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as measured by the induction of key odontogenic transcription 
factors in vitro and stimulation of mineralization in vivo. This 
polymer-based mechanical actuation mechanism represents a 
new bioinspired approach to induce organ-specifi c tissue differ-
entiation that could be useful for stem cell biology, tissue engi-
neering and regenerative medicine. 

 Current design strategies used to fabricate materials for 
tissue engineering and regenerative medicine focus on the 
chemistry, structural properties, and three-dimensional (3D) 
spatial organization of the components that comprise these 
scaffolds (e.g., polymers, ceramics, biomaterials). [ 2,3 ]  While 
current tissue scaffold designs can support cell survival and 
maintenance of some differentiated cell functions, they do 
not exhibit the ability to induce major developmental lineage 
switches that can drive whole organ formation. Thus, we set out 
to develop materials that mimic the organ inductive properties 
of certain embryonic tissues. The formation of most organs in 
the embryo results from complex interactions between adjacent 
epithelial and mesenchymal tissues. [ 4–7 ]  An initial instructive 
signal, provided by one of the tissue layers, is followed by recip-
rocal exchange of inductive signals, resulting in stepwise dif-
ferentiation of both tissue components into an integrated organ 
structure. One of the simplest examples of organ formation is 
the development of the tooth. In the mouse, the embryonic day 
(E10) dental epithelium induces a ‘mesenchymal condensation’ 
response in which underlying mesenchymal cells are stimu-
lated to migrate towards the base of the epithelium, resulting 
in formation of a tightly packed, dense cell aggregate in this 
region. [ 1,8,9 ]  Recent studies have revealed that the physical com-
pression of cells caused by this condensation response mechan-
ically triggers the mesenchymal cells to express odontogenic 
(tooth forming) genes including Pax9, Msx1 and BMP4. [ 1,10,11 ]  
Moreover, once induced in this manner, the mesenchyme can 
support whole tooth formation when recombined with normal 
embryonic dental epithelium and implanted under the kidney 
capsule in a mouse. [ 1 ]  Importantly, similar mesenchymal con-
densation processes are crucial for the formation of many other 
epithelial organs, including the salivary gland, pancreas, kidney, 
bone, and cartilage among others, [ 8,12–16 ]  and thus, harnessing 
this induction mechanism could have much broader value for 
the fi eld of tissue engineering. 

 Inspired by this mechanical organ induction mechanism, 
we set out to explore whether it is possible to develop artifi cial 
polymer scaffolds that can abruptly shrink in 3D, and thereby 
physically compress mesenchymal cells cultured within the 
lattice to induce their differentiation. We designed a tempera-
ture-responsive polymer scaffold composed of poly( N -isopropy-
lacrylamide) (PNIPAAm), which upon heating to physiological 
temperatures contracts in volume in 3D. PNIPAAm has been 

  Local and abrupt changes in mechanical forces play a funda-
mental role in control of tissue and organ development. While 
some investigators have varied material properties of tissue 
engineering scaffolds to infl uence cell behavior, no biomaterials 
have been developed that harness mechanical actuation mecha-
nisms to induce new tissue formation. Here, we describe the 
development of mechanically-actuatable polymers that induce 
tissue differentiation by harnessing the physical induction 
mechanism that drives tooth organ formation in the embryo. 
The formation of many epithelial organs is triggered when 
sparsely distributed mesenchymal cells abruptly pack closely 
together and undergo a “mesenchymal condensation” response. 
For example, in tooth development, the associated physical 
compression and rounding of dental mesenchymal cells is suf-
fi cient to induce whole organ formation in vitro and in vivo. [ 1 ]  
Inspired by this developmental induction mechanism, we 
fabricated an artifi cial, shrink-wrap like polymer scaffold that 
can stimulate tooth tissue differentiation by abruptly inducing 
physical compaction of cells cultured within it when warmed 
to body temperature. A porous, GRGDS-modifi ed, hydrogel 
scaffold was fabricated from poly( N -isopropylacrylamide) (PNI-
PAAm), which remains in an expanded form in the cold, and 
rapidly contracts volumetrically when placed at body tempera-
ture. When undifferentiated embryonic dental mesenchymal 
cells were seeded within this hydrogel sponge and polymer 
shrinkage was thermally induced by warming, the cells became 
physically compressed and exhibited a more compact, rounded 
morphology, as they do when they undergo mesenchymal con-
densation during tooth organ development in the embryo. This 
physical change in cell shape stimulated tooth differentiation, 
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alteration of temperature within physiologically relevant 
ranges. [ 17–20 ]  The thermosensitivity of PNIPAAm is governed by 
its lower critical solution temperature (LCST): at temperatures 
below the LCST, the polymer is swollen, whereas it contracts 
when the polymer is heated to higher temperatures. [ 21,22 ]  PNI-
PAAm’s LCST also can be manipulated by adding other chem-
ical moieties that change the hydrophilicity of the polymer, 
thereby allowing its thermoresponsiveness to be tailored for 
specifi c biological applications. [ 17,19,22 ]  Other parameters such 
as volume change, porosity, and biocompatibility also can be 
controlled by altering cross-linking density or adding adhesion-
promoting components. 

