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ABSTRACT
In soft connective tissues, the extracellular matrix (ECM) provides spatiotemporally well-defined mechanical and chemical cues
that  regulate  the  functions  of  residing  cells.  However,  it  remains  challenging  to  replicate  these  essential  features  in  synthetic
biomaterials.  Here,  we  develop  a  self-sorting  double  network  hydrogel  (SDNH)  with  spatially  well-defined  bioactive  ligands  as
synthetic  ECM.  Specifically,  the  SDNH  is  made  of  two  peptides  that  can  independently  self-assemble  into  fibers  of  different
microscopic features, mimicking the hierarchical protein assemblies in ECM. Each peptide contains a photo-reactive moiety for
orthogonally patterning bioactive molecules (i.e., cyclic arginine-glycine-aspartate (cRGD) and osteogenic growth peptide (OGP))
using  UV  and  visible  light.  As  a  proof-of-principle,  we  demonstrate  the  engineering  of  SDNH  with  spatially  separated  or
colocalized cRGD and OGP molecules to control  the response of  encapsulated stem cells.  Our study represents an important
step towards defining the mechanical and biochemical cues of synthetic ECM using advanced chemical biology tools.
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1    Instructions
The  extracellular  matrix  (ECM)  is  an  important  component  of
tissues  and  organs.  It  not  only  provides  physical  supporting  but
also  biochemical  and  mechanical  cues  that  dynamically  regulate
most  fundamental  function  of  encapsulated  cells,  including
adhesion [1], proliferation [2], migration [3, 4], and differentiation
[5].  ECM  comprises  various  self-assembled  biomacromolecules
with  distinct  physical  and  biochemical  properties  [6].  Recently,
hydrogels are actively employed as synthetic ECM for cell culture
and  tissue  engineering  [7, 8],  due  to  their  similar  physical  and
mechanical  properties  as  native  ECM.  However,  most  synthetic
hydrogels lack the complicated microscopic architectures of native
ECM. Moreover,  they do not possess biological  epitopes that can
interact  with  cell-surface  proteins  or  soluble  signaling  molecules.
Developing synthetic hydrogels that can actively and dynamically
instruct and regulate complex cell behaviors remains challenging.

Native ECMs are self-assembled by various biomacromolecules
of  distinct  mechanical  and chemical  properties.  Inspired by these
features,  self-assembling  multicomponent  small  molecules  to
product  multi-functional  materials  are  of  considerable  interest
[9–12]. However, because small molecules are often self-assembled
[13]  by  similar  types  of  weak  interactions,  such  as  hydrophobic
interactions or hydrogen bonding, mixing a few components often
leads  to  uncontrollable  precipitation  instead  of  ordered  self-
assembly.  Most  examples  about  the  multicomponent  self-

assembled  nanostructures  reported  so  far  were  two-component
system  [14–20].  Among  them,  the  self-sorting  double  network
hydrogel (SDNH) is emerging as an intelligent material since each
assembled network in SDNH can be tuned independently without
interrupting the other one [21–24]. The self-sorting self-assembly
and  independently  tunable  network  structures  were  revealed  by
novel  characterization  methods,  greatly  advanced  the  research
about  SDNH  [25–27].  Along  this  vein,  Hamachi  and  coworkers
have realized direct imaging of the self-sorted nanofibers using in-
situ  real-time  confocal  microscopy  [28].  Adams  and  coworkers
have reported the light-triggered selective disassembly of a type of
nanofibers with high spatial resolution in a SDNH [29]. Hamachi
and  coworkers  also  reported  a  novel  SDNH  whose  mechanical
properties can be switched in response to two orthogonal external
stimuli acting on the two networks respectively [30].

Besides  tuning  the  dynamic  assembly  of  SDNH,  it  is  also  of
special  interest  to  develop  advanced  chemical  biology  tools,  such
as  photochemistry,  to  functionalize  SDNH  for  biomedical
applications.  Photo-patterning  of  bio-active  molecules,  such  as
growth  factors  [31],  functional  proteins  [32, 33],  and  short
peptides  [34, 35],  onto  the  polymeric  hydrogel  matrix  has  been
shown to be promising in modulating the 3D microenvironment
of  the  encapsulated  cells  [36].  It  remains  to  be  explored  whether
these photochemistries  can be extended to label  SDNH, realizing
independent functionalization of each SDNH without causing the
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disassembly of both networks. Moreover, to mimic native cellular
microenvironment  that  presents  multiple  bioactive  ligands,  it  is
necessary  to  pattern  multiple  ligands  with  spatial  and  gradient
control.  However,  orthogonal  ligation  of  two  ligands  in  SDNH
will  be  even  more  challenging,  as  it  requires  the  decoupling  of
both the two chemical reactions as well  as the chemical reactions
with the self-assembling processes.

