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Intelligent Gels
Soft aggregations of long-chain molecules can shrink or swell in response to stimuli. They may 
form the basis of a new kind of machine. Yoshihito Osada and Simon B. Ross-Murphy.
Scientific American. May 1993, p. 83)

Gel Looper, and inchwormlike device 
that moves by repeatedly curling and 
straightening itself, was developed by 
Osada. Surfactant molecules in the 
liquid surrounding the looper collect 
on the gel’s top surface under the
influence of an electric field, causing 
the gel to shrink. When the polarity of 
the electric field is changed, the 
surfactant goes back into the solution.

Gel Golf demonstrates the ability of an intelligent gel to act on its surroundings. A strip of gel made of the same material as the 
gel looper curls first one way and then the other under the influence of an electric field.  During this transition, it strikes a gold 
ball, propelling it down a slope.  Although the “club” material is sturdy enough to strike a ball directly, it must be submerged
in liquid and so an actual use would probably be encases in a protective container.  

Long-chain molecules cause a solution to become viscous (a) because they interfere 
with one another as the solution flows.  As their concentration increases, the molecules 
become entangled, yielding viscoelastic behavior that partakes of both solid and liquid 
traits (b).  If the intertwined molecules bond with one another, the result is a gel (c)



Bionic Pancreas

The Next Best Thing to a Cure for Diabetes
Alexandra Sifferlin
TIME Jan. 29, 2015 



Wound Care



Everyday Plastics



Pressure- & Temperature-Sensitive Materials

https://www.youtube.com/watch?v=ULa60DWu66U



Water



Start Reading “Role of Water in Some Biological Processes”



Hofmeister Series

MD evidence shows that this change can be ascribed to the direct interactions between anions and the PMNT 
backbone, as shown in Figure 2. The ab inito calculation together with MD simulation demonstrates that the 
PMNT backbone of PMNT would be more extended and ordered with bathochromic-shift absorption due to 
the strong suppression of I− inducing the hydrophobic collapse of the PMNT backbone. The results can be 
ascribed to two factors: (i) the electrical repulsion between two adjacent side chains of PMNT would be 
prevent, because the I- approaches the positively charged side chain; (ii) I− easily combines with the apolar
moieties of PMNT. While for kosmotropic anions, e.g. F−, there does not combine with polymer, and since 
the hydrophobic collapse of PMNT moieties, a fold random-coiled arrangement of backbone with hardly 
absorption changes is obtained. Main in-plane skeleton Raman modes were performed to further confirm the 
backbone configurations of PMNT with different anions. The results do not supply an exhaustive explanation 
of the perplexing effect of the HS on cationic conjugated polymers, but they play a basic role of the HS on 
the structure−function relationships of biomacromolecules. 

Kang 2020, Hofmeister Series- Insights of ion specificity from amphiphilic 
assembly and interface property

Figure 1. Conceptual sketch of the Hofmeister series (HS) Figure 2. Illustration of the interactions between anions and PMNT oligomer 
(20 repeat units) in water (light blue, F- anion (upper); brown, I- anion (lower)).
PMNT: poly(3-alkoxy-4-methylthiophene)

Interactions of ions with water?  

or

Interactions of ions with polymer?



Temperature-Sensitive Systems



Temperature-Sensitive Polymers & Hydrogels

Positive Thermosensitivity

as T ↑  Solubility/Swelling ↑

Negative Thermosensitivity

as T ↑   Solubility/Swelling ↓

Competition between the two forces
(H-bonding & Hydrophobic interaction)

Temperature dependent interactions

Covalent bond: ~ 5 eV  (≈ 0.8 x 10-18 J)

Secondary interaction forces: ~ 0.1 eV

Thermal fluctuation energy: ~ 0.03 eV (≈ 1 kT)

as T ↑ Hydrogen-bonding ↓

as T ↑ Hydrophobic interaction ↑



Hydrophobic interactions

A droplet of water forms a spherical shape to 
minimize contact with the hydrophobic leaf.
http://en.wikipedia.org/wiki/Hydrophobic_effect

http://academic.brooklyn.cuny.edu/biology/bio4fv/page/hydropho.htm

Hydrocarbons.
Lipophilic hydrocarbon-like groups in solutes.



Temperature-Sensitive Polymers
Temperature-dependent polymers: The first smart polymers.
Lower critical solution temperature: lowest temperature at which all components are soluble.