 In the present study, we incorporated a GRGDS peptide into 
the cross-linked PNIPAAm polymer gel that mediates adhe-
sion to cell surface integrin receptors in order to promote cell 
anchorage and survival. [ 23–25 ]  The peptide was fi rst modifi ed 
with an acrylate moiety so that it could be polymerizable and 
then mixed into the hydrogel precursor solution containing 
10% N-isopropylacrylamide (NIPAAm) monomer and 1%  N,N ′–
methylenebisacrylamide (BIS) cross-linker by weight in water 
( Figure    1  a). The hydrogel was polymerized by radical initiation 
using ammonium persulfate (APS) and tetramethylethylenedi-
amine (TEMED), and then subsequently lyophilized (see Sup-
porting Information for details). While PNIPAAm without pep-
tide has an LCST of 32 °C, the addition of even low concentra-
tions of GRGDS signifi cantly increased the LCST of the gel. For 
this reason, we experimentally determined the optimal concen-
tration of peptide monomer necessary to yield hydrogels with an 
LCST of ∼36 °C, which is close to body temperature (Figure S1, 
Supporting Information). Swollen gels without cells were found 
to have an average pore size of 2398 ± 211 µm and 1618 ± 108 µm 
in their contracted state as determined from scanning electron 
micrographs of fl ash-frozen, lyophilized hydrogels, and these 
hydrogels contracted volumetrically by approximately 45% when 
heated from 34 °C to 37 °C in medium containing 10% fetal 
bovine serum (Figure  1 b-c). The volumetric response was also 
reversible in that GRGDS-PNIPAAm gels that contracted at 

37 °C could be induced to swell back to their original size by 
lowering the temperature.  

 To determine whether cells cultured within the tempera-
ture-responsive scaffolds could be physically compressed by 
inducing gel shrinkage, dental mesenchymal cells originally 
isolated from E10 mouse embryos were implanted within the 
GRGDS-modifi ed PNIPAAm gel, cultured overnight at 34 °C, 
and then either maintained at the same temperature or shifted 
to 37 °C for 48 hours. Importantly, while cells maintained at 
the lower temperature exhibited polygonal cell morphology 
( Figure    2  a) similar to that observed on conventional culture 
substrates, these cells formed tightly compacted, dense aggre-
gates and exhibited a round morphology when the the hydrogel 
was induced to shrink by raising the temperature to 37 °C 
(Figure  2 a-c). Computerized morphometric analysis confi rmed 
that projected cell areas reduced by more than 60% when this 
compression response was mechanically triggered (Figure  2 c), 
which is similar to the rounding and reduction in cell size that 
was shown to be suffi cient to induce these dental mesenchymal 
cells to undergo odontogenic differentiation in vitro and in 
vivo. [ 1 ]  Moreover, 2D and 3D time-lapse imaging of the same 
gel revealed that the cell rounding response occurred in parallel 
with gel contraction and that this occurred rapidly (≤15 min) 
after the temperature was raised (Videos V1 and V2, respec-
tively), thus, confi rming that this a direct effect of mechanical 
compaction. Although the rate of the cell shape change varied 
depending on how quickly the heating chamber of the micro-
scope equilibrated to the warmer temperature, the cell volume 
decreased at approximately 1.64 × 10 5  µm 3 /min in our 3D time-
lapse study (Figure S2). Importantly, most of the cells cultured 
at 37 °C in the contracted GRGDS-gels remained viable for at 
least two weeks in culture as determined by cell viability, cyto-
toxicity, and growth assays, whereas cells on PNIPAAm gels 
without GRGDS rapidly lost their viability with virtually all cells 
dying within the fi rst week (Figures S3,S4).  