In this work, we demonstrate the labelling of SDNH using two
orthogonal  photo-click  reactions  that  are  triggered  by  light  of
different  wavelengths.  The  tetrazole-ene  photo-click  reaction
triggered  by  UV  has  been  established  as  a  highly  biocompatible
ligation  reaction  with  diverse  bio-applications  [37, 38].  We  have
developed  a  photo-clickable  short  peptide  hydrogelator  based  on
biaryltetrazole  modified  peptides  to  self-assemble  into  photo-
degradable  3D  hydrogel  matrix  for  stem  cells  [39].  Recently  we
established a new bioorthogonal reaction triggered by visible light,
with  9,10-phenanthrenequinone  (PQ)  and  electron-rich  alkenes
(ERA)  such  as  vinyl  ether  (VE)  as  the  bioorthogonal  functional
groups [40].  We hypothesize that these two photo-click reactions
can be used together to realize orthogonal labeling of two proteins
in a SDNH. To demonstrate this idea, we engineer the self-sorting
double  network  hydrogel  self-assembled  by  two  tripeptides,
tetrazole-peptide  (Tet-peptide)  and  PQ-peptide,  comprising  of
two  photo-reactive  moieties  Tet  and  PQ,  respectively  (Fig. 1(a)).
The biomolecules bearing the photo-click motifs (monofumarate-
X  (MF-X)  for  tetrazole  and  VE-Y  for  PQ)  are  dispersed  in  the
hydrogel  and  can  be  spatially  fixed  to  the  hydrogel  network  by
light  of  different  wavelengths.  We  further  illustrate  the  effect  of
copatterning  of  two  bioactive  ligands  at  the  same  place  to
synergistically regulating the function of stem cells. 

2    Results and discussion
 

2.1    Self-sorting double network hydrogel formation
We attached Tet or PQ at the N-terminus of two self-assembling
tripeptide  motifs,  respectively,  as  the  self-sorting  hydrogelators.
We found that  the  two  tripeptides,  Tet-GGF and  PQ-GFF (Figs.
1(b) and 1(c)),  were  able  to  form  hydrogels  at  neutral  pH.
Although  the  self-assembling  of  the  two  tripeptides  was  both
driven by deliciated balance between the hydrogen bonding of the
peptide backbone and the π-π stacking of the aromatic rings,  the
resulted  networks  showed  distinct  microstructures  and  physical
properties.  Atomic force microscopy (AFM) images revealed that
Tet-GGF showed entangled long and thin nanofibers with lengths
up to several micrometers (Fig. 1(d)), while PQ-GFF formed sheet-
like  dendrites  (Fig. 1(e)).  The  hydrogels  formed by  Tet-GGF and
PQ-GFF  respectively,  also  showed  distinct  properties.  The
hydrogel formed by Tet-GGF at ~ 4 mg·mL–1 was injectable (Fig.
S1(a)  in  the  ESM)  and  can  reform  rapidly  after  injection,
indicating  its  fast  self-assembling  kinetics.  However,  the  PQ-GFF
hydrogel at all tested conditions cannot re-assemble into network
after  injection.  The  distinct  self-assembled  network  of  Tet-GGF
and  PQ-GFF  may  hint  the  possibility  of  self-sorting  assembly  if
these  two  hydrogelators  were  mixed  to  form  two-component
hydrogels. The morphology of the two-component system showed
the co-existence of thin nanofibers and wide nanosheets, verifying
their  self-sorting  assembly (Fig. 1(f)).  Spectroscopic
characterizations  were  also  used  according  to  previous  reports
[41–43] to distinguish the self-sorting assembly from co-assembly
of this two-component system. The UV–vis absorption spectra of
the  two-component  solution  overlapped  with  the  mathematical
sum  of  UV–vis  spectra  of  isolated  Tet-GGF  and  PQ-GFF
(Fig. 1(g)),  indicating  that  there  were  almost  no  molecular
interactions  between  the  two  tripeptides.  The  circular  dichroism

(CD)  spectra  showed  the  same  results  (Fig. 1(h)),  further
demonstrating  the  inherent  self-sorting  nature  of  the  two
tripeptides  in  aqueous  solution.  Hence,  the  two  tripeptides  Tet-
GGF  and  PQ-GFF  were  able  to  form  a  two-component  self-
sorting double network hydrogel.