Solution: Soluble  Insoluble
Hydrogel: Swollen  Collapsed
Surface: Hydrophilic  Hydrophobic

Qiu 2001, Environment-sensitive hydrogels for drug delivery



Adjusting the LCST of Thermosensitive Polymers
Copolymer of acrylamide and n-tertbutylacrylamide
= Poly(acrylamide-co- n-tertbutylacrylamide)

N-tBAAm: n-tertbutylacrylamide

AAm: acrylamide



Temperature-Sensitive Polymers & Hydrogels
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PLGA-PEG-PLGA Thermoresponsive Copolymers

Steinman 2019, Effect of PLGA block molecular weight on gelling temperature of PLGA-PEG-PLGA thermoresponsive copolymers

FIGURE 7. Dependence of Tgel on PLGA/PEG ratio. For each set of
polymers based on a particular PEG MW, a linear relationship
has been defined between the polymer’s aqueous gelling
temperature in a 20% solution and the polymer structure’s PLGA/
PEG ratio.

FIGURE 6. Representative phase diagram of PLGA-PEG-PLGA
aqueous solutions. As temperature increases the solution
turns to gel, and upon further heating a precipitate is formed.



Temperature-Sensitive Polymers & Hydrogels
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Temperature-Sensitive Polymers & Hydrogels

Case study:  

A veterinary company asks you to design a drug delivery platform that can be 
injected as a solution but converted to a gel for long-term drug release.
You are asked to make a formulation for reptiles and another one for rodents. 

You decide to make it using NIPAAm, how would you have to modify the system 
to work for both reptiles and rodents?



Applications as a Bio-Conjugate

E E

EE

Recovery of Product

T>LCST

T<LCST

T>LCST, Centrifuge

T<LCST

Add Substrate

+Product

Suspension of 
conjugate and 
product

Re-dissolve 
and Recycle

Ding, 1998 J Biomed Mater Res

Protein is conjugated to the polymer.
Bioactivity normally decreases.
Can add to a site specific location, but difficult to do.

Kopeček J Biomaterials 2007Wang et. Al. Nature 1999



Applications in Tissue Engineering

Yamato 2004, Cell sheet engineering
Teruo Okano (Professor, Tokyo Women's Medical University)

Fig. 2 Cell sheet harvest. Trypsin degrades deposited 
ECM (green), as well as membrane proteins, so that 
confluent, monolayer cells are harvested as single cells 
(upper right). The temperature-responsive polymer 
(orange) covalently immobilized on the dish surface 
hydrates when the temperature is reduced, decreasing 
the interaction with deposited ECM. All the cells 
connected via cell-cell junction proteins are harvested as 
a single, contiguous cell sheet without the need for 
proteolytic enzymes (lower right).



Applications in Drug Delivery…Limited!
Polymers: Hydrophilic (Water-soluble)

Hydrophobic (Water-insoluble)
Hydrogels: Network of hydrophilic polymers
Organogels: Network of hydrophobic polymers

Ordinary Polymers & Hydrogels

Shrunken state
- Squeezing
- Trapping

Swollen state
- Opening
- Absorbing

Crosslink

Drug

Precipitation Dilution



Thermo-sensitive Polymers Kim 2012, Injectable in situ-forming hydrogels for a 
suppression of drug burst from drug-loaded microcapsules

Fig. 1 Schematic representation of (A) the microencapsulation method 
using a mono-axial ultrasonic atomizer and (B) controlled BSA release from 
drug depot implants

Fig. 2 (A) Viscosity versus temperature 
curves for PL, PL-Cap, CH, CH-Cap, MP, 
and MP-Cap solutions and (B) the images 
of each formulation.

Fig. 4 Time course of BSA-FITC concentration 
in plasma over (A) 60 days, enlarged graph for 
(B) 23 days, and (C) 5 days after injection of 
hydrogel-BSA-FITC-loaded microcapsules. The 
arrows indicate the Tmax of each formulation.



PEG-PLGA-PEG Triblock Copolymer

Thermogelling system capable that can be used for drug 
delivery

PLGA is a biocompatible hydrophobic polymer commonly used 
in controlled release devices 

PLGA is biodegradable

PEG is a biocompatible hydrophilic polymer used for a number 
of applications

Jeong 1999, Thermoreversible gelation of PEG-PLGA-PEG triblock copolymer aqueous solutions



PEG-PLGA-PEG Triblock Copolymer

Jeong 1999, Thermoreversible gelation of PEG-PLGA-
PEG triblock copolymer aqueous solutions

