
(19) United States 
US 2010 0046902A1 

(12) Patent Application Publication (10) Pub. No.: US 2010/0046902 A1 
Kaplan et al. (43) Pub. Date: Feb. 25, 2010 

(54) BIOPOLYMER PHOTONIC CRYSTALS AND 
METHOD OF MANUFACTURING THE SAME 

David L. Kaplan, Concord, MA 
(US); Fiorenzo Omenetto, 
Wakefield, MA (US); Brian 
Lawrence, Medford, MA (US); 
Mark Cronin-Golomb, Reading, 
MA (US); Irene Georgakoudi, 
Acton, MA (US) 

(75) Inventors: 

Correspondence Address: 
DAVID S. RESNICK 
NIXON PEABODY LLP, 100 SUMMER STREET 
BOSTON, MA 02110-2131 (US) 

TRUSTEES OF TUFTS 
COLLEGE, Medford, MA (US) 

(73) Assignee: 

(21) Appl. No.: 12/513,384 

(22) PCT Filed: Nov. 5, 2007 

(86). PCT No.: PCT/US07/83600 

S371 (c)(1), 
(2), (4) Date: May 4, 2009 

72 

72 

----------------------------... 

Related U.S. Application Data 

(60) Provisional application No. 60/856.297, filed on Nov. 
3, 2006, provisional application No. 60/935,459, filed 
on Aug. 14, 2007. 

Publication Classification 

(51) Int. Cl. 
GO2B 6/22 (2006.01) 
B29D II/00 (2006.01) 

(52) U.S. Cl. .......................... 385/129; 264/1.32: 264/1.1 

(57) ABSTRACT 

A method of manufacturing a biopolymer photonic crystal 
includes providing a biopolymer, processing the biopolymer 
to yield a biopolymer matrix solution, providing a Substrate, 
casting the matrix solution on the Substrate, and drying the 
biopolymer matrix solution to form a solidified biopolymer 
film. A surface of the film is formed with a nanopattern, or a 
nanopattern is machined on a Surface of the film. In another 
embodiment, a plurality of biopolymer films is stacked 
together. A photonic crystal is also provided that is made of a 
biopolymer and has a nanopatterned Surface. In another 
embodiment, the photonic crystal includes a plurality of 
nanopatterned films that are stacked together. 
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BOPOLYMER PHOTONIC CRYSTALS AND 
METHOD OF MANUFACTURING THE SAME 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims the benefit of priority of 
U.S. Provisional Application Ser. No. 60/856.297 filed on 
Nov. 3, 2006, entitled “Biopolymer Devices and Methods for 
Manufacturing the Same. This application also claims the 
benefit of priority of U.S. Provisional Application Ser. No. 
60/935,459, filed on Aug. 14, 2007, entitled “Biopolymer 
Photonic Crystal and Method of Manufacturing the Same.” 

GOVERNMENT SUPPORT 

0002 The invention was made with government support 
under grant number FA95500410363 awarded by the Air 
Force Office of Scientific Research. The government has 
certain rights in this invention. 

BACKGROUND OF THE INVENTION 

0003 1. Field of the Invention 
0004. The present invention is directed to biopolymerpho 
tonic crystals and methods for manufacturing Such photonic 
crystals. 
0005 2. Description of Related Art 
0006. The field of optics is well established. Some sub 
fields of optics include diffractive optics, micro-optics, pho 
tonics, and guided wave optics. Various optical devices have 
been fabricated in these and other subfields of optics for 
research and commercial application. For example, common 
optical devices include diffraction gratings, photonic crys 
tals, optofluidic devices, waveguides, and the like. 
0007 Photonic crystals are periodic dielectric or metallo 
dielectric structures that define allowed and forbidden elec 
tronic energy bands. In his fashion, photonic crystals are 
designed to affect the propagation of electromagnetic (EM) 
waves in the same manner in which the periodic potential in 
a semiconductor crystal affects electron motion. 
0008 Photonic crystals include periodically repeating 
internal regions of high and low dielectric constants. Photons 
propagate through the structure based upon the wavelength of 
the photons. Photons with wavelengths of light that are 
allowed to propagate through the structure are called 
“modes'. Photons with wavelengths of light that are not 
allowed to propagate are called “photonic band gaps'. The 
structure of the photonic crystals define allowed and forbid 
den electronic energy bands. The photonic band gap is char 
acterized by the absence of propagating EM modes inside the 
structures in a range of wavelengths and may be either a full 
photonic band gap or a partial photonic band gap, and gives 
rise to distinct optical phenomena Such as inhibition or 
enhancement of spontaneous emission, spectral selectivity of 
light, or spatial selectivity of light. Such structures can be 
used for high-reflecting omi-directional mirrors and low-loss 
waveguides. Photonic crystals are attractive optical devices 
for controlling and manipulating the flow of light. Photonic 
crystals are also of interest for fundamental and applied 
research and are being developed for commercial applica 
tions. Two-dimensional periodic photonic crystals are being 
used to develop integrated-device applications. 
0009 Advances in micro-technology and nanotechnology 
have led to the miniaturization of a number of devices. 
Applied Scientists and researchers continue to attempt to 
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engineer control matter on the atomic and molecular scale 
and to build devices in that size range. These scientists draw 
ing from applied physics, materials science, interface and 
colloid Science, device physics, chemistry, and engineering 
disciplines to bring existing technology to the nanoscale. 
0010 Lithographic techniques serve to facilitate develop 
ment of nanoscale devices by selectively removing portions 
of thin films or Substrates. Scanning probe lithography incor 
porates a microscopic stylus that is mechanically moved 
across a surface to form new patterns on the film. The new 
patterns are formed by mechanically deforming the Surface of 
the film using nanoimprint lithography or by transferring a 
chemical to the surface of the film. 

0011 Dip Pen Nanolithography(R) (DPN) is a scanning 
probe lithography technique that may use an atomic force 
microscope tip to transfer molecules to the film Surface using 
a solvent meniscus. This technique allows surface patterning 
on scales of under 100 nanometers. DPN is the nanotechnol 
ogy analog of a quill pen, where the tip of an atomic force 
microscope cantilever acts as a “pen, which is coated with a 
chemical compound or a mixture acting as an “ink, and put 
in contact with a substrate, the “paper.” 
0012 DPN enables direct deposition of nanoscale materi 
als onto a substrate in a flexible manner. The vehicle for 
deposition can include pyramidal scanning probe microscope 
tips, hollow tips, and even tips on thermally actuated cantile 
WS. 

0013 Photonic crystals and other optical devices are fab 
ricated using various methods, depending on the application 
and optical characteristics desired. However, these optical 
devices, and the fabrication methods employed in their manu 
facture, generally involve significant use of non-biodegrad 
able materials. For example, glass, fused silica, or plastic are 
commonly used in optical devices. Such materials are not 
biodegradable, and remain in the environment for extended 
period of time after the optical devices are removed from 
service and discarded. Of course, some of thematerials can be 
recycled and reused. However, recycling also requires expen 
diture of natural resources, and adds to the environmental 
costs associated with Such materials. 