Two-component hydrogels can form at different Tet-GGF and
PQ-GFF  ratios  in  PBS  buffer  (Fig. 1(i)).  However,  only  the
hydrogels with the weight ratios of Tet-GGF to PQ-GFF above 3:1
were  injectable  (Fig. S1(b)  in  the  ESM).  Therefore,  we  used  the
two-component hydrogel formed by Tet-GGF and PQ-GFF at the
weight ratio of 3:1 for the following experiments to photo-pattern
biomolecules and encapsulate cells. 

2.2    Photo-patterning  through  UV  or  visible  light
induced photo-click reactions
Building  upon  our  previous  work  of  orthogonal  labeling  of  two
different  proteins  by  using  the  UV  triggered  tetrazole-
monofumarate (Tet-MF) photo-click ligation and the visible light-
triggered PQ-VE photo-cycloaddition [40], we explored using the
same  chemistry  to  initiate  photo-click  reactions  on  the  two
hydrogelators. As shown in Fig. S2 in the ESM, the suspended MF
and VE containing molecules can be successfully reacted with the
hydrogelators.  The  UV-triggered  Tet-MF  photo-click  ligation
resulted in the formation of pyrazoline (Pyr) fluorophore emitting
green  fluorescence,  while  the  visible  light-triggered  PQ-VE

 

Figure 1    Formation  of  the  self-sorting  double  network  hydrogel.  (a)
Schematic illustration on the self-sorting double network formed by two
photo-clickable  tripeptides  for  orthogonal  photo-patterning  of  two
biomolecules  triggered  by  UV or  visible  light.  (b)  Chemical  structure  of
the hydrogelator Tet-GGF. (c) Chemical structure of the hydrogelator PQ-
GFF. (d)‒(f) AFM images of the assemblies of Tet-GGF (500 µM) (d); the
assemblies  of  PQ-GFF (500 µM) (e);  and the  assemblies  in  a  PBS buffer
with the two peptides both at 250 µM (f). (g) UV‒vis spectra of Tet-GGF,
PQ-GFF, and the two-component system. (h) CD spectra of Tet-GGF and
PQ-GFF  solutions,  and  the  two-component  solution.  (i)  Optical  images
of  Tet-GGF  hydrogel,  PQ-GFF  hydrogel  and  two-component  hydrogels
formed  by  Tet-GGF  and  PQ-GFF  at  different  weight  ratios.  The
concentrations of all hydrogels are 4 mg·mL–1.
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cycloaddition  led  to  photo-cycloadducts  with  the
phenanthrodioxine  (PDO)  emitting  blue  fluorescence  (Fig. 2(a)
and Fig. S3 in the ESM).  Therefore,  it  was possible  to distinguish
the  occurrence  of  Tet-MF  ligation  and  the  PQ-VE  cycloaddition
through  the  turn-on  of  fluorescence  of  different  emission
wavelengths.

Then  we  tried  UV/vis  patterning  of  various  molecules  on  the
self-sorting double network hydrogels. It is noteworthy that partial
conversion of  Tet-GGF to Pyr-GGF or PQ-GFF to PDO-GFF in
the  hydrogel  matrix  did  not  show  significant  influence  on  the
mechanical  properties  of  the  two-component  hydrogel,  as
indicated  by  the  dynamic  rheological  data  (Fig. S4  in  the  ESM).
Based  on  their  unique  turn-on  fluorescence,  we  were  able  to
confirm  the  successful  labelling  from  the  fluorescent  images.
Before  photo-click  reaction,  MF  and  VE  containing  molecules
were  mixed in  the  SDNH formed by Tet-GGF and PQ-GFF but
invisible (Fig. 2(b)).  When visible light irradiated on the hydrogel
through a square photomask of millimeter scale, the hydrogel was
patterned  with  a  square  emitting  blue  fluorescence.  Meanwhile,
UV  irradiation  through  a  triangle  photomask  patterned  the
hydrogel  with  a  triangle.  We  further  explored  whether  it  is
possible  to  fabricate  hydrogels  with  patterned  features  of
micrometer  scale  resolution  comparable  to  the  size  of  individual
cells. For this purpose, the intrinsic fluorescence of Pyr and PDO
was not bright enough and we labeled MF and VE with Cy5 and
FITC  respectively  to  generate  MF-Cy5  and  VE-FITC  (See
structures in Fig. S5 in the ESM). We used an optical grating with
an  inter-grid  distance  of  100  μm  as  the  mask.  The  photo-click
labeling  procedures  remained  the  same  as  previously  described.
High-resolution  images  of  the  hydrogel  with  micrometer  scale
patterns  were  confirmed  by  confocal  microscopy  (Fig. 2(c)).  To
further  prove  the  orthogonality  of  the  two  photoreactions,  the
micro-patterning  of  both  dye  molecules  FITC  and  Cy5  at  the
same space was achieved (Fig. 2(d)). This result also demonstrates
the  potential  of  patterning  two  biomolecules  at  the  same  area  to
study their synergistic effect of the encapsulated cells. 