Effect of L:G Ratio 

Effect of PLGA Molecular Weight 
Effect of PEG Molecular Weight 

Effect of the Solvent



Hofmeister Series

As shown in Figure 3, the ability of anions to decrease the LCST agrees with the HS sequence. The salting-
out anions present a linear relationship at low salt concentration. When the concentration reaches a certain 
value, a two-step transition is observed, and the phase transition point is plotted. While for the chaotropic 
species such as ClO4- and SCN-, the effect of anions on the LCST is nonlinear. In Figure 3a, the data 
calculated from eq 1 are shown with dashed lines. The experimental data coincide with the theoretical 
calculation. The values of c, Bmax, and KA also fit the experimental data. Zhang et al. synthesized a novel 
thermoresponsive polymer, 2-hydroxy-3-isopropoxypropyl starches (HIPS), and studied the influence of 
sodium salts on its clou point (Tc). In the presence of kosmotropic salts, the hydrogen bonding between 
polymer and water would be destroyed; meanwhile, some water molecules released from the polymer 
chains, resulting in a reduction of polymer solubility and a dropping of Tc. On the contrary, chaotropic 
anions would increase the solubility of polymer and elevate the Tc with concentration, owing to the direct 
binding to polymer chains. At larger chaotrope concentrations, the Tc goes over a peak and then drops, due 
to the main driving force of hydrogen bonding between polymer and water, as shown in Figure 3b.Kang 2020, Hofmeister Series- Insights of ion specificity from amphiphilic 

assembly and interface property

Figure 3. (a) LCST values of PNIPAM determined 
in the presence of sodium salts at different 
concentrations (0 to 1.0 M). The dashed lines are 
curve fits to the data calculated from eq 1. (b) 
Change of the Tc of 10 gꞏL−1 HIPS solutions with 
the concentration of different sodium salts.  



pH-Sensitive Systems



pH-Sensitive Polymers (Polyelectrolytes)
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pH-Sensitive Polymers (Polyelectrolytes)

 
 Monomer pH-sensitive 

group 

Acidic 
(Meth)acrylic acid -COOH 

(Anionic) Sodium styrene sulfonate -SO3
-
  Na+ 

 Sulfoxyethyl methacrylate -SO3H 
 Aminoethyl (meth)acrylate -NH2 
 N,N-dimethylaminoethyl  

  (meth)acrylate 
-N(CH3) 2 

 
Basic 
(Cationic) 

N,N-diethylaminoethyl  
  (meth)acrylate 

-N(CH2CH3) 2 

 Vinylpyridine  
 

 Vinylbenzyl  
 triethylammonium chloride 

-N+(CH3)3Cl- 

 
Brondsted and Kopecek, ACS Symp. Ser. 480, pp. 285-304 (1992) 

N



pH-Sensitive Polymers 
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Carretti 2009, New frontiers in materials science for art 
conservation: Responsive gels and beyond.

Rheoreversible Gels

FIGURE 1. Appearances (top) and dynamic viscosities (bottom) of an aliquot of 4 wt % 
PAA in 1-pentanol before and after bubbling CO2 through it (to make a gel, PAA-CO2) and 
after adding a few drops of 0.05 M acetic acid.  

3.1. Rheoreversible Gels. Our efforts to clean and remove degraded varnishes from 
surfaces of artwork using gels began with the development of gels with low molecular 
mass organogelators (LMOGs) that can be transformed reversibly and without heating 
into free-flowing liquids. Carbon dioxide gas is passed through a solution of a solvent 
and a low concentration (<5 wt %) of an amine LMOG. Gelation occurs spontaneously 
with the rapid uptake of CO2 and formation of an ammonium carbamate (eq 1). The 
gels revert to their free-flowing liquid state when a displacing gas, such as N2, is passed 
through them at ambient or slightly elevated temperature.

It was anticipated that rheoreversible gels of this type would combine the desirable 
properties of nonrheoreversible hydrogels and organogels, controlled positioning on the
upper (varnish or overpaint) surface and slowed diffusion of the liquid into the paint 
layers, with the advantages of a neat liquid, a wide range of polarities, easy removal 
from a surface, and low levels of residue remaining after cleaning. Especially for the 
purposes of minimizing the amount of residue on a surface after removal of the 
cleaning agent, the LMOG was changed to a commercially available polymer (initially, 
polyallylamine (PAA) and, later, different types of polyethylenimines (PEI)). 