0014. Therefore, there exists an unfulfilled need for opti 
cal devices such as photonic crystals that minimize the nega 
tive impact to the environment. In addition, there exists an 
unfulfilled need for photonic crystals that provide additional 
functional features that are not provided by conventional 
photonic crystals. 

SUMMARY OF THE INVENTION 

0015. In view of the foregoing, objects of the present 
invention are to provide novel photonic crystals and methods 
for manufacturing such photonic crystals. 
0016 One aspect of the present invention is to provide 
photonic crystals made from a biopolymer. 
0017. Another aspect of the present invention is to provide 
a method for manufacturing Such biopolymer photonic crys 
tals. 

0018. One advantage of the present invention is in provid 
ing photonic crystals that minimize the negative impact to the 
environment. 

0019. Another advantage of the present invention is in 
providing photonic crystals that are biocompatible. 
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0020. Yet another advantage of the present invention is in 
providing photonic crystals that have additional functional 
features that are not provided by conventional photonic crys 
tals. 

0021. In the above regard, inventors of the present inven 
tion recognized that biopolymers, and especially silk pro 
teins, present novel structure and resulting functions. For 
example, from a materials Science perspective, silks spun by 
spiders and silkworms represent the strongest and toughest 
natural fibers known and present various opportunities for 
functionalization, processing, and biocompatibility. Over 
five millennia of history accompany the journey of silk from 
a sought-after textile to a scientifically attractive fiber. As 
much as its features had captivated people in the past, silk 
commands considerable attention in this day and age because 
of its strength, elasticity, and biochemical properties. The 
novel material features of silks have recently been extended 
due to insights into self-assembly and the role of water in 
assembly. These insights, in turn, have led to new processing 
methods to generate hydrogels, ultrathin films, thick films, 
conformal coatings, three dimensional porous matrices, Solid 
blocks, nanoscale diameter fibers, and large diameter fibers. 
0022 Silk-based materials achieve their impressive 
mechanical properties with natural physical crosslinks of 
thermodynamically stable protein secondary structures also 
known as beta sheets (B-sheets). Thus, no exogenous 
crosslinking reactions or post process crosslinking is required 
to stabilize the materials. The presence of diverse amino acid 
side chain chemistries on silk protein chains facilitates cou 
pling chemistry for functionalizing silks. Such as with cytok 
ines, morphogens, and cell binding domains. There are no 
known synthetic or biologically-derived polymer systems 
that offer this range of material properties or biological inter 
faces, when considering mechanical profiles, aqueous pro 
cessing, room-temperature processing, ease of functionaliza 
tion, diverse modes of processing, self-forming crosslinks, 
biocompatibility, and biodegradability. 
0023. While no other biopolymer or synthetic polymer can 
match the range of features outlined above for silk, some 
other polymers that exhibit various properties similar or 
analogous to silk have been identified by the inventors of the 
present invention. In particular, other natural biopolymers 
including chitosan, collagen, gelatin, agarose, chitin, polyhy 
droxyalkanoates, pullan, starch (amylose amylopectin), cel 
lulose, hyaluronic acid, and related biopolymers have been 
identified. In view of the above noted features of biopolymers 
and of silk in particular, the present invention provides novel 
photonic crystals, and methods for manufacturing such pho 
tonic crystals made from a biopolymer. 
0024. In one embodiment of the present invention, silk is 
substituted for dielectrics or metallo-dielectrices to afford 
fabrication of biophotonic crystals (BPCs). In accordance 
with one aspect of the present invention, a method of manu 
facturing a biopolymer photonic crystal is provided. In one 
embodiment, the method includes providing at least one 
biopolymer film with nanopatterned features on a Surface 
thereof, which can be utilized as a photonic crystal. In a 
preferred embodiment, the method includes providing a plu 
rality of nanopatterned biopolymer films, and stacking the 
plurality of nanopatterned biopolymer films together. In this 
regard, the plurality of nanopatterned biopolymer films may 
be oriented so that adjacent biopolymer films have differing 
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orientations. The method may further include binding the 
stacked plurality of nanopatterned biopolymer films to each 
other. 

0025. In accordance with one embodiment, the nanopat 
terned biopolymer films comprise silk, chitosan, collagen, 
gelatin, agarose, chitin, polyhydroxyalkanoates, pullan, 
starch (amylose amylopectin), cellulose, hyaluronic acid, and 
related biopolymers. In another embodiment, the method also 
includes embedding an organic material in the nanopatterned 
biopolymer film. For example, the organic material may be 
embedded in the nanopatterned biopolymer films and/or may 
be coated on a Surface of the nanopatterned biopolymer films. 
Other materials may be embedded in the biopolymer or used 
in the coating, including biological materials or other mate 
rials depending upon the type of biopolymer photonic crystal 
desired. The devices may be processed within the biopolymer 
film, coupled to the surface of the device, or sandwiched 
within layers to further provide recognition and response 
functions. The organic material may be red blood cells, horse 
radish peroxidase, phenolsulfonphthalein, nucleic acid, a 
dye, a cell, an antibody, enzymes, for example, peroxidase, 
lipase, amylose, organophosphate dehydrogenase, ligases 
restriction endonucleases, ribonucleases, DNA polymerases, 
glucose oxidase, laccase, cells, viruses, proteins, peptides, 
Small molecules (e.g., drugs, dyes, amino acids, vitamins, 
antioxidants), DNA, RNA, RNAi, lipids, nucleotides, aptam 
ers, carbohydrates, chromophores, light emitting organic 
compounds such as luciferin, carotenes and light emitting 
inorganic compounds (such as chemical dyes), antibiotics, 
antifingals, antivirals, light harvesting compounds such as 
chlorophyll, bacteriorhodopsin, protorhodopsin, and porphy 
rins and related electronically active compounds, or a com 
bination thereof can be added. 