2.3    Evidence  of  the  photo-patterning  of  biomolecules
onto the nanofibers
As the fluorescent images cannot prove evidence whether the self-
assembled structures were changed upon labeling and how dense

the  dye  molecules  were  attached  to  the  fibers,  we  further  used
atomic  force  microscopy  to  acquire  physical  evidence  for  the
successful  immobilization  of  biomolecules.  Here  the  nanofibers
formed  by  Tet-GGF  were  chosen  as  the  example  (Fig. 3(a)).  We
used MF modified  bovine  serum albumin (MF-BSA)  protein  for
photo-immobilization on Tet-GGF nanofibers, because the size of
BSA  is  big  enough  to  be  resolved  by  AFM.  MF-BSA  was  mixed
with  Tet-GGF  nanofibers  and  the  mixture  was  subjected  to  UV
irradiation.  Based on the images and the height  profiles  acquired
on  AFM,  the  nanofibers  formed  by  Tet-GGF  had  an  average
thickness  around  2  nm  (Fig. 3(b)).  After  mixing  with  MF-BSA
and  exposing  to  UV  light,  the  resulted  nanofibers  showed  a
thickness up to 5 nm at some points (Fig. 3(c)). The 3 nm increase
of the thickness corresponds well with the size of BSA. Moreover,
even  attaching  with  MF-BSA,  the  fibers  did  not  disassemble,
suggesting  that  this  method  is  applicable  for  integrating  bulky
ligands to the peptide hydrogel networks after the hydrogels were
formed.  These  results  suggest  that  the  post-assembly  labeling
method  has  minimal  effect  on  the  network  structures.  However,
the  size  of  the  self-assembled  PQ-GFF  were  much  larger  than
BSA, prevent us to confirm the attachment of biomolecules to the
PQ-GFF  sheets.  Nonetheless,  the  self-assembled  PQ-GFF
structures were not affected after labeling. 

2.4    Spatially  and  orthogonally  patterning  of
biomolecules  onto  hydrogel  matrix  to  induce  stem cells’
responses
The  self-sorting  double  network  hydrogel  showed  good
mechanical  stabilities  as  well  as  high  biocompatibility  to  3D
cultured cells  up to 2 weeks (Fig. S6 in the ESM).  Therefore,  it  is
possible  for  us  to  define  the  microenvironment  of  SDNH  by
patterning  different  bioactive  molecules  to  the  hydrogel  matrix
through photo-click reactions for stem cell  culture. We chose the
bioactive  epitope  arginine-glycine-aspartate  (RGD)  from
fibronectin  and  osteogenic  growth  peptide  (OGP)  as  the  model
biomolecules  to  be  patterned  in  the  double-network  hydrogel
matrix.  RGD  is  a  cell  adhesion  motif  and  was  found  to  regulate
the  differentiation  of  human  mesenchymal  stem  cells  (hMSCs)
cultured  on  a  2D  substrate  by  influencing  cell  spreading  and
mechanotransduction [44]. It is interesting to investigate whether
RGD  functions  similarly  in  3D  matrix  too.  OGP  is  a  naturally

 

Figure 2    Photo-patterning on the self-sorting double network hydrogel. (a) The UV-triggered tetrazole-ene photo-click reaction between Tet-GGF and MF generates
the  fluorophore  product  pyrazoline  (Pyr),  and  the  visible  light-induced  photo-cycloaddition  between  PQ-GFF  and  VE  produces  the  fluorescent  cycloadduct
phenanthrodioxine (PDO). (b) Photo-patterning a square and a triangle using visible and UV light,  respectively,  to the same SDNH at different locations.  The side
length  of  the  square  and  the  triangle  was  5  mm.  (c)  Micrometer  scale  patterning  of  FITC  or  Cy5  to  the  SDNH  using  visible  light  or  UV,  respectively.  The  high-
resolution images were acquired using confocal microscopy. (d) Sequential photo-patterning of both FITC and Cy5 at the same area using the same photomask.
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occurring  14-mer  peptide  that  is  known  to  stimulate  the
proliferation  and  osteogenic  differentiation  of  hMSCs  [45, 46].
The immobilization of the OGP peptide on the surface or a solid
scaffold  has  been  reported  to  enhance  the  osteogenic
differentiation of the 2D cultured hMSCs [47, 48]. Our photo-click
strategy  allows  us  to  explore  the  effect  of  patterning  of  OGP
peptides  in  the  3D  hydrogels  for  the  first  time.  Therefore,  we
applied  visible  light-induced photochemistry  for  RGD patterning
and UV-initiated photoreaction for OGP patterning in the double-
network  hydrogel.  Specifically,  cyclic  RGD  (cRGD)  peptide  was
modified with VE to generate VE-cRGD (See structure in Fig. S7
in  the  ESM)  for  the  photo-cycloaddition  with  PQ-GFF,  and  MF
group  was  attached  to  the  N-terminus  of  OGP  to  produce  MF-
OGP (Fig. S7 in the ESM) for the photo-ligation with Tet-GGF.

