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presence of a magnetic field, the responsive hairs bend towards the magnet, while the non-

magnetic hairs remain vertical (Figure 5.6b). When the magnetic field is removed, the 

magnetic hairs return to their original position (Figure 5.6c). This behavior demonstrates 

that the hairs are magnetically responsive, and that a periodic magnetic field can be used 

to make the hairs “beat” in a manner similar to that of cilia. 

 

    

 

Figure 5.6. Stimuli-responsive rows of hairs. Rows of magnetically responsive hairs 
(brown color, due to MNPs in the hairs) (brown) alternate with non-responsive hairs (black 
due to CB in the hairs) on the base gel. Both photos (top) and schematics (bottom) are 
shown. In (a), with no magnetic field, both hairs stand vertically. In (b), when a magnet is 
placed on the left, the magnetic hairs bend toward the gel, while the non-responsive hairs 
remain vertical. In (c). the magnetic field is removed and all hairs return to the vertical 
positon. Scale bars are 5 mm. 
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5.3.6 Multilayer Hairs  

 

Figure 5.7. Multilayered hairs. Each hair has an inner layer of DMAA-LAP (blue due to 
adsorbed MB dye) and an outer layer of AAm-BIS. In water (top), both layers are swollen. 
In 60% acetone the outer AAm layer shrinks and becomes turbid. Scale bars are 5 mm. 
 

To synthesisze multilayered hairs, we first start with a previously synthesized hairy 

gel, specifically one with hairs of DMAA-LAP, with adsorbed MB for visualization. We 

incubate this gel in a 20 mg/mL APS solution for 20 min, then move it to a container with 

a second monomer solution, which in this case is acrylamide (AAm) with BIS as the 

crosslinker. The initiator diffuses outward from the hairs and base to create a second layer 

of hairs over the first. At this point, we have a hairy gel with an inner blue layer of DMAA-

LAP, covered by a transparent layer of AAm-BIS hairs (Figure 5.7a). AAm is known to 

shrink and become turbid in solutions of > 50% acetone, whereas DMAA is unaffected by 
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acetone. Thus, when the whole gel is placed in a 60% acetone solution, we see the inner 

blue hairs of DMAA-LAP surrounded by the turbid layer of AAm-BIS in Figure 5.7b.  

 

5.3.7 Hairy Gels with Stimuli-Responsive Bases 

 

Figure 5.8. Hairy gel with a stimuli-responsive base. The hairs are DMAA-LAP on top 
of a base of AAm-BIS. The whole gel is placed in a 60% acetone solution. The top-view 
of the response is shown in (a) and the side view in (b). The base gel shrinks, but the hairs 
remain the same height. The dashed lines show the initial dimensions of the base gel. Due 
to the shrinking, the distance between adjacent hairs shrinks from 2.7 to 1.3 mm. Scale bars 
are 5 mm.   
 

Previously we studied how hairs created from stimuli-responsive materials behave 

in interesting ways. Next, we study the case where the base alone is stimuli-responsive. 

Here, the hairs are made of DMAA-LAP and are stained blue by MB. The base is AAm-

BIS. Figure 5.8 shows images of this gel immersed in a 60% acetone solution. As was 
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noted in Figure 5.7, AAm shrinks and becomes turbid while DMAA is unaffected. Thus, 

in this case, the base shrinks by about 50% of its initial area, and so all the original hairs 

are packed more densely in a smaller area. The spacing between hairs along the front edge 

of the gel changes from ~ 2.7 mm initially to ~ 1.3 mm once the base shrinks. The vertical 

arrows indicate that the hairs remain at roughly the same height.  

  

 

Figure 5.9. Hairy gel with a bilayer base showing a shape change to an insect-like 
structure in response to solvent composition. The base has two layers, AAm and DMAA, 
both crosslinked with BIS, and hairs of DMAA-LAP are grown on the DMAA side of the 
bilayer. In acetone, the AAm layer shrinks, causing the base to curl into a tube. The DMAA 
layer, and the hairs, are on the outside of this tube, which thereby resembles an insect. 
 

 

Next, we create hairs on a bilayer base. Bilayer bases are formed by polymerizing 

a first layer of monomer, followed by adding a second monomer and polymerizing that one 

as well. The two polymer networks in the bilayer are bonded at the interface because the 

second monomer will interpenetrate a bit into the first layer before it is polymerized. The 

first bilayer base studied here has a lower AAm and an upper DMAA layer, both 

crosslinked with BIS (Figure 5.9). We then form DMAA-LAP hairs on the DMAA layer 
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of the base, and these are again stained blue by MB. When this hairy gel is placed in 60% 

acetone, the AAm layer shrinks. This shrinking causes the bilayer base gel to curl toward 

the AAm layer, away from the hairs. Ultimately, this results in a tubular structure with 

hairs on the outside, which on the whole resembles an insect.  