Figure 1 shows the dynamic viscosities and appearances of an aliquot of 4 wt % polyallylamine (PAA) in 1-pentanol before and after bubbling CO2 through it and after 
adding a few drops of dilute weak acid to destroy the gel, returning it to a free-flowing liquid. Thus, very dilute aqueous acetic acid or solutions of nonanoic acid in toluene 
or mineral spirits have proven equally effective at returning these gels rapidly to their free-flowing states, and the latter do so without introducing water onto the paint 
surface. Protonation of the carbamate causes a very rapid loss of CO2, as well as protonation of the newly formed amine; the polymer chains become repulsive instead of 
attractive (eq 2). Although this procedure does not allow the gels to be reformed as described in eq 1 in the absence of extensive chemical and physical manipulation, it does 
permit a nearly instantaneous transformation to a free-flowing liquid that can be removed easily using a tissue or cotton swab to absorb the solubilized varnish. In fact, reuse 
of the gel for the purposes of cleaning surfaces is not advisible because the material removed in a first cleaning could be deposited during a second one. What is required is 
easy, rapid, and complete removal of the gel on demand! 

(2)

(1)



Cohen Stuart, et al.  Nat Mater 9: 101, 2010

Stimuli-responsive Nanoparticles for Drug Delivery



Glucose-Sensitive Systems



Glucose Sensitive Systems

Fig. 6. Sol–gel phase-transition of a glucose-sensitive hydrogel. Large 
circles represent Con A, a glucose-binding protein. Small open and closed 
hexagons represent polymer-attached glucose and free glucose, 
respectively.

Fig. 7. Sol–gel phase-transition of a phenylborate polymer. At alkaline pH, phenylborate
polymer interacts with poly(vinyl alcohol) (PVA) to form a gel. Glucose replaces PVA to 
induce a transition from the gel to the sol phase.

Qiu 2001, Environment-sensitive hydrogels for drug delivery

Chamber

Chamber II
Diaphragm

Movable
Partition

Chamber 
III

Orifice
with
valve

Housing

(a) Glucose Sensitive
Swellable Hydorgel

Screen

One Way
Valve

Insulin
Formulation

(b)

Blood
Glucose

Up

Blood
Glucose
Down

(c)

Kinetics
Reproducibility



Glucose Sensitive Systems

Fig. 3. The advantages and drawbacks of different insulin administrations. 

Fig. 4. (a) The equilibrium between charged and uncharged phenylboronic acid and their 
esters. (b) The equilibrium between phenylboronic acids and their esters. Keq-tri, Keq-tet and 
Keq are all equilibrium constants and Keq is named as overall association constant

Shen 2020, Recent progress in design and preparation of glucose-responsive insulin delivery systems

Fig. 31. Preparation of glucose-responsive microneedles integrated with ZnO quantum-
dot-capped MBGs for transdermal delivery of insulin. 
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Shape Memory Polymers



Important Aspects of Shape Memory Polymer Systems

Shape memory polymers have 2 key identifying features

Shape fixity 
Shape recovery

Shape fixity allows the material to maintain a temporary shape after 
molding 

Shape recovery allows the material to return to the original shape 
of the material



Poly(glycerol-dodecanoate)
-Related to poly (glycerol sebacate)
-Elastomer
-Hydrolytically cleavable
-Tg~32°C

J. Biomed. Mater. Res.. Accepted Author Manuscript. doi:10.1002/jbm.a.35973

Shape Memory Polymers for Heart Repair



Angew. Chem. Int. Ed. 2012, 51, 660 –665

Stimulus allows for folding of a polymer into predefined 
shape in response to an external stimulus 

Polymer Origami

Science Advances 08 Jan 2016: Vol. 2, no. 1, e1501297 DOI: 10.1126/sciadv.1501297



Adv. Mater. 2015, 27, 79–85

Polymer Origami



http://acadia.org/papers/2QPH7Y http://www.nature.com/articles/srep31110

Shape Memory Polymers in Aerospace Applications



Variable stiffness shape memory polymer triggered by both Joule heating and dielectric loss NASA's Langley Research Center has developed 
a novel shape memory polymer (SMP) made from composite materials for use in morphing structures. In response to an external stimulus 
such as a temperature change or an electric field, the thermosetting material changes shape, but then returns to its original form once 
conditions return to normal. Through a precise combination of monomers, conductive fillers, and elastic layers, the NASA polymer matrix can 
be triggered by two effects--Joule heating and dielectric loss--to increase the response. The new material remedies the limitations of other 
SMPs currently on the market--namely the slow stimulant response times, the strength inconsistencies, and the use of toxic epoxies that may 
complicate manufacturing. NASA has developed prototypes and now seeks a partner to license the technology for commercial applications.

https://technology.nasa.gov/patent/LAR-TOPS-39
http://www.azom.com/article.aspx?ArticleID=13516

Electric field activated shape memory behavior of variable stiffness polymer 
composite (VSPc). (a) permanent shape, (b) programmed temporary shape, and 
(c) recovered permanent shape (inset: infrared images).