We  first  studied  the  response  of  encapsulated  hMSCs  to  the
patterned  OGP  in  the  double-network  hydrogel  matrix.  Half  of
the  SDNH  containing  MF-OGP  (500  µM)  with  encapsulated
hMSCs was subject to UV irradiation to trigger the patterning of
OGP,  hMSCs  encapsulated  in  another  half  gel  without  UV
treatment  were  used  as  the  control  (Fig. 4(a),  area  A).  The  cells
were  cultured  in  the  hydrogel  for  a  week,  and  then  the  hMSCs
were  fixed  and  analyzed  by  immunostaining  with  osteocalcin
(OCN)  to  evaluate  the  osteogenic  differentiation.  Based  on  the
fluorescent intensity of OCN, hMSCs encapsulated in area A with
photo-patterned  OGP  showed  much  significant  osteogenic
differentiation  compared  to  the  control  group  (Fig. 4(b) and Fig.
S8  in  the  ESM).  The  result  indicated  that  only  the  immobilized
OGP peptide in the 3D hydrogel matrix was able to stimulate the
osteogenic differentiation of the encapsulated hMSCs.

We next studied the effect of patterned cRGD on hMSCs in 3D
gel  matrix.  Similar  to  patterning  OGP,  half  of  the  SDNH
containing  VE-cRGD  (500  µM)  and  encapsulated  hMSCs  was
illuminated  by  visible  light,  and  the  rest  half  hydrogel  was  not
exposed to visible light and used as a control (Fig. 4(a), area C and
D  respectively).  After  the  hydrogel  was  incubated  for  three  days,
hMSCs  encapsulated  in  the  hydrogel  were  imaged  to  check  the
overall size of cells. As shown in Fig. 4(c) and Fig. S9 in the ESM,
hMSCs  in  the  area  C  with  patterned  cRGD  were  significantly
larger than those in the control group. The cross-sectional area of
hMSCs in the cRGD patterned group was about twice of those in
the control group (Fig. 4(d)), indicating that only surface tethered
RGD can promote cell spreading.

After examining the roles of the two immobilized biomolecules
cRGD  and  OGP  on  hMSCs  independently,  we  further
investigated  whether  co-immobilizing  the  two  bioactive  motifs
could synergistically promote the osteogenic differentiation. A two-
component  hMSCs  encapsulated  hydrogel  containing  both  MF-
OGP  and  VE-c(RGD)  was  subjected  to  different  photo-
illumination  to  create  four  different  environments  with/without
the  two bioactive  ligands:  i.e.  area ‘I’,  the  area  without  patterned
biomolecule  (no  light  treatment);  area ‘II’,  the  cRGD  patterned
area  (treated  by  visible  light);  area ‘III’,  OGP  patterned  area
(treated by UV light); and area ‘IV’, the area both cRGD and OGP
patterned  area  (treated  by  both  visible  and  UV  light,)  (Fig. 5(a)).
The hMSCs in the four areas were cultured for one week, then the
cells  were  immunostained  with  OCN  and  imaged.  The  results
showed that the OCN signal of hMSCs in area ‘IV’ that presenting
both  ligands  was  the  highest,  followed  by  area ‘III’ of  only  the
OGP  ligand.  The  area  without  OGP  (area ‘I’ and ‘II’)  did  not
show  any  OCN  signals.  It  seems  that  although  cRGD  alone  did
not  lead  to  the  osteogenic  differentiation,  it  can  promote  the
mechanotransduction  of  hMSCs  and  synergistically  enhance  the
osteogenic differentiation induced by OGP. (Fig. 5(b) and Fig. S10
in  the  ESM).  The  detailed  molecular  mechanism  is  yet  to  be
revealed.  But  this  work  implies  tremendous  opportunities  of
engineering  self-sorting  double  network  hydrogels  with  photo-
definable  biochemical  cues  as  artificial  synthetic  extracellular
matrix. 