 

 

Figure 5.10. Hairy gel with a bilayer base showing a shape change to an intestine-like 
tube in response to solvent composition. The base has two layers, AAm and DMAA, 
both crosslinked with BIS, and hairs of DMAA-LAP are grown on the AAm side of the 
bilayer. In acetone, the AAm layer shrinks, causing the base to curl into a tube. The hairs 
are attached to the AAm layer, which means the hairs are now positioned on the inside of 
the tube. This structure is similar to that of the small intestine. 
 

 

Next, we study the opposite case, in which hairs of DMAA-LAP are formed on the 

AAm side of the AAm/DMAA bilayer gel, as shown in Figure 5.10. Again, the hairy gel 

is placed in 60% acetone, and the AAm layer shrinks. The result is that the bilayer base gel 

curls towards the AAm layer, leading to a curled tubular structure with hairs on the inside 

of the tube. This structure is similar to that of the small intestine, which has the villi on the 

inside wall. To our knowledge, this is the first example of such a complex shape in the 

literature. 
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5.4 Conclusions 

We have presented a technique for the synthesis of biomimetic hair-like structures that 

grow outward from a base polymer gel. The addition of hairs serves to increase the net 

surface area of the base gel by nearly 10-fold. This increase is comparable to the surface 

area increase provided by villi on the inner walls of small intestines. We can impact stimuli-

responsive properties to the hairs (e.g., magnetic properties), and we can also induce such 

hairy gels to fold into tubes with hairs on the outside or inside. We believe the complex 

and unique structures of these gels are unlike any in the current literature. These types of 

materials should hole great interest for study as biomimetic models and as possible tissue 

engineering scaffolds. 
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Chapter 6 
Conclusions and Recommendations 

6.1 Project Summary and Principal Contributions 

 In this dissertation, we have presented a novel “inside-out” synthesis technique to 

create biomimetic multilayered materials. Specifically, we created multilayered spheres, 

tubes and surfaces with controlled morphology. The individual layer chemistry, and size, 

of each material can be tailored precisely over a range of length-scales (i.e. micro to 

centimeter sizes). Additionally, all the synthesized materials were created with hydrogels, 

which are similar to biological tissue. 

 In Chapter 3, we present a bioinspired “inside-out” technique for the synthesis of 

multilayered capsules. First, we present the synthesis of capsules with concentric layers of 

responsive and non-responsive polymers. We demonstrate that changes in external stimuli 

cause the thickness of individual layers to change dramatically. Additionally, we use 

stimuli-responsive layers to control the permeability of small molecules. Thus, we 

demonstrate pulsatile and step-wise release of solutes, which could be employed in the 

release of drugs or other compounds. Finally, we demonstrate that the addition of a thin, 

elastic layer of polymer to a fragile core particle improves the mechanical properties of the 

core. This layer provides protection to the encapsulated material. 

 In Chapter 4, we extend our “inside-out” technique to the synthesis of multilayered 

polymer tubes. Here, we demonstrate precise control over individual tube inner diameter, 

polymer layer thickness and chemistry. Additionally, we demonstrate the patterning of 

stimuli-responsive materials in tubes. The triggering of these stimuli-responsive materials 
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by external sources causes unique behavior in the polymer tubes. For example, spontaneous 

changes in lumen diameter, or causing a straight tube to curl. Behavior like the spontaneous 

change in diameter is similar to blood vessels found in the body. Furthermore, we 

demonstrate the chemical modification of a specific layer within a multilayered tube 

architecture with a fluorescent dye, which may be extended to modification with other 

chemicals (e.g. growth factors, catalysts, etc.). 

 In Chapter 5, we employ our technique to create hair-like protrusions on the surface 

of polymer gels. We demonstrate specific control over hair diameter, length and spacing. 

Hair-like protrusions in nature serve to increase the surface area of materials, and we 

demonstrate that our hair covered surfaces achieve the same purpose. We demonstrate this 

surface area increase through a dye adsorption experiment in which a hair covered gel 

removes solutes from a solution much faster than a gel without hairs. We incorporate 

stimuli-responsive materials into the hairs, and demonstrate the movement of hairs based 

on an external stimulus.  Finally, we demonstrate that by growing hairs on stimuli-

responsive surfaces we can cause these surfaces to fold into unique tubular structures, with 

hairs on the inner or outer surface depending on orientation. The former is mimetic of the 

structure of the small intestine, a tube with hairs on the inside surface. 