Electroactive polymers (EAPs) are a type of flexible, elastic polymer (elastomer) that change size or shape (i.e., bend, contract or expand) 
when stimulated by an electric field.  EAPs are generally categorized by their mode of activation: electronic or ionic. Electronic EAPs
include electrostrictive elastomers and dielectric electroactive polymers (DEAPs), while an example of an ionic EAP is the ionic polymer 
metal composite (IPMC).  In electronic EAPs, the electric field applies coulomb attractive forces to the electrodes. This causes the change 
in size and shape due to compressive forces. With ionic EAPs, the mobility and diffusion of ions changes the shape.

Shape Adaptive Multilayered Polymer Composite



Harper Meng, Guoqiang Li. A review of stimuli-responsive shape memory polymer composites. Polymer 54: 2199-2221, 2013.

Fig. 1. Various molecular structures of SMPs. A stable network and a 
reversible switching transition are the prerequisites for the SMPs to 
show SME. The stable network can be molecule entanglement, chemical 
cross-linking, crystallization, and IPN; the reversible switching 
transition can be crystallizationemelting transition, vitrificationeglass
transition, anisotropiceisotropic transition, reversible chemical cross-
linking, and associationedisassociation of supramolecular structures

The sequential recovery of the epoxy/polycaprolactone composite (A) 
from a temporary shape, (B) to temporary shape b, and (C) to permanent 
shape c. 

Stimuli-responsive Shape Memory Polymer Composites 



Is It A Shape Memory Polymer?



Stress-Sensitive Polymers



Stress-Sensitive Polymers



Polymers Responsive to Electric and Magnetic Fields



Electrifying Plastics



Tris(8-hydroxyquinolinato) aluminium

Poly(p-phenylene vinylene)

Organic Light-Emitting Diode                                      Graphene



http://www.rsc.org/images/RSCelectro_tcm18-159224.pdf

http://phys.org/news/2015-09-chameleon-inspired-stretchable-e-skin.html

The researchers developed a thin, clear 
nanocellulose paper made out of wood 
flour and infusaed it with 
biocompatible quantum dots—tiny, 
semiconducting crystals—made out of 
zinc and selenaium. The paper glowed 
at room temperature and could be 
rolled and unrolled without cracking.

http://www.rdmag.com/news/2015/05/toward-green-paper-
thin-flexible-
electronics?et_cid=4581167&et_rid=54728378&location=top

Conventional electroluminescent (EL) foils can be 
bent up to a certain degree only and can be applied 
easily onto flat surfaces. The new process developed 
by Karlsruhe Institute of Technology (KIT) in 
cooperation with the company of Franz Binder GmbH 
& Co. now allows for the direct printing of 
electroluminescent layers onto three-dimensional 
components. Such EL components might be used to 
enhance safety in buildings in case of power failures. 
Other potential applications are displays and watches 
or the creative design of rooms. The development 
project was funded with EUR 125,000 by the 
Deutsche Bundesstiftung Umwelt (German 
Foundation for the Environment).

http://www.rdmag.com/news/2015/05/new-printing-process-
makes-three-dimensional-objects-
glow?et_cid=4581167&et_rid=54728378&type=cta

‘Green' Paper-
Thin, Flexible Electronics

New printing process makes 
three-dimensional objects glow

Electrochromic Polymers



The

Wearable Electronics



NanoSonic’s Metal Rubber™ is a highly electrically conductive 
and highly flexible elastomer. It can be mechanically strained to 
greater than 1000 percent of its original dimensions while 
remaining electrically conductive. As Metal Rubber can carry 
data and electrical power and is environmentally rugged, it opens 
up a new world of applications requiring robust, flexible and 
stretchable electrical conductors in the aerospace/defense, 
electronics and bioengineering markets.

http://www.nanosonic.com/80/4/metalrubber.html   
http://videos.howstuffworks.com/sciencentral/2938-metal-rubber-
video.htm Popular Science. August 2004.  p. 36.

