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* pH-responsive polyurethanes (PUs)
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Table 1. pH-sensitive polyols for pH-Responsive polyurethane synthesis.

Chemical name Structure pKa
HO._ O
2,2-Bis(hydroxymethyl)propionic acid HO/q/N\OH 4.41
(DMPA) CH
. : . A
bis-1,4-(hydroxyethyl)piperazine (HEP) HO\/\N NTN_-oH 6.4
N,N-bis (2-hydorxyethyl)-2-amino- ethane-sulfonic acid HO=(CHy);——(CH,),~0H 7.1

(BES) SOst

2,2~ (methylimino) diethanol (MIDE) HO—(CHy), N (CH,),—OH 8.52
CH;
HO—(CH5)>,—N—(CH,»),—OH
Bisine ( 2)52 ) (G2 8.3
on
Bis(2-hydroxyethyl)- disulfide (2-HDS) HO™N_s—s\_on 6.3
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Thermoresponsive polyurethanes (PUs)

- 1 pet™ A x0f w2t E7tAd  (thermoplastic) & Oeq?:ﬂifg' (thermoset) =222 EHO0| S HE[O FLCEH GItAH
|2 E2 € 2ol0f| CHote Bl WX 9H-H S0, & A= A8 (hot melt extrusion) Of 2|51 CHtot AE =2 M = 4= QUL
2E Ht3Z A (thermoresponsive) = L OEﬂE._fS 2L 0 T3t soft segmentlt Q™ SF hard segment 2 T El block
copolymer2M 2| EM0f 7|05t EQO| =2|ztatA %’8% X|=IC}. Soft segment= switching temperature®! 27M0| 2
(crystalline melting transition or glass transition temperature)= A| ol CF.

‘a= K| Tk

Shape memory polyurethane= =< Bt3H Z2| S Et| st 02N, E7F 2E0A 7|AE|O0 X HE) E 2| Fot= 5

Figure 1. Simple test of thermoresponsive behavior.
Height: 6.3 £ 0.7 mm Helght 3.3+£0.2mm Height: 5.1 + 0.4 mm

15 min after released 15 min after keep at 37 °C

at 37 °C -
for 24 h for 24 h for 24 h

Height: 5.2 £ 0.4 mm
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* Photoresponsive polyurethanes (PUs)

& HEg (photoresponsive) =c| o Er2 & T2 (photosensitive) Bt S 7| & 22| S EHY| HEZF S 2N o £|0f TILCY,
0| 2{ ¢t photoresponsive Z2| 2 Et e EMHZ 0| 23510, photoresponsive injectable PU artificial nucleus pulposus= 7H2& &| 0
x|

Figure 2. Diagrams of photoresponsive injectable PU artificial nucleus pulposus.
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* Bioresponsive polyurethanes (PUs)

responsive | 2|2 WE|X MLt HE|StH 0| 53 & de|atetX Hatof BrSStCt O] 2{ St bioresponsive ZE|
LY E2 24 26l 22 (enzyme-cleavable linkage), signal protein, B== vascular endothelial growth factor (VEGF)Lt heparinif
Z2 231K (anticoagulant) & EUSE =M T & 5= QULY

(%)
©

0| 2{ 3t bioresponsive =| 2| Et biomaterial2| $F 0| £, biofuntionalizedEl lumen EHZ X|H Z2| S Et 2lsdaA2 22
£ E{ endothelial progenitor cell (EPC)2| EH £} 3l 2HdstE F & 22 EM, LHI[Z} (endothelialization)= 2F& Al 2 5= QALY

Figure 3. Schematic representation of biofunctionalized PU artificial blood vessel enhancing EPC recruiting.
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting

: 3D bioprinting= HF0| 2 A3 (bioink)2t &= X4 2|2t (regenerative medicine) EE= 2= screeningd| S8 &= =& £ printingSt=

7|l== EotCh o 7[0f ot O =M, d = S| B2 2tEl SO E = A Hi0| 2 YA 0f 2ot AT E AV|SHA A} otk B
E|O| 3 =2| L ER-ReLEl SHO|E 2 2 5 O]t shear thinning 1t #FZ strain recovery S8 0] 7| @150, 24-31 °CO|A| H&5 X2 2
A 2AO = printing | UL EEDF O Z2| S E-R2FEl SHO|EZ H-2 Mesenchymal stem cells (MSCs)2f printE| O] good viability,
high mobility, and ~200% proliferation ratioE 10 & ¢t & O =R Lt

