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Abstract
Photonic crystals possess the ability to control the ow of light
due to their periodic structure which gives rise to a photonic bandgap.
It has been demonstrated that silk inverse opals (SIO) can support a
pseudo photonic bandgap and exhibit increased absorption near the
band edge.
This study investigates the realization of functionalizing SIO for
biomedical applications. An investigation into maximizing the reectance of SIO with dierent lattice constants is rst presented by
rening the existing protocol. Additionally these results are paired
with theoretical calculations of the reectance peaks, SEM images of
PMMA opals and SIO to assess accuracy and corroborate experimental ndings. Results of the calculations show high agreement between
theory and experiment, with all calculations for the SIO falling within
the range of uncertainty. SEM images display a fcc stacking for PMMA
opals and a fcc void structure for SIO necessary to support the photonic bandgap.
Next this study investigates the fabrication of high refractive index
opals to demonstrate the viability of continued function of SIO in low
contrast environments. The dielectric constant is increased by mixing silk with titanate nanosheets (TNS) composed of titanium dioxide
nanoparticles in concentrations of 20% and 40%. Spectroscopy measurements show well dened, red-shifted reectance peaks consistent
with an increase in the refractive index.
Finally, this study investigates the functionalization of SIO for
antibacterial activity by doping the silk matrix with a porphyrin,
TMPyP. The eectiveness of the SIO is tested against the bacteria
staphylococcus aureus using laser illumination (532 nm, 0.1 Watt).
We exploit the enhanced absorption near the bandedge and fabricate
SIO with dierent lattice constants to isolate this phenomena. Colony
counts indicate a killing eciency of 72% for the simple unordered
doped silk lm, 79% for SIO with a 250 nm lattice constant and 88%
SIO with a 320 nm lattice constant. A simple statistical analysis indicates that the dierence between the silk lm and the 250 nm opals
is not statistically signicant while the dierence between both and
the 320 nm SIO is signicant. This result indicates the viability of
functionalizing silk inverse opals through the doping of photosensitive
compounds.
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1

Introduction

Electronics and semiconductor technology play a fundamental role in our
contemporary world.

We rely on devices that utilize this technology for

medicine, industry, and personal use. Part of this integration into our lives
is derived from the fantastic control we have acquired over electric currents
within semiconductors [24]. A large reason for that control is the presence of
an electronic bandgap, a region of energies for which electrons cannot exist
in the semiconductor.
In recent decades is has been discovered that dielectric materials with
certain symmetries can support an analogous photonic band gap for light; a
region of frequencies not permitted to propagate within the material. These
materials have been aptly named photonic crystals. It is thought that obtaining a control over light similar to that of electric currents will be the driving
force in advances in communication, computing, information technology, and
sensing [1].
In broad terms, the goal of this research project is to functionalize these
photonic crystals for bio-medical applications. Previous research by Kim et
al. developed a protocol for the fabrication of bio-compatible photonic crystals composed of silk. The research demonstrated that the crystals possessed
a pseudo photonic bandgap which prohibited the propagation of light at certain frequencies, and the existence of absorption enhancement at the band
edge. The goal of this research project is to rst maximize the reectance
of photonic crystals with a given photonic bandgap to increase the absorption near the bandedge, to then fabricate silk photonic crystals with higher
dielectric constants for performance in low contrast environments (such as
aqueous conditions) and nally to exploit the enhanced interaction of light
within the photonic crystal for antibacterial activity.
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2

Background

2.1 Photonic Crystals
Photonic crystals are a class of materials with periodic dielectric elements
that are able to control the propagation of light. This is due to the presence of
a photonic bandgap, a region of frequencies for which light cannot propagate
through the material. This is analogous to the theory of solid state physics in
which semiconductors possess an electronic bandgap between the valence and
conduction bands, prohibiting electrons with certain energies from existing
in the semiconductor [24]. A material possessing a photonic bandgap in the
visible spectrum will therefore appear iridescent since it will reect light with
a wavelength falling within the bandgap.
In this investigation, the type of photonic crystals of interest are opals
and inverse opals. Natural occurring gem opals consist of spheres of silicon
dioxide arranged in a close packed face centered cubic structure (Figure 1).
In this study therefore we consider an opal to be any dielectric material
consisting of microscopic spheres arranged in the fcc structure.