 Next, we explored whether the cell shape change and com-
paction induced by the hydrogel compression infl uenced 
expression of three different genes that are critical drivers of 
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 Figure 1.    (a) Chemical synthesis of GRGDS-PNIPAAm. First the GRGDS peptide is modifi ed with an acrylate moiety by reaction with   N-acryloxysuccin-
imide (NAS)   and is then mixed with a NIPAAm and BIS precursor solution. The hydrogel is then polymerized through radical initiation using APS and 
TEMED. (b) GRGDS-PNIPAAm in swollen and contracted states at 34 °C and 37 °C, respectively (bar, 1 cm). The red color arises from the hydrogel 
being submerged in serum-containing medium. (c) SEMs of GRGDS-PNIPAAm gels in swollen (top) and contracted (bottom state showing reduction 
in pore size with gel contraction (bar, 100 µm).
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tooth formation – Pax9, Msx1, and Bmp4. [ 1,26,27 ]  Immunofl uo-
rescence staining for Pax9 protein confi rmed that increased 
numbers of cells expressed this odontogenic transcription 
factor when cultured in contracted gels placed at 37 °C that 
induced cell rounding compared to swollen gels maintained 
at the lower temperature where no compaction was observed 
( Figure    3  a). Similar responses were observed when we used 
PCR to quantitate changes in mRNA levels for Pax9 as well 
as for two other genes – Msx1 and Bmp4 – that are also key 
drivers of tooth formation  [ 1,26,27 ]  (Figure  3 b). Pax9 mRNA levels 
doubled in contracted gels relative to cells in gels maintained at 
34 °C, and Msx1 and Bmp4 increased by ∼1.5-fold within 2 days 
after stimulation from hydrogel contraction ( p  < 0.05). Expres-
sion of these odontogenic markers was not affected by these 
temperature differences alone as confi rmed by control experi-
ments with cells cultured at 34 °C and 37 °C under standard 
culture conditions (Figure S5).  

 The long-range goal of this effort is to design and fabricate 
biomimetic inductive scaffolds developmental induction for in 
vivo tissue engineering. To begin to explore the feasibility of this 
approach, GRGDS-PNIPAAm gels seeded with 1 × 10 6  dental 
mesenchymal cells were implanted under the kidney capsule of 
an adult mouse using a published method for in vivo analysis 
of tooth formation ( Figure    4  a, Figure S6). [ 1,28 ]  As these gels 
spontaneously contract when placed at body temperature, a cell 
pellet containing the same number of cells without a scaffold 
was implanted as a control. Additional in vivo controls included 
implantation of the GRGDS-PNIPAAm gel alone without DM 
cells and use of a GRGDS-PNIPAAm gel designed with an 
LCST above 37 °C containing the same number of DM cells.  

 Histological analysis of these implants after 2 weeks revealed 
that only the contracted gel containing cells implanted within 
the shrink wrap GRGDS-PNIPAAm polymer induced neovascu-
larization (Figure  4 a), and physical compaction of the DM cells 
could be detected in vivo (Figure S7). Staining with Alizarin Red 
S and alkaline phosphatase (ALP) revealed that only the implants 
containing cells within contracted GRGDS-PNIPAAm gels were 
positive for deposition of calcium and mineralization, respec-
tively (Figure  4 b-c), which are indicative of later stages of tooth 
formation. [ 1,16,27,28 ]  In contrast, neither mineralization nor vascu-
larization was observed when the cell pellet or gel was implanted 
alone, or when the higher LCST gel (that did not contract at 37 °C) 
with DM cells was implanted (Figure  4 b-c). Taken together, these 
results clearly demonstrate that mechanical compression of DM 
cells within the contracting gel was required for the induction of 
the mineralization and vascularization we observed. 
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 Figure 2.    (a) Fluorescent micrographs of E10 dental mesenchymal 
cells in swollen GRGDS-PNIPAAm hydrogel at 34 °C and in contracted 
GRGDS-PNIPAAm hydrogel at 37 °C (bar, 50 µm). (b) Light micrographs 
showing hematoxylin and eosin (H&E) staining of mesenchymal cells 
that appear spread in the swollen GRGDS-PNIPAAm hydrogel, where 
as they are compact and rounded in the contracted GRGDS-PNIPAAm 
hydrogel at 37 °C (bar, 50 µm). (c) Graph showing the quantifi cation of 
the corresponding projected cell areas; *** p  < 0.001.