Metal Rubber



A change in shape or volume occur in response to an 
applied voltage

Dielectric elastomer actuators (silicone), ferroelectric 
polymers (poly(vinylidene fluoride)) , electrostrictive
graft elastomers (P(VDF-TrFE) polar side chains), 
conducting polymers, ionic polymer metal composites 
(perfluorinated alkenes)

Materials Today 10(4) 2007, 30-38

Electro-responsive Polymers and Hydrogels

https://youtu.be/ScoQf_dNyls



Carretti 2009, New frontiers in materials science for art conservation: Responsive gels and beyond.

Magnetic Gels

Magnetic chemical gels for art conservation have been described recently. They were prepared by embedding ferrite magnetic nanoparticles (coated with a dicarboxylic derivative 
obtained through the esterification of poly(ethylene glycol) (PEG) with maleic anhydride) in a polyacrylamide matrix (Figure 4). The nanoparticles are attached by chemical 
means to the PEG through the carboxylate functional groups, while the two double bonds per molecule resulting from the esterification anchor the nanoparticles chemically within 
the gel matrix. Radical copolymerization of these functionalized nanoparticles with acrylamide and N,N’-methylene bisacrylamide produces a nanomagnetic gel where both the 
physicochemical properties of acrylamide-based gels and the magnetic response of ferrite nanoparticles are retained.

These gels behave as “containers” for aqueous droplets; they can be freeze-dried to obtain magnetic xerogels and then rehydrated like “sponges” to ca. 10× their dried weight. 
Even in their hydrated state, the gels can be cut with a knife to a desired shape and moved with an external magnet. The emulsions that have been used previously in the removal 
of Paraloid coatings from the surfaces of artwork.

FIGURE 4. Schematic representation of the gel with a microemulsion and ferrite magnetic 
nanoparticles. The inset shows cross-linked nanoparticles (black spheres) bonded to methacrylate 
residues (blue rectangles) and a PEG chain (red line); arrows represent the binding group to the 
polymer network of acrylamide and bisacrylamide.  

FIGURE 5. (left) SEM micrograph showing the microscaled pores, together 
with the acrylamide gel layers where the magnetic nanoparticles are 
copolymerized (brighter regions). (right) Sequence from top left to lower right 
illustrating the removal of a microemulsion-loaded gel from the surface of 
marble by an external magnet.



Magnetic Hydrogel for Controlled Release

www.pnas.org/cgi/doi/10.1073/pnas.1007862108



Magnetic Hydrogel for Controlled Release

Satarkar NS and Hilt JZ. J Control Release 130: 246, 2008



Light-Responsive Systems



Tashiro 2021, Non-uniform photoinduced unfolding of supramolecular polymers leading to topological block nanofibers

UV-sensitive systems
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Light-sensitive Polymer and Hydrogels

Fig. 8. Structure of leuco derivative molecule 
bis(4-(dimethylamino)phenyl)(4-vinylphenyl)methylleucocyanide



Acetylated Dextran is not soluble, the acetylation is sensitive to acidic 
conditions

Light induces a change in pH solubalizing the dextran

Small 2013, 9, No. 18, 3051–3057

Irreversible Light-sensitive systems



Enzyme-Responsive Systems



Onder 2021, Preparation of synthetic polypeptide–polyHIPE hydrogels with 
stimuli-responsive behavior

Enzyme-Degradable Polypeptide−PolyHIPE
Hydrogels 

Figure 1. Schematic representation of the preparation of macroporous polypeptide 
hydrogels by (a) ROP of NCA in the continuous phase of HIPE, catalyzed with DIPEA and 
(b) followed by deprotection of the organogels in HBr/TFA. The photographs on the right 
show dry P(BLG-co-Phe, top) and swollen P(Glu-co-Phe, bottom) at pH 7.5 (scale interval 
1 mm).

Figure 5. Enzymatic degradation profiles of P(Glu), P(Glu-co-Phe), and P(Glu-co-Lys) 
hydrogels in 0.01 U/mL protease type XIV solutions at pH 7.5 and 37 °C. P(Glu-co-
Lys) hydrogels were also degraded in 0.25 U/mL protease type XIV solution under the 
same conditions. For each sample, average values of three specimens with standard 
errors are shown.