3    Discussion
In summary, we reported here a novel self-sorting double network
supramolecular  hydrogel  for  dynamically  patterning  of  two
different  biomolecules  with  high  spatial  resolution  using
orthogonal  UV/vis  photo-click  chemistries.  The  two  bioactive
ligands  can be  sequentially  fixed to  different  fibrous  networks  by
using UV or visible light.  We confirmed the orthogonality of  the
two photo-click reactions in a supramolecular system for the first
time. We showed that the self-assembled short peptide fibers were
tolerable  to  the  chemical  modifications,  despite  that  they  were
formed  through  dynamic  weak  interactions.  The  chemically
modified hydrogel networks were stable for at least one week that
allowed the photo-defined biochemical cues to be maintained for

 

Figure 3    AFM images and the thickness profiles of Tet-GGF nanofibers before and after photo-patterning with MF-BSA. (a) Schematic illustration on the protein
patterning and the resulted thickness change of the nanofiber. (b) The high-magnification AFM image of Tet-GGF fibers and the thickness of the fibers was measured
as about 2 nm. (c) The high-magnification AFM image of Tet-GGF fibers after labeling with BSA. The thickness increased to approximate 5 nm at some points of the
fibers.
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stem cell culture. This system largely mimicked the architecture of
native  ECM  in  that  the  bioactive  ligands  were  specifically
anchored to a type of peptide fiber instead of being mixed on both
networks.  Comparing  to  covalently  crosslinked  polymeric
hydrogels,  dynamic  small  molecular  hydrogels  were  extremely
suitable for cell culture in 3D, because their dynamic network did
not impart the growth and migration of the encapsulated cells. We
anticipate  that  the  engineered  self-sorting  double-network
hydrogels  reported  in  this  work  represent  a  promising  platform
for studying the localized mechanical and biochemical cues on the
lineage specification of stem cells in 3D. 

4    Materials and methods
 

4.1    Experimental materials and instruments
All  amino  acids  and  small  molecules  were  purchased  from
commercial  sources  and  used  as  received.  The  P1  human
mesenchymal  stem  cells  (hMSCs)  and  all  of  the  media  were
purchased from ScienCell. 1H NMR spectra were obtained from a

400 MHz Bruker AVANCE III–400 spectrometer. Chemical shifts
were reported in δ (ppm) relative to the residual solvent peak. MS
data were recorded using a SHIMADZU LCMS-2020 and MALDI-
TOF.  Atomic  force  microscopy  (AFM)  images  were  obtained
from  JPK  Nanowizard4.  UV–Vis  and  fluorescence  spectra  were
acquired  using  a  PerkinElmer  Lambda  35  UV/Vis
spectrophotometer  and  PerkinElmer  LS55  fluorescence
spectrophotometer,  respectively.  Rheology  measurements  were
performed using a HAAKE RheoStress 6000 rheometer (Thermo
Scientific).  Confocal  laser  scanning  microscopy  (CLSM)  was
performed  using  a  Leica  TCS  SP5  microscope.  HPLC  was
performed on an Agilent 1200 LC (analytic) or a Waters 2535 LC
(preparative). The UV herein is 365 nm UV light generated by an
Omnicure  lamp  with  the  intensity  of  95  mW·cm–2,  while  the
visible light is continuous light from a LED lamp with the intensity
of 500 mW·cm–2.
 

4.2    Tests of hydrogelation ability
Aqueous  solutions  of  the  self-assembled  small  molecules  were
prepared  in  PBS  buffer  in  a  glass  vial  by  adjusting  the  pH  or
heating.  Gel  formation  was  determined  using  the “invert-vial”
experiment.
 