 

6.2 Recommendations for Future Work 

6.2.1 Mechanical Properties of Multilayered Capsules 

 In Chapter 3 we discuss the synthesis of capsules with thin layers of elastic 

materials. The elastic nature of the polymer layer helps to protect fragile cargo (e.g. alginate 
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core particles). Here, we propose to further study the mechanical properties of multilayered 

capsules. We have observed that, in addition to the protective properties of these elastic 

polymer layers, the elastic layers cause these capsules to bounce. In this study we will 

examine the complex interplay between core and polymer layer mechanical properties. For 

example, in a simple case, an Alginate core does not bounce much, but when surrounded 

by a small layer of DMAA the whole capsule bounces noticeably more. We will extend 

this study to a number of other cases to better learn how to tune the mechanical properties 

of these capsules. For example, what happens when there are multiple elastic layers in 

structure? What if some of the layers are elastic, and other layers are non-elastic? If shear-

thickening materials are incorporated into the core, or specific layers, does this change the 

overall properties of the capsule? We intend to examine these qualities through Coefficient 

of Restitution (which is directly related to elasticity of a collision) measurements in 

conjunction with Rheological studies of the materials present. We believe the ability to 

predictively tune the mechanical properties of these capsules, and their layers, could be 

useful in applications from drug delivery to industrial reactions. 

6.2.2 Multilayered Hydrogel Materials as Tissue Engineering Scaffolds 

 The field of tissue engineering has grown immensely in recent years, with the 

ultimate goal of augmenting or replacing existing tissues within the body. Hydrogels are 

attractive materials for tissue engineering applications, due to their similarity to 

tissues.100,101 Most of the scaffolds employed in tissue engineering are simple, and lack the 

level of complexity found in natural tissues.79,82,87 We propose to employ the materials 

synthesized in Chapters 4 and 5 as complex tissue engineering scaffolds. We believe this 

may be accomplished in two ways. First, through the incorporation of monomers which 
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are known to promote the growth of cells. For example, materials like methacrylate-

modified gelatins102,103 have been successfully employed as tissue scaffolds. This type of 

material can be directly incorporated into our “inside-out” polymerization technique to 

generate multilayered tubes and hairy surfaces which would act as scaffolds for tissue 

growth. The second way these materials could be modified to act as tissue scaffolds is 

through the direct conjugation of growth factors for different types of cells. It has been 

reported in literature that conjugation or incorporation of growth factors into tissue 

scaffolds promotes the growth of certain types of cells.94,104,105 In Chapter 4 we 

demonstrated the direct modification of a specific zone of polymer within a multilayered 

architecture. Multilayered tubes and hairy surfaces could be similarly chemically modified 

with growth factors to promote the growth of certain cells on these structures.  

6.2.3 Organic-Inorganic Hybrid Materials 

 Throughout this dissertation we have discussed the fascinating structure of the egg 

as a multilayered material. However, the egg is also interesting in that it combines organic 

(e.g. yolk, albumin, etc.) and inorganic (e.g. eggshell) components in one structure.1,7 We 

observe a number of other interesting materials in nature which also exhibit this organic-

inorganic hybrid structure. For example, the structure of bone in the body, which is also a  

complex, multilayered structure containing organic components surrounded by inorganic 

materials.106 The inorganic components of these hybrid materials vary from calcium 

carbonate in eggs, to hydroxyapatite in bones.1,7,106 We propose to extend our “inside-out” 

synthesis technique to the fabrication of hybrid organic-inorganic multilayered materials. 

To accomplish this a variety of inorganic chemistries are available.107-109 We will focus on 

two chemistries, silica sol-gel and hydroxyapatite synthesis techniques. In the silica sol-
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gel chemistry a silica precursor reacts with water in a hydrolysis which is accelerated by 

an acid or base. We will employ the diffusion of an acid or base from a template particle, 

in an “inside-out” manner, to create a shell of silica around a template. There are a variety 

of techniques to synthesize hydroxyapatite reported in literature. For example, the reaction 

of orthophosphoric acid (H3PO4) with calcium hydroxide (Ca(OH)2).110 Organic-Inorganic 

hybrid materials could exhibit interesting permeability for the release of solutes. 

Additionally, these types of materials might find use as novel tissue engineering platforms 

for the reconstruction of bone.  
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