Thornton. et al. Soft Matt 4: 821, 2008

Albumin release Albumin releaseAvidin release Avidin release

Enzyme-responsive Hydrogel Nanoparticles



Self-Healing Polymers



Cell phones, tablets, cars and even weapons systems that can heal themselves when 
scratched or cracked are no longer confined to science fiction. During the American 
Chemistry Society’s annual conference on Monday, University of Southern Mississippi 
Professor Marek Urban demonstrated the new material and discussed numerous 
potential applications. When scratched or cracked, the new plastic responds on a 
molecular level and regenerates to repair itself without leaving any signs of damage. 
Similar developments in the past have made use of embedded capsules with repair 
material that would fill scratches when a plastic is cracked, but Urban’s method repairs 
broken bonds when an outside stimulus is applied. In the case, sunlight alone can do the 
trick. “Our new plastic tries to mimic nature, issuing a red signal when damaged and 
then renewing itself when exposed to visible light, temperature or pH changes,”
Our material is what's called a thermoplastic,"— which means no cross-links are formed 
during the creation of the plastic. In contrast, plastics that do form cross-links are called 
"thermosets." The key difference between the two, explains Urban, is that once a 
thermoset cures, its structure is basically set for life, which makes it less-than-optimal 
for self-healing applications. "Thermoplastics, however, you can heat and reshape 
however you want," Urban explains. 
When we pressed Urban to share more details with us about the bleeding capabilities of 
his team's latest plastic, he politely declined to go into specifics on the science, 
explaining that it would have to remain under wraps until a later date.

Nissan recently announced they 
were creating the world's first 
self-healing iPhone case that 
uses their "Scratch Shield" 
paint originally designed for 
cars.

http://www.bgr.com/2012/03/29/scientists-create-self-healing-
plastic-the-holy-grail-of-material-science/
http://io9.com/5897475/new-bleeding-healing-plastic-will-be-used-
on-airplanes-not-androids

Self Healing Plastics



Duncan 2017, Soft, peelable organogels from partially hydrolyzed poly(vinyl acetate
Natali 2011, Structural and mechanical properties of “peelable” organoaqueous dispersion
Carretti 2009, New frontiers in materials science for art conservation: Responsive gels and beyond.

PVA-Boric Acid Gel

Soft, peelable organogels from 40% hydrolyzed poly(vinyl acetate) (40PVAc) and benzene-1,4-diboronic acid (BDBA).

Figure 1. Gels of 6 wt % 40PVAc/0.3 wt % BDBA in 
methanol, DMSO, and THF (left to right) 7 days after 
preparation.

Scheme 1. Representation of the structure of the PVAc network induced 
by borate cross-links and (top left) an example of a cross-linked 
aqueous dispersion.

“Peelable” Gels. Hydrogels employing two 
component gellants, poly(vinyl alcohol) and borate 
as a crosslinker (PVA-B) have been investigated 
extensively. The ester cross-links are reversible, so a 
steady-state concentration of them is established. 
Initially formed gels “age”, allowing conformations 
of the polymer chains and locations of cross-links to 
change. Depending upon the length (i.e., average 
molecular weight) of the PVA chains, the 
concentrations of PVA and borate ion, temperature, 
and pH of the aqueous part, the gels can be very 
stiff or quite malleable. 



Scheme 1. Structures of curable coating components and resulting 
cross-linked polyurethane network composite coatings. Mori 2018, Curable ionic liquid prepolymer-based ion gel coating system

Curable Ion Gel

ABSTRACT: A peelable gel coating based on a curable ammonium-alcohol 
ionic liquid (IL) prepolymer has been developed for the decontamination of 
toxic industrial chemicals (TICs) from porous substrates. The physical 
properties of these coatings can be tuned by controlling the prepolymer 
molecular weight (prepared by RAFT polymerization) and by altering the 
formulation of the initial coating mixture. The initially applied (uncured) 
solutions can be applied onto porous wood and ceramic substrates with 
minimal soak-in, and these films cure quickly in situ under ambient 
conditions. These coatings were tested in a series of assays meant to 
demonstrate their effectiveness as TIC vapor barriers and materials that 
absorb liquid TICs from the aforementioned substrates. The coatings were 
found to suppress ~80% of the vapor released by a TIC simulant 
(odichlorobenzene) from these substrates and to extract up to 85% of the 
mass of the originally applied simulant that soaked into these substrates.



Fig. 4 | Evaluation of compressive properties of glass-like SPNs. a, Photographs of a typical compressive 
test including uniaxial compression and self-recovery of a cylindrical specimen (22 mm D × 7 mm H). b, 
Compressive stress–strain curves for four SPNs based on 5FBVI-CB[8] and NVI (blaue), diMeBVI
(black), ClBVI (green), BVI (red) or CNBVI (purple) crosslinks.

Self Healing, Highly Compressible Soft Polymer Network

Photographs of a car-compression test carried out by compressing a 70 (L) × 50 (W) × 6 (T) mm cuboid specimen 
with a 1,200 kg four-wheel car for 1 min followed by 16 consecutive effects.