 

Figure 4    Photo-patterning  of  VE-cRGD  or  MF-OGP  to  self-sorting  double
network hydrogel and the response of encapsulated hMSCs in the hydrogel. (a)
Schematic illustration of biomolecules patterning in half of SDNH matrix using
UV  or  visible  light  to  create  3D  microenvironments  with  immobilized  OGP
(defined as area A) or cRGD (defined as area C) peptides. A 365-nm UV light
with the intensity of ~ 95 mW·cm–2 was applied for 2 min to trigger the photo-
click  reaction.  A  LED  lamp  emitting  white  light  with  the  intensity  of  ~  500
mW·cm–2 was  applied  for  5  min  to  trigger  PQ-VE  photo-cycloaddition.  (b)
Immunostaining  of  hMSCs  encapsulated  in  areas  A  and  B  respectively  after
being  3D  cultured  for  one  week.  The  encapsulated  cells  were  fixed  and
immunostained with osteocalcin (OCN, green color) to indicate differentiation
and the nucleus was stained with TO-PRO®-3 (red color). (c) Images of hMSCs
encapsulated in SDNH with (defined as area C) or without (defined as area D)
immobilization of cRGD. The nucleus was stained with DAPI (blue color). The
size  of  the  cells  was  determined  in  the  DIC  images  and  highlighted  by  a  red
circle. (d) Statistical analysis of the cross-section area of hMSCs encapsulated in
the  light-defined  area  C  and  the  control  area  D,  respectively.  The  number  of
cells  in  statistics  is  61  and  37  for  the  area  C  and  D,  respectively.  Significant
difference value: ***p< 0.001. Scale bar is 20 μm.

 

Figure 5    Photo-patterning  of  VE-cRGD/MF-OGP  in  separate  or  combined
manner  to  the  SDNH  and  the  responses  of  hMSCs  encapsulated  in  different
areas.  (a)  Illustration  of  the  protocol  to  create  four  areas  with  different
distribution of patterned cRGD and OGP. UV light source was a 365 nm UV
light with the intensity ~95 mW·cm–2 and the irradiation lasted for 2 min, visible
light  was  from  a  LED  lamp  emitting  white  light  with  the  intensity  ~500
mW·cm–2 and  the  irradiation  lasted  for  5  min.  (b)  Bright  field  or  fluorescent
images  of  the  encapsulated  hMSCs  after  one-week’s  3D  culture  in  the
corresponding  photo-defined  areas  I−IV.  After  bio-ligands  immobilization,
fresh culture medium was placed on the gel  and replaced every two hours for
three  times  to  wash  off  free  biomolecules.  Then  the  culture  medium  was
changed to the osteogenic differentiation medium for one-week incubation and
refreshed  every  two  days.  For  immunostaining,  the  encapsulated  cells  were
firstly  fixed  and  then  subject  to  immunostain  with  osteocalcin  (OCN,  green
color)  to  image  differentiate  marker,  and  the  nucleus  was  stained  with  DAPI
(blue color). The scale bar is 20 μm.
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4.3    Preparation of AFM specimens
The samples were 1 mg·mL–1 Tet-GGF viscous solution before and
after patterning with MF-BSA. The molar ratio of MF-BSA to Tet-
GGF  for  photo-immobilization  reaction  was  1  to  10,  and  the
photo-irradiation time was 5 min. Then the AFM specimens were
prepared  by  dipping  the  samples  on  mica  slice  for  20  min,
washing  by  pure  water  (50  µL)  for  twice  and  air-drying  for
30 min. 

4.4    Tests of hydrogels injectability
400 µL single-component hydrogels of Tet-GGF and PQ-GFF, as
well  as  two-component  hydrogels  formed  by  Tet-GGF  and  PQ-
GFF at different weight ratio (5:1,  3:1,  1:1,  1:3,  1:5) in PBS buffer
were prepared at the concentration of 4 mg·mL–1 in vials and stand
at  room  temperature  for  40  min  to  form  stable  hydrogels.  Then
the stable hydrogels were extruded through a 0.7 mm needle into
a  1  mL  syringe,  and  injected  back  to  the  vials.  The  liquid  in  the
vials were stand for several min and checked if they can form the
stable hydrogels again. 

4.5    Rheology test
The  tests  were  conducted  with  a  cone  and  a  plate  (19.992  mm
diameter plate and 1° cone angle). The gap between the cone and
the plate was set to 0.051 mm. The dynamic frequency sweep test
of the hydrogels was performed at 0.5% strain. 

4.6    Photo-patterning  of  the  two-component  double
network hydrogels
Two-component  hydrogels  (4  mg·mL–1)  containing  small
molecules  (MF  and  VE,  10  eq.  to  Tet-GGF  and  PQ-GFF,
respectively) or dyes (VE-FITC or MF-Cy5, 0.1 eq. to Tet-GGF or
PQ-GFF, respectively) were prepared first (200 µL) in cell culture
dishes (16 mm diameter) specialized for confocal microscopy, the
thickness  of  the  gel  was  calculated  as  ~  1  mm.  Different  photo-
masks  were  applied  for  different  photo-patterning.  The  photo-
irradiation time scale  of  UV-triggered patterning was 2 min,  and
the visible light-induced patterning was 5 min. The UV source is
365  nm  UV  light  from  an  OmniCure  lamp  at  an  intensity  of
95  mW·cm–2,  and  the  visible  light  is  from  a  LED  lamp  at  an
intensity  of  500  mW·cm–2.  For  the  patterning  using  small
molecules,  the  gel  was  directly  taken  the  fluorescence  images
under  254  nm UV environment  after  patterning.  For  the  micro-
patterning  using  dye  molecules,  the  gels  were  washed  by  PBS  (1
mL  ×  10  min)  for  three  times  to  wash  off  free  dye  molecules
before  the  fluorescence  images  were  acquired  by  confocal
microscopy. 