0026. In accordance with one preferred embodiment, the 
step of providing a biopolymer film or a nanopatterned 
biopolymer film includes providing a biopolymer, processing 
the biopolymer to yield a biopolymer matrix solution, pro 
viding a Substrate, casting the matrix solution on the Sub 
strate, and drying the biopolymer matrix solution to form a 
solidified biopolymer film. In such an embodiment, the 
solidified biopolymer film may be annealed and additionally 
dried. In addition, the annealing of the solidified biopolymer 
film may be performed in a vacuum environment, and/or a 
water vapor environment. 
0027 Moreover, the substrate may include a nanopat 
terned surface so that when the biopolymer matrix solution is 
cast on the nanopatterned surface of the Substrate, the Solidi 
fied biopolymer film is formed with a Surface having a nano 
pattern thereon. In this regard, the Substrate may be an optical 
device Such as a lens, a microlens array, an optical grating, a 
pattern generator, a beam reshaper, or other Suitable arrange 
ment of geometrical features such as holes, pits, and the like. 
In one preferred method, the biopolymer matrix solution is an 
aqueous silk fibroin Solution having approximately 1.0 wt % 
to 30 wt % silk, inclusive. 
0028. In accordance with another embodiment of the 
method of the present invention, the at least one nanopat 
terned biopolymer film is provided by machining a nanopat 
tern on the solidified biopolymer film, for example, machin 
ing an array of holes and/or pits. This machining of the 
nanopattern on the solidified biopolymer film may be per 
formed using an appropriate fabrication method. For 
example, such machining may be performed using soft 
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lithography techniques and/or a laser, for example, via fem 
to second laser pulses generated by the laser. 
0029. In accordance with another embodiment of the 
present invention, a method of manufacturing a biopolymer 
photonic crystal is provided including, providing a biopoly 
mer, processing the biopolymer to yield a biopolymer matrix 
Solution, providing a Substrate, casting the matrix solution on 
the Substrate, and drying the biopolymer matrix solution to 
for a solidified biopolymer film. In the preferred embodiment, 
a plurality of substrates are provided and the matrix solution 
is cast on the substrates and dried to provide a plurality of 
biopolymer films, which are then, stacked together to form 
the biopolymer photonic crystal. In accordance with one 
embodiment, the method includes machining a nanopattern 
on the at least one solidified biopolymer film. In another 
embodiment, the Substrate includes a nanopatterned surface, 
and the biopolymer matrix solution is cast on the nanopat 
terned surface of the substrate so that the solidified biopoly 
mer film is formed with a surface having a nanopattern 
thereon. 
0030. In accordance with another aspect of the present 
invention, a photonic crystal is provided which is made of at 
least one biopolymer film having a nanopatterned Surface 
thereon. In one preferred embodiment, the photonic crystal 
includes a plurality of nanopatterned films that are stacked 
together, the films being made of a biopolymer. In one 
embodiment, the plurality of nanopatterned biopolymer films 
may be oriented so that adjacent biopolymer films have dif 
fering orientations. In another embodiment, the stacked nano 
patterned films are bound together. Preferably, the biopoly 
mer is silk, chitosan, collagen, gelatin, agarose, chitin, 
polyhydroxyalkanoates, pullan, starch (amylose amylopec 
tin), cellulose, hyaluronic acid, and related biopolymers 
0031. In accordance with another embodiment, the 
biopolymer photonic crystal includes an embedded organic 
material Such as red blood cells, horseradish peroxidase, phe 
nolsulfonphthalein, nucleic acid, a dye, a cell, an antibody, 
enzymes, for example, peroxidase, lipase, amylose, organo 
phosphate dehydrogenase, ligases, restriction endonucleases, 
ribonucleases, DNA polymerases, glucose oxidase, laccase, 
cells, viruses, proteins, peptides, Small molecules (e.g., drugs, 
dyes, amino acids, vitamins, antioxidants), DNA, RNA, 
RNAi, lipids, nucleotides, aptamers, carbohydrates, chro 
mophores, light emitting organic compounds such as 
luciferin, carotenes and light emitting inorganic compounds 
(such as chemical dyes), antibiotics, antifungals, antivirals, 
light harvesting compounds such as chlorophyll, bacterior 
hodopsin, protorhodopsin, and porphyrins and related elec 
tronically active compounds, or a combination thereof. 
0032. These and other advantages and features of the 
present invention will become more apparent from the fol 
lowing detailed description of the preferred embodiments of 
the present invention when viewed in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0033 FIG. 1 is a schematic flow diagram illustrating a 
method for manufacturing a biopolymer photonic crystal in 
accordance with one embodiment of the present invention. 
0034 FIG. 2 is a schematic flow diagram illustrating a 
method for manufacturing a biopolymer film or films used to 
fabricate the biopolymer photonic crystal in accordance with 
one embodiment. 
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0035 FIG. 3 is a graph that illustrates the relationship 
between the volume of 8% silk concentration vs. film thick 
CSS. 

0036 FIG. 4A is a photograph of an unpatterned silk film. 
0037 FIG. 4B is a graph showing the prism-coupled angu 
lar dependence of reflectivity of the unpatterned silk film of 
FIG. 4A. 
0038 FIG. 4C is a graph showing the measured transmis 
sion of light through the unpatterned silk film of FIG. 4A. 
0039 FIG. 5 is a schematic illustration of a nanopatterned 
silk film that functions as a photonic bandgap. 
0040 FIG. 6A is a microscope image of a portion of a 
nanopatterned silk film on which a regular array of holes is 
provided. 
0041 FIG. 6B is an additional microscope image of a 
portion of another nanopatterned silk film on which an array 
of holes is provided. 
0042 FIG. 7 is a schematic illustration of the layered 
construction of a biopolymer photonic crystal in accordance 
with one embodiment of the present invention in which the 
biopolymer photonic crystal is assembled using a plurality of 
biopolymer films such as those shown in FIGS. 6A and 6B. 
0043 FIG. 8A is a microscope image of a portion of a 
biopolymer film manufactured in accordance with another 
embodiment of the present invention. 
0044 FIG. 8B is an additional microscope image of a 
portion of a biopolymer film shown in FIG. 5B. 
004.5 FIG. 9 is a schematic illustration of the layered 
construction of a biopolymer photonic crystal in accordance 
with yet another embodiment of the present invention in 
which the biopolymer photonic crystal is assembled using a 
plurality of biopolymer films such as those shown in FIGS. 
5A and 8B. 
0046 FIG. 10 shows a schematic illustration of a nanopat 
terned biopolymer film that has been functionalized with a 
biological binding. 
0047 FIG. 11 shows a schematic illustration of an altered 
photonic bandgap of a functionalized nanopatterned biopoly 
mer film. 
0048 FIG. 12 illustrates diffractive biopolymer optical 
devices that have been cast with chitosan and collagen. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