Figure 4. Shear-thinning Polyurethane-Gelatin hydrogel for 3D biopringting.
PU-Gelatin Bioink Ca?* chelation Good strength
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NG o CaCl2 thermal = construct
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* shear thinning is the non-Newtonian behavior of fluids whose viscosity decreases under shear strain
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting

(a)

On(gol;)m Sd 0':‘\8 :O{’:‘? Figure 3. stabilization effect on PU and gelatin. (a)
+ fonic (GRG0 PU1 dispersion treated with various 0.2 N ionic

gel
— cubator
Lm solution m solutions (PBS, NaCl, KCl, CaCl,, and BaCl,) showed

St different states, based on the gross appearance. Only
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(gel) o .;& s7°C - that treated with divalent cations (CaCl, or BaCl,)
msolutlon 55 Incu»batorm remained in the gel state at 37 °C. (b) The gelatin gel,
,,,,,ypu 2h iRk BB8 o\ 0N Sfter the treatment of divalent cation solution

(CaCl, or BaCl,), returned to the sol state at 37 °C. (c)
Gelation of various PU-gelatin hybrids (based on
different PUs) after immersion in 0.2 N CacCl, solution.
Prior to the treatment, all mixtures formed a gel at 25
°C, but the gel state did not endure at 37 °C (because
of the gel-to-sol transition of gelatin). After the CaCl,
treatment, all mixtures remained as hydrogels at 37
| ol °C. (d) ATR-FTIR spectra of PU1-gelatin hydrogel

}Qf\f’ \[J\/w iy L before and after the treatment of CaCl,. The

g 155 \\f\ ‘ z’f.aﬂo,, abbreviation PU1-gelatin-Ca represents the PU-gelatin
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting

Figure 4. Rheological properties of PU1-gelatin bioink. (a) Gelation temperature measured in an oscillatory mode with 1% strain and 1 Hz
frequency. (b) Dynamic strain sweep performed at 25 °C in oscillatory mode with 1 Hz frequency and 0.01-3000% strain. (c) Complex
viscosity-frequency relationship curve measured at 25 °C in oscillatory mode with 1% strain and 0.1-100 Hz frequency. (d) Creep and creep
recovery cycles (60 s each) at 25 °C showing a yield shear stress of ~100 Pa. The ink was PU1-gleatin (4:1) with a solid content 12.5 wt %.
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting
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Figure 5. Structural stability of the cell-laden PU-gelatin constructs treated
with the CaCl, solution for different times and the cell viability in the
constructs.

(a) Gelation and structural stability of the printed constructs after moving to
37 °C. As shown by the white arrow, pristine PU-gelatin constructs did not
endure 37 °C. A brief pretreatment (215 min) in CaCl, helped stabilize the
structure at 37 °C. The printed hydrogel was PU1-gleatin (4:1) with a solid
content 12.5 wt %.

(b) Health condition of human MSCs in PU1-gelatin hydrogels (with
pretreatment of CaCl, for different times) at 37 °C. The number of live/dead
cells was determined by image cytometry after VitaBright-48 (VB-48), acridine
orange (AO), and propidium iodide (PI) tristaining. The VB-48 intensity
indicates the glutathione level, which decreases in stressed cells and is an
early hallmark of cell apoptosis.

(c) Static compression showing Ca?* stabilization. Static compressive
properties of PU1-gelatin treated with 0.2 N CaCl, solution for 15 min (25 °C)
and measured by DMA at 25 or 37 °C.

(d) Dynamic compression showing physical network formation. The dynamic
compressive properties of PU1-gelatin hydrogels treated with 0.2 N CaCl,
solution for 15 min (25 °C) and further incubated in 37 °C PBS for 72 h
measured by DMA at 25 or 37 °C (*p < 0.05).
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting

(a)
Figure 6. PU-gelatin bioink printability and the bioactivity of

MSCs in the PU-gelatin constructs treated with CacCl,
solution.
(a) High-resolution PU1-gelatin construct printed with an 80
um diameter needle-like nozzle.
500 | 120 micopipete tp 200 meonsiencze () R€AI-time observation for MSCs cultured in the PU1-
oo teccs gelatin construct for 10 days (printed with 200 um nozzle) by
: ﬂ [ a PKH26 fluorescence tracking dye. White arrows indicate

j I‘ r‘ the actively migrating cells. The scale bar is 100 pum.