4.7    3D Cell culture
Human  mesenchymal  stem  cells  (hMSCs)  in  hydrogel  were
cultured  under  Mesenchymal  Stem  Cell  Medium  (Sciencell)
containing 5% fetal bovine serum and 1% penicillin/streptomycin,
and  maintained  in  a  5%  CO2 atmosphere  at  37  °C.  After  bio-
ligands  photo-patterning,  hMSCs  were  cultured  under
Mesenchymal  Stem  Cell  Osteogenic  Differentiation  Medium
containing  5%  fetal  bovine  serum,  1%  Mesenchymal  Stem  Cell
Osteogenic  Differentiation  Supplement  and  1%
penicillin/streptomycin, and maintained in a 5% CO2 atmosphere
at  37  °C.  The hMSCs and all  of  the  media  were  purchased from
ScienCell. 

4.8    Live/dead assay
The viability of the cells cultured in the hydrogels was determined
using a live/dead staining kit (Molecular Probes) according to the
manufacturer’s  instructions.  Specifically,  the  cell-gel  constructs
were initially washed twice with PBS for 10 min each. The staining

reagent  containing  Calcein  AM and ethidium homodimer  1  was
then added to the cell-gel constructs. After 30 min incubation in a
37°C/5%  CO2 incubator,  cells  were  observed  under  confocal
microscopy. 

4.9    Stem  cell  encapsulation,  photo-patterning  of
biomolecules  MF-OGP  or  VE-cRGD  in  self-sorting
double-network hydrogel and 3D cell culture
Viscous solution of the two hydrogelators Tet-GGF and PQ-GFF
(4 mg·mL–1, the weight ratio of Tet-GGF to PQ-GFF is 3:1) in PBS
with  biomolecules  (VE-cRGD  or  MF-OGP,  500  µM)  was
prepared  first.  Then,  P3  hMSCs  were  suspended  in  the  viscous
PBS  solution  (which  were  already  able  to  prevent  the  cells  from
settling down to the bottom of the dish) at a density of 5 × 105 cells
per  mL.  The  viscous  solution  was  then  transferred  to  the  cell
culture  dishes  used  for  confocal  microscopy  of  200  µL  per  dish.
The  cell  culture  dishes  were  incubated  for  40  min  at  room
temperature to allow the formation of hydrogels in dishes, and the
thickness  of  gel  was  approximate  1  mm.  Then,  different  areas  of
the hydrogels, depending on the conditions, were treated with 365
nm UV light  at  an  intensity  of  95  mW·cm–2 for  2  min  or  visible
light  at  an  intensity  of  500  mW·cm–2 for  5  min.  Fresh  culture
medium was applied to wash off the unreacted biomolecules every
two  hours  for  3  times  (200  µL  each  time).  Then,  100  µL  of
osteogenic  differentiation  medium  was  added  on  the  top  of
hydrogels and refreshed every two days. 

4.10    Immunofluorescence staining of osteocalcin (OCN)
The  hMSCs  cultured  in  self-sorting  double-network  hydrogel
were  fixed  with  4%  paraformaldehyde  (PFA)  for  15  min,
incubated  with  0.3%  Triton-X100/PBS  for  1  h  at  room
temperature  and  then  blocked  with  5%  bovine  serum  albumin
(BSA) for  1  h.  Afterwards,  hMSCs were  incubated with a  mouse
monoclonal  anti-osteocalcin  antibody  overnight  at  4  °C,  rinsed
with PBS for 3 times,  and then stained with an Alexa Fluor 555-
labeled  goat  anti-mouse  IgG  secondary  antibody  (Abcam)  for
1 h at room temperature. 

4.11    Analysis of cell cross-section area
We  chose  the  cells  with  entire  nucleus  visualized  under  nucleus
staining  for  statistic  of  the  cell  cross-section  area.  The  cell  cross-
section area was measured by ImageJ software. 
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