0049. Initially, it is noted that in view of the Superior 
functional characteristics and processability that were noted 
above, biopolymer photonic crystals of the present invention 
are described herein below as being implemented with silk, 
which is biocompatible and biodegradable. In this regard, the 
silk utilized was silkworm silk. However, there are many 
different silks, including spider silk, transgenic silks, and 
genetically engineered silks, variants and combinations 
thereof and others, that may alternatively be used in accor 
dance with the present invention to manufacture a biopolymer 
photonic crystal in accordance with the present invention. 
0050. In addition, other biodegradable polymers may be 
used instead of silk. For example, Some biopolymers, such as 
chitosan, exhibit desirable mechanical properties, can be pro 
cessed in water, and forms generally clear films for optical 
applications. Other biopolymers, such as collagen, cellulose, 
chitin, hyaluronic acid, amylose, and the like may alterna 
tively be utilized in specific applications, and synthetic bio 
degradable polymers such as polylactic acid, polyglycolic 
acid, polyhydroxyalkanoates, and related copolymers may 
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also be selectively used. Some of these polymers are not 
easily processable in water. Nonetheless, such polymers may 
be used by themselves, or in combinations with silk, and may 
be used to manufacture biopolymer photonic crystals for 
specific applications. 
0051 FIG. 1 is a schematic flow diagram 10 illustrating 
the general method for manufacturing a biopolymer photonic 
crystal in accordance with one preferred embodiment of the 
present invention. The method includes providing a biopoly 
mer film in step 11 and providing a nanopattern on the Surface 
of the biopolymer film in step 12. In step 13, if more than one 
biopolymer film is to be used in the photonic crystal, the 
nanopatterned biopolymer films are assembled in step 14 by 
stacking them together to thereby form a three dimensional 
biopolymer photonic crystal. It should also be noted that a 
single nanopatterned biopolymer film may be used as a pho 
tonic crystal as well in other embodiments. However, fabri 
cating the photonic crystal using a plurality of nanopatterned 
biopolymer films provides the additional advantage of 
increased structural stability and capability to combine films 
with different nanopatterns or different optical characteristics 
to produce a customized photonic crystal with the desired 
optical characteristics, which is not as easily attainable using 
a single biopolymer film. 
0052. It should be initially noted that the term “nanopat 
terned as used herein refers to very small patterning that is 
provided on a Surface of the biopolymer films, the patterning 
having structural features of a size that can be appropriately 
measured on a nanometer (nm) scale (that is, 10 meters). 
For example, sizes ranging from 100 nm to a few microns are 
typical of the patterning used in accord with the present 
invention. 
0053. The optical quality and toughness of silk, and in 
particular, films made from silk makes them ideal candidates 
for use in biocompatible engineered optical devices. In par 
ticular, these biocompatible engineered optical devices can 
then be appropriately structured for processing electromag 
netic waves, including visible light wavelengths. Corre 
spondingly, to manufacture biopolymer photonic crystals in 
accordance with the present invention, optical quality 
biopolymer films are manufactured with regular pattern 
structures that have a very fine length scale (nanoscale). 
0054. In the above regard, FIG. 2 is a schematic flow 
diagram 20 illustrating one method for manufacturing nano 
patterned biopolymer films for use in manufacturing a 
biopolymer photonic crystal in accordance with one embodi 
ment of the present invention. In particular, a biopolymer is 
provided in step 22. In the example where the biopolymer is 
silk, the silk biopolymer may be provided by extracting seri 
cin from the cocoons of Bombyx mori. The provided biopoly 
meris processed to yield a biopolymer matrix solution in step 
24. In one embodiment, the biopolymer matrix solution is an 
aqueous solution. However, in other embodiments, different 
Solvents other than water, or a combination of solvents may be 
used, depending on the biopolymer provided. 
0055 Thus, in the example of silk, an aqueous silk fibroin 
solution is processed in step 24, for example, 8.0 wt %, which 
is used to manufacture the biopolymer films of the biopoly 
mer photonic crystal. Of course, in other embodiments, the 
Solution concentrations may also be varied from very dilute 
(approximately 1 wt %) to very high (up to 30 wt %) using 
either dilution or concentration, for example, via osmotic 
stress or drying techniques. Production of aqueous silk fibroin 
Solution is described in detail in WIPO Publication Number 
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WO 2005/012606 entitled “Concentrated Aqueous Silk 
Fibroin Solution and Uses Thereof which is incorporated by 
reference. 
0056. A substrate is provided in step 26 to serve as a mold 
in manufacturing the biopolymer film. The aqueous biopoly 
mer matrix solution is then cast on the Substrate in step 28. 
The biopolymer matrix solution is dried in step 30 to transi 
tion the aqueous biopolymer matrix solution to the Solid 
phase. In this regard, the aqueous biopolymer matrix Solution 
may be dried for a period of time Such as 24 hours, and may 
optionally be subjected to low heat to expedite drying of the 
aqueous biopolymer Solution. Other drying techniques may 
also be used such as isothermal drying, roller drying, spray 
drying, and heating techniques. Upon drying, a biopolymer 
film is formed on the surface of the substrate. The thickness of 
the biopolymer film depends upon the volume of the biopoly 
mer matrix solution applied to the Substrate. 
0057. Once the drying is complete and the solvent of the 
biopolymer matrix Solution has evaporated, the biopolymer 
film is then optionally annealed in step 32. This annealing 
step may be performed within a water vapor environment, 
such as in a chamber filled with water vapor, for different 
periods of time depending on the material properties desired. 
Typical time periods may range from two hours to two days, 
for example, and the optional annealing may also be per 
formed in a vacuum environment. The annealed biopolymer 
film is then removed from the substrate in step 34 and allowed 
to dry further in step 36. The film manufactured in the above 
described manner can be used as a photonic crystal that is 
biodegradable. In addition, a plurality of such films can be 
used in manufacturing a biopolymer photonic crystal in 
accordance with the method of FIG. 1. 
0.058 Patterned nanostructures can be provided on the 
biopolymer films, such as the silk films manufactured in the 
above discussed manner. In one embodiment, the Surface of 
the Substrate may be Smooth so as to provide a Smooth 
biopolymer film, and a nanopattern may be machined on the 
surface of the biopolymer film. The nanopattern may be 
machined using a laser, Such as a femtosecond laser, or by 
other nanopattern machining techniques, including lithogra 
phy techniques such as photolithography, electron beam 
lithography, and the like. Using such techniques, nanopattern 
features as small as 700 nm that are spaced less than 3 um 
have been demonstrated as described in further detail below. 

0059. In another embodiment, the surface of the substrate 
itself may have an appropriate nanopattern thereon so that 
when the solidified biopolymer film is removed from the 
substrate, the biopolymer film is already formed with the 
desired nanopattern on a Surface thereof. In Such an imple 
mentation, the Substrate may be an optical device Such as a 
nanopatterned optical grating, depending on the nanopattern 
desired on the biopolymer films. The substrate surfaces may 
be coated with TeflonTM and other suitable coatings to ensure 
even detachment after the biopolymer matrix solution transi 
tions from the liquid to the solid phase. The ability of the 
biopolymer casting method using a nanopatterned substrate 
for forming highly defined nanopatterned structures in the 
resultant biopolymer films was verified, and silk films having 
nanostructures as Small as 75 nm and RMS Surface roughness 
of less than 5 nm have been demonstrated. 