 Figure 3.    Fluorescent micrographs showing (a) Pax9 protein expression 
(purple) in mesenchymal cells with their nuclei stained with DAPI (blue) 
cultured in swollen versus contracted gels at 34 °C or 37 °C, respectively 
(bar, 20 µm). Pax9 expression is noted in contracted gels and absent in 
swollen gels. (b) Graph showing the quantifi cation of mRNA expression 
levels of Pax9, Msx1 and Bmp4 odontogenic markers in compacted mes-
enchymal cells within contracted PNIPAAm gels. mRNA levels in cells 
cultured at 37 °C (black bars) are shown relative to 34 °C controls (grey 
bars); * p  < 0.05.
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 These fi ndings confi rm that a developmentally-inspired 
biomimetic scaffold that induces mesenchymal condensation 
mechanically can potentially be used to therapeutically stimu-
late cell and tissue differentiation in vitro as well as in vivo. 
In past studies, we showed that physical compression of cells 
during the mesenchymal condensation process is the key signal 
that triggers tooth formation, and that this is mediated by cell 
shape-dependent changes in the expression of two key odonto-
genic transcription factors (Pax9 and Msx1) and one important 
morphogen (Bmp4). [ 1 ]  The results of the present study confi rm 
that physical compaction of dental mesenchymal cells is indeed 
the key regulator of this tooth differentiation pathway. Respon-
sive polymers have been previously used for controlled release 
of drugs and cells, [ 19,29 ]  and PNIPAAm has been employed to 
control cell adhesion and release tissues from substrates after 
they have formed. [ 30 ]  But to our knowledge, this is the fi rst 
study demonstrating the use of a responsive polymer, such 
as PNIPAAm, to induce tissue differentiation specifi cally by 
mechanically actuating a cell compaction response. It is also 
the fi rst to promote tissue engineering by mimicking a develop-
mental organ induction response. 

 We only focused on the effects of polymer shrinkage-induced 
compression of dental mesenchymal cells on tissue differentia-
tion in the present study because inclusion of dental epithelial 
cells would have complicated our analysis. However, previous 
work has shown that induced dental mesenchymal cells must 
be recombined with dental epithelial cells in order to produce 

fully formed teeth in vivo. [ 1,28 ]  Thus, tissue recombination 
studies should be explored in the future to fully defi ne the value 
of this approach for organ engineering applications. 

 Many other organs require mesenchymal condensation for 
their induction and formation, including salivary gland, pan-
creas, kidney, bone, and cartilage, [ 12–16 ]  and so these inductive 
polymer gels could have value for engineering of many tissues. 
Mechanically actuating polymer systems potentially could be 
used to suppress cancer growth as past studies have shown that 
tumor expansion can be accelerated or suppressed by altering 
tissue mechanics and cell distortion. [ 31,32 ]  Thus, this shrink 
wrap polymer strategy will likely have broad applications for 
tissue engineering, regenerative medicine, and clinical therapy 
as well as value for basic research aimed at understanding and 
manipulating organ formation and regeneration.   

 Experimental Section 
 Experimental materials and methods are provided in the Supporting 
Information.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 4.    Light micrographs of histological sections of the control dental mesenchymal (DM) cell pellet alone (DM Cells Alone), GRGDS-PNIPAAm 
gel without cells (Gel Alone/No Cells), DM cells in a non-contracted gel with a LCST ≥ 37 °C (DM Cells in Non-Contracted Gel), and a contracted 
GRGDS-PNIPAAm gel containing DM cells (DM Cells in Contracted Gel) when implanted for 2 weeks under the kidney capsule of a mouse. Sections 
were stained with (a) Hematoxylin and eosin (H&E) or (b) Alizarin Red S, or analyzed for (c) Alkaline Phosphatase (ALP) activity; arrow indicates a 
new capillary sprout (bar, 100 µm).
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