(c) Proliferation of MISCs cultured in PU-gelatin constructs

during the 10 day culture period by the WST-8 analysis. All
data were normalized to those collected at the beginning of
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(d) (d) Chondrogenic gene expression of MSCs printed with PU-
o Hoxd i Agg il Colll gelatin and cultured for 10 days, with Y27632 or TGF-B3 as
ool Qu : Qo4 : the chondrogenic induction medium.
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting

- PU : gelatin = 4:1 (PU: tunable degradation)
i : Water content = 75%-90% (for tunable modulus)

Strength 1 MSCs can grow and
% Structure stability t survive long term in gel

ca2+ :
Immersed-in Ca?*
solution for 15 min
at25C

Gel is soft but strong
enough to be picked up
by hand

Platform 5

(b)

PU-Gelatin
hydrogel

\\‘/’

3D nose model

bioprinter R

Figure 7. Characteristics of PU-gelatin bioink.

(a) Design and printing of the PU-gelatin bioink. The PU1-gelatin
construct shown here was printed using a 200 um diameter cone-
like nozzle (50 layers).

(b) Nose-shaped PU1-gelatin construct printed using a 200 um
diameter needle-like nozzle (80 layers). The nose after pressing
returned to the original status.

All of these constructs showed good elastic recovery and can be
picked up by tweezers or hand.
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* Double-Network Polyurethane-Gelatin Hydrogel with Tunable Modulus for High-Resolution 3D Bioprinting
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surface of NP
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Figure 8. Possible two-stage gelation mechanism for the
PU-gelatin double network. PU NPs in aqueous dispersion
may interact with divalent cations to form a solid-like 3D
network. The PU-gelatin mixture relies on the
viscoelasticity of PU (and gelatin) for printing and the
upper critical solution temperature (UCST) behavior of
gelatin for stabilizing the printed constructs at room
temperature. After the divalent cation treatment, the Ca?*
chelation forms between PU and gelatin to fix the PU-
gelatin hydrogel. Therefore, when the PU-gelatin printed
constructs are moved to a 37 °C incubator, the integrity
and mechanical properties of the printed structure are
either enhanced or maintained, based on the
thermosensitivity of PUs (i.e., secondary force among PU
NPs).
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e Self-Healing Hydrogels and Cryogels from Biodegradable Polyurethane Nanoparticle Crosslinked Chitosan

; OFO|EEH 2 E /9| &= £I2 A (high water retention)O| H softot £ 0] 7| QIS0 Z & Z St (tissue engineering) O & 9| SHA|
A& EICEH Ofef e A+t 0:"0“*1 =, d 2 H0|H Ct 7| 542 K| Z2| 22| EF (biodegradable and difunctional polyurethane,

DFPU)= St , O| 2 Ol-Q-OPOfl injectable cryogel = 7| E 4t (chitosan, CS)dt 7t =l self-healing 0| E2 &= Tt=1
O|=2| EM& =QI5t0] B QLY

Figure 9. Schematic representation of the simple process to form self-healing hydrogel or cryogel.
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* Self-Healing Hydrogels and Cryogels from Biodegradable Polyurethane Nanoparticle Crosslinked Chitosan

A _ L _ Figure 10. Characterization of DFPU by TEM
| " Fe * ; o and SAXS.

A)TEM images for DFPU NPs alone. The size

was in the range of 30-50 nm.

| B) TEM images for DFPU NPs mixed with

glycol chitosan. The shape of DFPU

nanoparticles changes when mixing with CS.

C) SAXS profiles (measured at 37 °C) for

DFPU dispersions of various solid contents

(5-30 wt%).