0060. The measured roughness of cast silk film on an 
optically flat surface shows measured root mean squared 
roughness values between 2.5 and 5 nanometers, which 
implies a surface roughness easily less than V/50 at a wave 
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length of 633 nm. Atomic force microscope images of pat 
terned silk diffractive optics show the levels of microfabrica 
tion obtainable by casting and lifting silk films off of 
appropriate molds. The images show definition in the hun 
dreds of nanometer range and the sharpness of the corners 
indicates the possibility of faithful patterning downto the tens 
of nanometers. 
0061 Experiments were conducted to validate the efficacy 
of the above-described biopolymer films and the method of 
manufacturing the biopolymer films that can then be used as 
photonic crystals, or that can be assembled into a biopolymer 
photonic crystal. In particular, graph 40 of FIG. 3 illustrates 
the relationship between the volume of 8 wt % silk concen 
tration aqueous silk fibroin Solution and the resulting silk film 
thickness, where the aqueous silk fibroin Solution is cast over 
a Substrate Surface of approximately 10 Square centimeters. 
The X-axis shows the volume of silk solution in mL, and the 
Y-axis shows the thickness of the resultant biopolymer film in 
lm. 
0062 Ofcourse, the film properties, such as thickness and 
biopolymer content, as well as optical features, may be 
altered based on the concentration of fibroin used in the 
process, the Volume of the aqueous silk fibroin Solution 
deposited, and the post deposition process for drying the cast 
Solution. Accurate control of these parameters is desirable to 
ensure the optical quality of the resultant biopolymer optical 
device and to maintain various characteristics of the biopoly 
mer optical device, such as transparency, structural rigidity, or 
flexibility. Furthermore, additives to the biopolymer matrix 
solution may be used to alter features of the biopolymer 
optical device Such as morphology, stability, and the like, as 
with polyethylene glycols, collagens, and the like. 
0063 FIG. 4A illustrates the unpatterned biopolymer film 
44 having a thickness of 10 um, which was manufactured in 
the above described manner using an aqueous silk fibroin 
Solution and was characterized in a scanning prism coupled 
reflectometer from Metricon Corporation. The index of 
refraction of the biopolymer film 44 was measured to be 
n=1.55 at 633 nm, which is slightly higher than the index of 
refraction of conventional borosilicate glass. The measured 
index of refraction confirms that the value is high enough to 
afford reasonable contrast for optical use such as in air-silk 
biopolymer photonic crystals (BPC) (An-An, 0.55). 
The characterization of the unpatterned silk film 44 is shown 
in graph 46 of FIG. 4B, which clearly demonstrates the prism 
coupled angular dependence of the reflectivity. The oscilla 
tions in graph 46 are due to coupling into guided waves, 
demonstrating the use of silk as a waveguide material. 
0064. In addition, the unpatterned silk film 44 was also 
analyzed to determine transparency. FIG. 4C is a graph 48 
that illustrates the measured transmission of light through the 
silk film 44 in various wavelengths. Transmission measure 
ments indicate that the unpatterned silk film 44 was highly 
transparent across the visible spectrum. For comparison, 
similar thickness films were also cast in collagen and poly 
dimethylsiloxane (PDMS). While the free-standing structural 
stability was found to be inferior and the resultant biopolymer 
optical devices were not self-supporting when implemented 
as a thin film, Such biopolymers may be used in applications 
where structural stability is less important. 
0065. The structural stability and ability to have a nano 
structure thereon makes the above-described silk films appro 
priate for use as a photonic crystal and for use in manufacture 
of biopolymer photonic crystals. As previously noted, the 
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material properties of silk films are well-suited for patterning 
on the nanoscale, for example, using soft lithography and 
laser machining techniques. With appropriate relief masks, 
silk films may be cast and left to solidify upon the surface and 
Subsequently detached. The silk casting and Solidification 
process allows the formation of highly-defined patterned 
structures on the nanoscale as described below which enables 
the production of biopolymer films that can be used for manu 
facturing biopolymer photonic crystals. 
0.066 FIG. 5 is a schematic illustration of a nanopatterned 
biopolymer film 50 manufactured for use in fabrication of a 
biopolymer photonic crystal where the film 50 functions as a 
photonic bandgap. The nanopatterned biopolymer film 50 
selects light according to the nanopattern structure 52 pro 
vided on its Surface and includes an air/dielectric structure 
with periodicity on the order of the wavelength. Light selec 
tivity is schematically shown by spectrum 54 generated upon 
application of white light 56 upon biopolymer film 50. The 
nanopatterned biopolymer film 50 is biocompatible and 
allows manufacturing of a biopolymer photonic crystal that 
can be used to manipulate light via an organic, yet mechani 
cally robust optical device. As noted, such nanopattern struc 
ture 52 on the biopolymer film 50 may be machined using a 
laser, Soft lithography techniques, or integrally formed 
thereon. 
0067 Machining of silk films to provide nanopatterning 
has been demonstrated using a femtosecond laser, and Sub 
diffraction limit spot size patterning has been achieved. FIG. 
6A is a microscope image 60 of a portion of a nanopatterned 
silk film 62 of 40 um thickness on which a regular array of 
holes 64 has been machined. These holes 64 were machined 
by laser ablation using 810 nm femtosecond laser pulses, 
FIG. 6B is a microscope image 66 of a portion of another 
nanopatterned silk film 68 on which an array of holes 69 has 
been machined thereon, these holes 69 being as small as 700 
nm. These holes 69 of FIG. 6B were obtained with the same 
laser as that used to provide holes 64 of FIG. 6A, but using 
different focusing conditions. 
0068. In particular, to provide such holes, femtosecond 
laser pulses from a commercial mode-locked titanium sap 
phire laser called Tsunami(R), available through Spectra Phys 
ics Division of Newport Corporation, was utilized with the 
following specification: t—100 fs; average power-1.1 W: rep 
etition rate-80 MHz; and wavelength=810 nm. The laser 
pulses were focused by a moderate numerical aperture 
(NA-0.4) ball lens onto the silk films. The laser beam is 
elliptical in shape due to an uncompensated astigmatism in 
the laser cavity. The shape of the beam is not reflected in the 
holes produced because of the nonlinear nature of the ablation 
process. As noted, holes 64 of FIG. 6A and holes 69 of FIG. 
6B were obtained with the same laser, but with different 
focusing conditions. 
0069. The above-described method for machining the 
nanopattern on the surface of the biopolymer film relies on a 
multi-photon process that uses the ultraviolet absorption of 
fibroin so that the use of femtosecond lasers in the infrared 
region machines the Surfaces with precision, while using only 
a portion of the electric-field above threshold. The absorption 
band centered around 270 nm is a good match for a three 
photon process using machining photons at a wavelength of 
810 nm. This laser manufacturing ability allows for con 
trolled machining of a nanopattern on the biopolymer films 
made of silk, much in the way that laser machining has been 
Successful in photomask repair and in multi-photon polymer 
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ization. The multi-photon ablation process and the associated 
multi-photon absorption also allow obtaining of diffraction 
limited, or sub-diffraction limited, spot sizes in biopolymer 
films. 

0070. As explained above, in accordance with the present 
invention, the individual biopolymer films that are machined 
or formed to have nanopatterns thereon are used as building 
blocks to manufacture three-dimensional biopolymer photo 
nic crystals by stacking the individual biopolymer film layers 
together. In this regard, FIG. 7 schematically illustrates the 
layered construction of a three-dimensional biopolymer pho 
tonic crystal 70 in accordance with the present invention. As 
shown, the biopolymer photonic crystal 70 is formed by 
stacking a plurality of biopolymer films 72 that have been 
manufactured to provide nanopatterning 74 thereon. For clar 
ity and brevity four biopolymer films 72 are illustrated in the 
example embodiment of FIG. 7, but any number of biopoly 
mer films 72 may be stacked together to provide the biopoly 
mer photonic crystal 70 in other embodiments. The stacked 
plurality of biopolymer films 72 may be optionally bound 
together using various methods. For example, Small quanti 
ties of the aqueous biopolymer matrix solution may be pro 
vided between the biopolymer films 72 to function as a glue 
between the films. The films may also be crosslinked using 
enzymes Such as transglutaminase. In another embodiment, 
other chemicals may be used to bind the biopolymer films 72 
together such as carbodimide or gluteraldehyde vapors, or the 
like. Other alternatives for biding the biopolymer films 72 
include using fibrin or methacrylate. Of course, the above 
Substances and methods for optionally binding the biopoly 
mer films 72 together are merely provided as examples only, 
and the present invention is not limited thereto. 
0071. As also explained, the nanopatterning of the 
biopolymer film may alternatively be integrally formed with 
the biopolymer film by casting the biopolymer matrix solu 
tion on a Substrate having the desired nanopattern on its 
Surface. In this regard, holographic diffraction gratings of 
various line pitches were used as Substrates upon which aque 
ous silk fibroin solution was cast to form the biopolymer film. 
FIG. 8A is a scanning electron microscope image of a portion 
ofa biopolymer film 80, in this case, a nanopatterned biopoly 
mer diffraction grating, which was manufactured in accor 
dance with the method of FIG. 2 by casting an aqueous silk 
fibroin Solution on a holographic diffraction grating Substrate 
with 2,400 lines/mm. The resultant biopolymer film 80 
formed of silk also has gratings 82 at 2,400 lines/mm. FIG. 8B 
is an atomic force microscope (AFM) image of a portion of 
the surface of the nanopatterned biopolymer film 80. The 
ridges were approximately 200 nm wide and spaced by 
approximately 200 nm at full width at half maximum 
(FWHM). The peak to valley height difference of 150 nm was 
observed. As can be seen from the image of FIG. 5B, highly 
regular, structured nanopatterning was achieved. A topo 
graphical evaluation revealed Surface roughness root mean 
square (RMS) values below 20 nm while being structurally 
stable. 

