029 0.0021 0.0048 

 

 

Movie S1. Motions of bioreactor during phonomimetic mechanical stimulation. 

 

Movie S2. Finite element simulations showing the stress distributions of injected hydrogels 

during phonation. 
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