D) SAXS profiles for DFPU (5 wt%) mixed

with twice the volume of glycol chitosan (3

wt%). The composition of the resulted CS-

107 DFFUsomiane 1% DFPU (5 wt%) mixed with CS
1 [o)

10% \ - 20wt% g0 T — PU hydrogel is DFPU 1.7 wt%, glycol
> o 0Wt% 5, --= 70 min (sol) chitosan 2 wt%, and 96.3 wt% water.
104 2 10 N ___ 250 min
§ . § . / (CS-PU hydrogel)
£ £ 7

10734 1014

10+ . - 1021y '

0.001 0.01 0.01 0.1
q (&) q (A
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* Self-Healing Hydrogels and Cryogels from Biodegradable Polyurethane Nanoparticle Crosslinked Chitosan

Figure 11. Optimization of the ratio of DFPU nanoparticulate crosslinker and glycol chitosan (DFPU 1.7 wt%/CS 2 wt%) to
form stable CS-PU hydrogel without deswelling. A higher ratio of DFPU (DFPU 5 wt%/CS 1.5 wt%) resulted in shrinkage and
deswelling (dehydration) of the hydrogel in 3 d.

Hydrogel with high concentration of DFPU  Hydrogel with optimized composition
(DFPU 5 wt%/CS 1.5 wt%) (DFPU 1.7 wt%I/CS 2 wt%)

Immediate

After 3 days

% DFPUNP ___~ CS
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e Self-Healing Hydrogels and Cryogels from Biodegradable Polyurethane Nanoparticle Crosslinked Chitosan
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Figure 12. Characteristics of the CS-PU self-healing
hydrogel (from DFPU 1.7 wt% and CS 2 wt%). A)
Macroscopic hydrogel recovery process. B-D)
Rheological properties of the hydrogel. E) Needle
injectability. In (A), two circular samples were cut into
half and then cross placed together for 5 h. After that,
the healed sample was stretched by a pair of tweezers.
In (B), the strain for the deconstruction was evaluated by
the strain sweep (1-500% strain) experiment at 37 °C
and 1 Hz. The gel to sol transition occurred when the
strain was = 80%. In (C), the damage-healing properties
of hydrogels were demonstrated by measurements
under three cycles of the strain change (1% strain -
130% strain - 1% strain = ...) at 37 °Cand 1 Hz, and the
CS-PU hydrogel could restore its structure after high
strain-induced structural damage, i.e., with the self-
healing capability. In (D), the static shear viscosities of
CS-PU self-healing hydrogel versus the shear rate at 37
°C. In (E), the CS-PU self-healing hydrogel could be
injected through a 26-gauge needle (260 pum internal
diameter).
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* Self-Healing Hydrogels and Cryogels from Biodegradable Polyurethane Nanoparticle Crosslinked Chitosan

Figure 13. Characteristics of the CS-PU cryogel (from

DFPU 1.7 wt% and CS 2 wt%).

A) The compressed cryogel could return to the original

shape after rehydration.

B) The SEM cross-sectional image of CS-PU cryogel

showing interconnected macroporous network.

. csrvayom C) Water swelling of the lyophilized hydrogels and

= csPumdessl cryogels, against the immersion time.

v omew ° ® D)Cryogels distorted by external force could return to
shaperecovery | the original shape in 1 s after immersion in water.

E) The cryogel (length 4 mm, thickness 1 mm) could be

injected by a conventional 18-gauge needle (838 um

internal diameter) and recover the original shape after

injection in water without being distorted.
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e Self-Healing Hydrogels and Cryogels from Biodegradable Polyurethane Nanoparticle Crosslinked Chitosan

Figure 14. Foreign body reaction of CS-PU cryogels after rat
subcutaneous implantation.

A) Histology of H&E-stained sections after implantation for 14 d.
The scale bar represents 500 um.

@
o
i

PU CS-PU cryogel

8

H&E stain
g8 8

Capsule thickness (um) g

oL - PU° | B) The extent of foreign body reaction could be revealed by the
" thickness of the fibrous capsule (white arrows) based on the
CS-PU cryogel histology.

C) Immunofluorescent images (marker protein expression) of
macrophages, stained by the mouse monoclonal anti-CD86
antibody for M1 macrophages (red), or mouse monoclonal anti-
CD163 antibody for M2 macrophages (green).

D) Quantification of M1 macrophage and M2 macrophage
populations. Results are expressed as mean £ SD, N = 3. **p <
0.01, and **** p < 0.0001 among the indicated groups. PU
(nonfunctionalized) films were used as the control.
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