0072 FIG. 9 schematically illustrates the layered con 
struction of a three-dimensional biopolymer photonic crystal 
90 in accordance with another embodiment. The biopolymer 
photonic crystal 90 of FIG. 9 is constructed using nanopat 
terned biopolymer films 92 discussed above relative to FIGS. 
5A and 5B as building blocks. As can be seen, the individual 
nanopatterned biopolymer films 92 are biopolymer diffrac 
tion gratings that may be formed by casting the aqueous silk 
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fibroin solution on a holographic diffraction grating as 
described above. As shown in FIG.9, the biopolymer photo 
nic crystal 90 is formed by stacking the plurality of nanopat 
terned biopolymer films 92 together. In addition, in the illus 
trated example, the nanopatterned biopolymer films 92 are 
stacked in an alternating orientation so that the nanopatterns 
of the adjacent gratings are perpendicular to one another. Of 
course, in other embodiments, such nanopatterned biopoly 
mer films may be stacked in an aligned orientation or another 
angled orientation, depending on the optical result desired. In 
addition, whereas four biopolymer films 92 are illustrated in 
the example embodiment of FIG. 9, any number of biopoly 
mer films 92 may be stacked together to provide the biopoly 
mer photonic crystal 90 in other embodiments. 
0073. Thus, as can be appreciated from the above discus 
Sion, manufacturing of a three-dimensional biopolymer pho 
tonic crystal is performed in accordance with one embodi 
ment of the present invention by manufacturing and stacking 
a plurality of nanopatterned biopolymer films together. As 
explained, the nanopatterning of the biopolymer films can be 
performed by machining, for example, by laser or by forming 
the biopolymer films with the nanopatterning integral 
thereon. These biopolymer films may optionally be bound 
together for example, by using Small quantities of the aqueous 
biopolymer matrix Solution or by using other Substances as 
described above relative to the embodiment of FIG. 7. 
0074 Important advantages and functionality can be 
attained by the biopolymer photonic crystal in accordance 
with the present invention, whether it is implemented by a 
single film or by an assembly of Stacked films. In particular 
the biopolymer photonic crystal can be biologically function 
alized by optionally embedding it with one or more organic 
indicators, living cells, organisms, markers, proteins, and the 
like. More specifically, the biopolymer photonic crystals in 
accordance with the present invention may be embedded or 
coated with organic materials such as red blood cells, horse 
radish peroxidase, phenolsulfonphthalein, nucleic acid, a 
dye, a cell, an antibody, as described further in Appendix I, 
enzymes, for example, peroxidase, lipase, amylose, organo 
phosphate dehydrogenase, ligases, restriction endonucleases, 
ribonucleases, DNA polymerases, glucose oxidase, laccase, 
cells, viruses, proteins, peptides, Small molecules (e.g., drugs, 
dyes, amino acids, vitamins, antioxidants), DNA, RNA, 
RNAi, lipids, nucleotides, aptamers, carbohydrates, chro 
mophores, light emitting organic compounds such as 
luciferin, carotenes and light emitting inorganic compounds 
(such as chemical dyes), antibiotics, antifungals, antivirals, 
light harvesting compounds such as chlorophyll, bacterior 
hodopsin, protorhodopsin, and porphyrins and related elec 
tronically active compounds, tissues or other living materials, 
other compounds or combinations thereof. The embedded 
organic materials are biologically active, thereby adding bio 
logical functionality to the resultant biopolymer photonic 
crystal. 
0075. The embedding of the biopolymer photonic crystal 
with organic materials may be performed for example, by 
adding Such materials to the biopolymer matrix solution used 
to manufacture the biopolymer films, such as the silk fibroin 
matrix solution. In the implementation where the biopolymer 
photonic crystal is manufactured by Stacking a plurality of 
biopolymer films, the photonic crystal can be biologically 
functionalized by functionalizing of one or more of the 
biopolymer films. Alternatively, or in addition thereto, such 
added organic materials can be sandwiched between the 
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biopolymer film layers that make up the biopolymer photonic 
crystal in Such an implementation. 
0076 FIG. 10 is a schematic illustration of a photonic 
crystal 94 that is implemented by a nanopatterned biopolymer 
film 96 that has been biologically functionalized with an 
organic material. Such as a biological marker. The silk matrix 
may be embedded with a number of indicators, including 
organic materials, living cells, antibodies, organisms, other 
biological markers, and the like. FIG. 10 shows a functional 
ized biophotonic structure that is nanopatterned biopolymer 
film 96 and the diffraction that occurs when light is applied. 
As illustrated, the embedded biological markers react to the 
presence of specific Substances, biologically binding to the 
lattice sites of the nanopattern structure 98 provided on the 
surface of the biopolymer film 96. Such reactions and bio 
logical binding alters the band gap transmission, thereby 
altering the spectral features of the transmitted light. 
0077. While FIG. 5 illustrates a biopolymer film 50 and 
the diffraction spectrum 54 that occurs when light is applied 
to the biopolymer film 50. In contrast, FIG. 11 shows nano 
patterned biopolymer film 50' that includes an embedded 
organic material. The resulting diffraction spectrum 54 from 
the nanopatterned biopolymer film 50, that includes an 
embedded organic material is different than the diffraction 
spectrum 54 that occurs in the absence of an embedded 
organic material. Reactions at the biopolymer film level affect 
the interaction of the light with the functionalized biopolymer 
photonic crystal of the present embodiment. Substances that 
react to the biological markers alter the optical properties of 
the biophotonic bandgap, thereby affecting the interaction of 
light with the functionalized biophotonic structure. The 
biopolymer photonic crystals in accordance with the present 
invention allow embedding of proteins, peptides, DNA, 
RNA, enzymes, protein complexes, viruses, cells, antibodies, 
other biomolecules, dyes or other compounds: tissues or other 
living materials, or combinations thereof; within the biopoly 
mer Such as silk, or coating a Surface of the biopolymer 
devices as well. 
0078. The biologically induced variation in the photonic 
bandgap and spectral selectivity of the resultant biopolymer 
photonic crystal can be used to determine the presence of 
particular substances, and biological processes can also be 
sensitively monitored optically. In particular, Such substances 
may be detected based on the changes in the optical properties 
of the biopolymer photonic crystal, since the change in spec 
tral selectivity can be correlated to the features of the photonic 
crystal structure and/or to the organic materials embedded 
therein. This is especially advantageous inapplications where 
biopolymer photonic crystals are used as sensors to provide 
recognition and/or response functions. 
0079 Correspondingly, as explained, dielectrics and met 
allo-dielectrics used in conventional photonic crystals can be 
replaced with silk or with other biopolymers in accordance 
with the present invention to allow the fabrication of biopoly 
mer photonic crystals. In addition, the present invention may 
be used to provide customized biopolymer photonic crystals 
for use as bio-optical filters by allowing the variability of the 
bandgap or tuning of the biological-bandgaps. 
0080 Furthermore, it should also be appreciated that fur 
ther fabrication of biophotonic bandgap materials and func 
tionalization may be performed by hybridizing the biopoly 
mer photonic crystal of the present invention. For example, 
the biopolymer photonic crystal and/or biopolymer films con 
stituting the photonic crystal may be deposited with thin 
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metallic layers to provide differing optical characteristics. 
The bulk index of the biopolymer photonic crystal can be 
affected in this manner to enhance the contrast factor and to 
tailor the spectral selectivity. Such hybridized biopolymer 
photonic crystals may be advantageously used as bioplas 
monic sensors, thereby integrating electromagnetic reso 
nance, optics, and biological technologies together in a bio 
compatible optical device. 
I0081. As also previously noted, alternative polymers may 
also be used for fabrication of biopolymer photonic crystals in 
accordance with the present invention. In this regard, FIG. 12 
is a photograph 100 that shows other diffractive biopolymer 
optical devices that have been cast using different materials. 
In particular, a chitosan optical device 102, and collagen 
optical device 104 have also been manufactured. With respect 
to chitosan, optical diffraction characteristics similar to silk 
have been observed. 