Fig. 2 | Thermodynamic and kinetic properties of slow-dissociative non-covalent 
crosslinks. a, Molecular structures for all RBVI second guests. b, Three typical ITC 
plots obtained by titration of NVI, ClBVI and BVI (5 mM) into 5FBVI-CB[8] (0.5 
mM), respectively.

Huang 2021, Highly compressible glass-like supramolecular polymer networks



Vitrimers

Zheng 2021, Vitrimers- Current research trends andtheir emerging applications

Scheme and image illustration of vitrimers and vitrimer-
like materials. The crosslink density of these materials is 
almost constant at different temperature

(a) Illustration of transesterification in hydroxyl-ester networks. (b) 
Normalized stress relaxation at different temperatures. The inset shows the 
temperature variation of zero-shear viscosity. (c) Reprocessing the broken 
pieces in an injection machine to recover its initial aspect and properties. (d) 
Reshaping the sample into a fusilli-shape.

Schematic illustration of (a) A–A fusion, (b) A–B fusion, and (c) welding different 
types of materials using vitrimers.   

Covalent Adaptable Networks (CANs) are polymeric materials with covalent crosslinks which 
become reversibly dynamic when a specific stimuli such as heat, catalyst, light, or pH is applied. In 
the absence of the corresponding stimuli, their cross-linked structure can impart to them thermoset-
like properties such as increased strength and durability.

Vitrimers are a new class of CANs. In contrast to CANs, the crosslinks of these vitrimers are
associative in nature, with their crosslinks being broken only when new bonds are formed. As a 
result, the crosslink density of associative CANs can be considered almost constant regardless
of external stimuli.

Schematic illustration of dynamic covalent bonds 
used in vitrimeric materials and their applications.



Smarter but Not Smart Enough



• Smarter materials: 
• proteins, peptides, DNAs, hybrid materials, affordable degradable materials

• Smarter response: 
• multiple stimuli-sensitivity, new stimuli, fast-responsive

• Smarter function: 
• cell-free enzyme synthesis, microfabrication, extracellular matrix, bioseparation, actuation, sensor

Getting Smarter



Material development: 
Smart hydrogels with high IQ

Find applications:

Mismatch between material 
properties and application

Target application: 
Understand physiological 

requirements

Clinical success:

Faster translation to clinical 
formulations

Current Future



Cohen Stuart, et al. 
Nat Mater 9: 101, 2010

‘Galaxy’ of Stimuli-
responsive Polymers

Faster

Getting Smaller



Biomimetics

“Study of Materials, Structures, and Processes designed through 
eons of evolution of life to inspire and improve the engineering & 
design of artificial materials, man-made structures & processes.”
(Marc J. Madou, Fundamentals of Microfabrication. The science 
of Miniaturization. 2nd Edition. CRC Press. 2002).

Artificial materials that function as biological entities do.

Natural Systems Synthetic Systems

Survival

Biological Need Clinical Efficacy

Efficacy,
Simplicity

(Bottom-up)

Diffusion,
Selectivity
(Top-down)

Miniaturization

Mimicking Biosystems



https://www.youtube.com/watch?v=vJG698U2Mvo

The Invisible Gorilla Experiment



Theinvisiblegorilla.com

The Monkey Business Illusion



https://www.youtube.com/watch?v=vJG698U2Mvo

Selective Attention Test (from Simons & Chabris, 1999)

Instructions: Count how many times the 
players wearing white pass the basketball.

How many passes did you count?
But did you see the gorilla?!

Count how many times the players wearing white pass the ball.

For people who haven’t seen or heard 
about a video like this before, about half 
miss the gorilla.

Did you spot the gorilla?

If you knew about the gorilla, you 
probably saw it. But did you notice the 
curtain changing color or the player on 
the black team leaving the game?

When you’re looking for a gorilla, you 
often miss other unexpected events.

Knowing that unexpected events might 
occur doesn't prevent you from missing 
unexpected events

Theinvisiblegorilla.com

Only 17% of those who were familiar 
with the original gorilla video noticed 
one or both of the other unexpected 
events. Some 29% of those who were 
unfamiliar with the original gorilla video 
spotted one of the other events

The Invisible Gorilla Experiment  The Monkey Business Illusion



Bobbie Carlyle's vision of Self Made 
Man is a man carving himself out of 
stone, carving his character, carving his 
future. 

The drug delivery field needs to 
carve itself out of nano-hype, 
carve its character, and carve its 
future through thinking clearly.

Self Made Man