I0082. As can be appreciated from the above discussion, 
manufacturing of the biopolymer photonic crystal is per 
formed by providing a biopolymer film with a nanopatterned 
surface thereon to have the desired bandgap or desired partial 
bandgap, spectral selectivity and/or optical functionality. In 
the preferred embodiment, manufacturing the biopolymer 
photonic crystal is performed by manufacturing a plurality of 
nanopatterned biopolymer films and stacking them to pro 
duce a biopolymer photonic crystal that has the desired band 
gap, partial bandgap, spectral selectivity, and/or optical func 
tionality. The resultant biopolymer photonic crystal allows 
manipulation of light via an organic yet mechanically robust 
optical device, thereby combining the flexibility of embedded 
optics with the unique versatility of biopolymers. Thus, the 
biopolymer photonic crystal of the present invention com 
bines (a) the organic nature of biopolymers, such as silk, 
which is controllably degradable, biocompatible, and struc 
turally strong; (b) the power of diffractive and transmissive 
optics embedded in an organic matrix; and (c) the creation of 
biologically active optical elements. As explained above, the 
biopolymer photonic crystals of the present invention may be 
biologically activated by incorporating organic material. For 
example, biologically active complex proteins such as hemo 
globin in red blood cells and enzymes Such as peroxidase may 
be used. Correspondingly, the present invention broadens the 
versatility of optical devices by allowing the direct incorpo 
ration of labile biological receptors in the form of peptides, 
enzymes, cells, antibodies, or related systems, and allows 
Such optical devices to function as biological sensing devices. 
I0083. The biodegradable biopolymer photonic crystals of 
the present invention also have the advantage of being natu 
rally biocompatible and being able to undergo degradation 
with controlled lifetimes. The degradation lifetime of the 
biopolymer photonic crystals of the present invention can be 
controlled during the manufacturing process, for example, by 
controlling the ratio and amount of the solution matrix cast. 
I0084 As can be appreciated, the biopolymer photonic 
crystals of the present invention can be readily used in envi 
ronmental and life sciences where biocompatibility and bio 
degradability are paramount. For example, the biopolymer 
photonic crystals as described herein can be unobtrusively 
used to monitor a natural environment so that the biopolymer 
photonic crystals can be dispersed in the environment, with 
out the need to retrieve them at a later time, thereby providing 
novel and useful devices for sensing and detection. In addi 
tion, the biopolymer photonic crystals can be used in Vivo, for 
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example, implanted in the human body, without a need to 
retrieve the device at a later time. 
0085. The ability to pattern structural proteins on the 
nanoscale via dip pen nanolithography (DPN) has been 
described supra. Thus, the biopolymer devices described 
above may be further downsized to generate chip based arrays 
in which the patterned substrate serves to generate the overall 
optical response, while nanoscale wires of silk are written on 
these patterns with this DPN AFM technique. This provides 
miniaturized biopolymer optical detectors and devices. In this 
regard, nanoscale biopolymer devices patterned in a 60 nm 
matrix may be developed to replicate porous alumina. 
I0086. The foregoing description of the aspects and 
embodiments of the present invention provides illustration 
and description, but is not intended to be exhaustive or to limit 
the invention to the precise for disclosed. Those of skill in the 
art will recognize certain modifications, permutations, addi 
tions, and combinations of those embodiments are possible in 
light of the above teachings or may be acquired from practice 
of the invention. Therefore, the present invention also covers 
various modifications and equivalent arrangements that fall 
within the purview of the appended claims. 

APPENDIX I 

Antibody Stability in Silk Films 
0087 Materials—Anti-IL-8 monoclonal antibody (IgG1) 
was purchased from eBioScience, Inc. human polyclonal anti 
body IgG and human IgG ELISA. Quantitation Kit were 
purchased from Bethyl Laboratories Inc. All other chemicals 
used in the study were purchased from Sigma-Aldrich (St. 
Louis, Mo.). 
Antibody entrapment in silk films—human polyclonal anti 
body IgG Ten ml 1 mg/ml IgG mixed with 167 ml 6% silk 
Solution make the IgG concentration in silk film mg/g silk. 
100 ul of mixed IgG solution was added to each well of 96 
well plate which was placed in a fume hood with cover 
opened overnight. The dried film was either treated or not 
treated with methanol. For methanol treatment, the wells 
were immersed in 90% methanol solution for 5 minand dried 
in the fume hood. All dry 96 well plates were then stored at 4 
C. room temperature, and 37°C. 
Anti-IL-8 monoclonal antibody (IgG1)—0.5 ml 1 mg/ml 
IgG1 mixed with 83 ml 6% silk solution make the IgG1 
concentration in silk film 0.1 mg/g silk. 50 ul of mixed IgG1 

Feb. 25, 2010 

solution was added to a well of 96 well plate which was placed 
in a fume hood with cover opened overnight. The dried film 
was either treated or not treated with methanol. For methanol 
treatment, the wells were immersed in 90% methanol solution 
for 5 min and dried in the fume hood. All dry 96 well plates 
were then stored at 4°C., room temperature, and 37° C. 
Antibody measurement—Five wells prepared at the same 
condition were measured for statistic. Pure silk (without anti 
body) was used as a control. 
For non methanol-treated samples, 100 ul of PBS buffer, pH 
7.4, was added to the well which was further incubated at 
room temperature for 30 minto allow the film to completely 
dissolve. Aliquot of solution was then subjected to antibody 
measurement. For methanol-treated samples, 100 ul HFIP 
was added into each well which was further incubated at room 
temperature for 2 hours to allow the film completely dissolve. 
The silk HFIP solution was dried in a fume hood overnight. 
The follow step was the same as non methanol-treated 
samples, added PBS buffer and pipette the solution for anti 
body measurement. 
ELISA Polystyrene (96-well) microtitre plate was coated 
with 100LL of antigen anti-Human IgG-affinity at a concen 
tration of 10 ug/mL prepared in antigen coating buffer (bicar 
bonate buffer, 50 mM, pH 9.6) and then incubated overnight 
storage at room temperature. The wells were then washed 
three times with TBS-T buffer. The unoccupied sites were 
blocked with 1% BSA in TBS (200L each well) followed by 
incubation for 30 minutes at room temperature. The wells 
were then washed three times with TBS-T. The test and con 
trol wells were then diluted with 100 uL of serially diluted 
serum. Each dilution was in TBS buffer. Serially diluted 
blanks corresponding to each dilution were also present. The 
plate was then incubated for 1 h at room temperature. The 
plate was washed again with TBS-T buffer (five times). 
Bound antibodies were assayed with an appropriate conju 
gate of anti-human IgG-HRP (1:100,000), 100 uL of it was 
coated in each well and kept at room temperature for 1 hour. 
Washing of the plate with TBS-T (five times) was followed by 
addition of 100 uLTMB in each well and incubation at room 
temperature for 5-20 min. The absorbance of each well was 
monitored at 450 nm on a VersaMax microplate reader (Mo 
lecular devices, Sunnyvale, Calif.). 
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Figure 1. Antibody IgG1 activity related to initial activity in the silk films prepared in the 
two different formats and stored at the three different temperatures. 
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Figure 2. Antibody IgG activity related to initial activity in the silk films prepared in the two 
different formats and storcd at the three different temperatures. 
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What is claimed is: 
1. A method of manufacturing a biopolymer photonic crys 

tal comprising: 
providing a biopolymer film; and providing a nanopattern 
on a surface of said biopolymer film. 

2. The method of claim 1, wherein said biopolymer film 
includes a plurality of nanopatterned biopolymer films, and 
said method includes stacking said plurality of nanopatterned 
biopolymer films together. 

3. The method of claim 2 further comprising: orienting said 
plurality of nanopatterned biopolymer films so that adjacent 
nanopatterned biopolymer films have differing orientations. 

4. The method of claim 3 further comprising: binding said 
stacked plurality of nanopatterned biopolymer films. 

5. The method of claim 1, wherein said biopolymer film 
comprises silk. 

6. The method of claim 1, wherein said biopolymer film 
comprises a material selected from a group consisting of 
chitosan, collagen, gelatin, agarose, chitin, polyhydroxyal 
kanoates, pullan, starch (amylose amylopectin), cellulose, 
hyaluronic acid, and related biopolymers, or a combination 
thereof. 

7. The method of claim 1 further comprising: embedding 
an organic material in said biopolymer film. 

8. The method of claim 7, wherein said organic material is 
at least one of embedded within said nanopattern on said 
Surface of said biopolymer film, and coated on to said Surface 
of said nanopattern on said biopolymer film. 

9. The method of claim 8, wherein said organic material is 
selected from a group consisting of red blood cells, peroxi 
dase, phenolsulfonphthalein, or a combination thereof. 

10. The method of claim8, wherein said organic material is 
selected from a group consisting of nucleic acid, a dye, a cell, 
an antibody, enzymes, for example, peroxidase, lipase, amy 
lose, organophosphate dehydrogenase, ligases, restriction 
endonucleases, ribonucleases, DNA polymerases, glucose 
oxidase, laccase, cells, viruses, proteins, peptides, Small mol 
ecules, drugs, dyes, amino acids, vitamins, antioxidants, 
DNA, RNA, RNAi, lipids, nucleotides, aptamers, carbohy 
drates, chromophores, light emitting organic compounds 
Such as luciferin, carotenes and light emitting inorganic com 
pounds, chemical dyes, antibiotics, antifungals, antivirals, 
light harvesting compounds such as chlorophyll, bacterior 
hodopsin, protorhodopsin, and porphyrins and related elec 
tronically active compounds, or a combination thereof. 

11. The method of claim 1, wherein said step of providing 
a biopolymer film includes: providing a biopolymer; process 
ing said biopolymer to yield a biopolymer matrix solution; 
providing a substrate; casting said biopolymer matrix Solu 
tion on said Substrate; and drying said biopolymer matrix 
solution to form a solidified biopolymer film. 

12. The method of claim 11 further comprising: annealing 
said solidified biopolymer film; and additionally drying said 
annealed biopolymer film. 

13. The method of claim 12, wherein said annealing of said 
solidified biopolymer film is performed in at least one of a 
vacuum environment and a water vapor environment. 
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14. The method of claim 11 further comprising: adding an 
organic material into said biopolymer matrix solution. 

15. The method of claim 11, wherein said substrate 
includes a nanopatterned Surface, and said biopolymer matrix 
Solution is cast on said nanopatterned surface of said Substrate 
so that said solidified biopolymer film is formed with a sur 
face having a nanopattern thereon. 

16. The method of claim 15, wherein said substrate is a 
template for an optical device. 

17. The method of claim 16, wherein said substrate is a 
template for at least one of a lens, a microlens array, an optical 
grating, a pattern generator, and a beam reshaper. 

18. The method of claim 11, wherein said biopolymer 
matrix solution is an aqueous silk fibroin solution having 
approximately 1.0 wt % to 30 wt % silk, inclusive. 

19. The method of claim 1 further comprising: machining 
said nanopattern on said Surface of said biopolymer film. 

20. The method of claim 19, wherein said nanopattern 
includes an array of at least one of holes and pits. 

21. The method of claim 19, wherein said machining of 
said nanopattern on said biopolymer film is performed using 
a laser. 

22. The method of claim 21, wherein said machining is 
performed by femtosecond laser pulses generated by said 
laser. 

23. A method of manufacturing a biopolymer photonic 
crystal comprising: 

providing a biopolymer, processing said biopolymer to 
yield a biopolymer matrix solution; 

providing a plurality of substrates; casting said biopolymer 
matrix solution on said plurality of Substrates; drying 
said biopolymer matrix solution to form a plurality of 
Solidified biopolymer films; and stacking said plurality 
of solidified biopolymer films together. 
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27. (canceled) 
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31. (canceled) 
32. (canceled) 
33. A photonic crystal comprising at least one biopolymer 

film with a surface having a nanopattern thereon. 
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