Figure 1: Unit cell of a face centered cubic crystal. The red arrow indicates twice
the lattice constant. Kim, S. Nature, 2012
5

Inverse opals, which are the focus of this research, are the complement of
the opal structure. Instead of spheres of dielectic material, an inverse opal
has air voids and is composed of a continuous matrix of dielectric material
that resides in place of the void between the spheres of an opal.
We would obviously like to understand what physical parameters determine the photonic bandgap of our photonic crystals.

One of the largest

factors determining the placement of the photonic bandgap is the characteristic length scale of the crystal, called the lattice constant. The structure will
be periodic on this scale and it is on this scale that interesting diraction and
interference eects emerge [1]. This is why the carbon atoms in a diamond
give rise to the well known Bragg diraction of x-rays, while variations on
the order of millimeters give rise to the control of microwaves, and elements
on the order of hundreds of nanometers give rise to photonic band gaps in
the visible range.
Another important factor is the refractive index of the material. To support a complete photonic bandgap in more than one dimension a photonic
crystal must have a minimal contrast between dielectric elements. For example in this investigation the photonic crystals consist of a silk matrix and air
or water voids. A smaller contrast will diminish the depth of the photonic
bandgap and therefore result in reduced functionality so one would often like
to maximize the contrast.
The arrangement of the dielectric constants of the structure, the crystal lattice, also plays a fundamental role in the determination of the band
structure [9]. As we will see, any non-trivial periodicity will give rise to a
bandgap in one dimension and we may nd that with increased symmetry in
more spatial dimensions that light of certain frequencies will be prohibited
from propagating in all directions [1].

6

Ultimately one wants the photonic

crystal to possess a complete photonic band gap and to control its width and
position (which frequencies of light lie in the photonic bandgap). Therefore
we must understand how a photonic bandgap arises in general terms.

2.1.1

Wave Interference

To gain an intuitive sense of why one might expect coherent scattering in a
complicated three dimensional periodic structure we will rst analyze a one
dimensional photonic crystal from the point of view of wave interference. We
can model a one dimensional photonic crystal (PC) simply as an alternating
stack of a dielectric slabs of transparent material of refractive index n, width
d and slabs of air (n=1) of width d'.

Consider a beam of light normally incident on the rst dielectric slab.
It will undergo partial reection at the boundary with part of the beam
transmitted into the material and part reected [19]. Let the reected beam
be denoted by A. Similarly, the transmitted light will be partially reected
o the back of the slab which will produce some light that is transmitted
through the front of the slab, denoted by B (Figure 2).

Figure 2: Light incident on a dielectric slab, a non-normal incident angle is shown
for clarity. Mitropoulos, 2010
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The beams A and B, having traveled dierent paths, will interfere according to their phase dierence. Beam A was reected o a medium of higher
refractive index and so obtains a phase factor of
where

λ is the wavelength [19].

π ⇐⇒

optical length of

λ
2

Beam B, on the other hand, propagated a dis-

tance 2d through a material of index n and so is phase shifted

2πnd
λ

⇐⇒ 2dn.

Two waves interfere constructively if their phase dierence is a multiple of

2π

or equivalently if their optical path dierence is a multiple of the wavelength.
Therefore the condition for constructive interference in this example is,

2dn −

λ
= mλ
2

(1)

where m is an integer. Selecting m=0 implies that the optical path length is

dn =

λ
4

(2)

A little more algebra shows that the condition for light reected o the
front of the next dielectric slab is for the air gap to also have an optical length
of

λ
.
4
Two waves interfere destructively if their phase dierence is a multiple

of

π

or equivalently if their optical path dierence is a multiple of half the

wavelength. Consider then the forward propagating wave, for instance that
interferes in the rst air slab.

2dn = 2 λ4 =

There is only an optical path dierence of

λ
which is the condition for destructive interference. Thus for
2

many layers there is a certain wavelength that is forbidden from propagating
through the structure and is completely reected neglecting small absorption losses (Figure 3).

This structure, commonly referred to as a quarter

wave stack possesses a narrow angle dependent bandgap for light of certain
frequencies and is therefore a 1D photonic crystal.

8

Figure 3: Light of a certain frequency interferes destructively as it propagates
through the structure [24]
Note that in this example light in the bandgap has (at normal incidence)
a wavelength of

λ = dn

which is the same magnitude as the periodicity.

2.2 Photonic Crystals and Solid State Physics
In order to understand how a photonic bandgap arises in more dimensions
and for a larger range of frequencies we analyze the propagation of EM waves
using theory from solid state physics and quantum mechanics.
We start with Maxwell's equations, the set of partial dierential equations
which encapsulate all electromagnetic phenomena. In dielectric media, which
is our concern, they become

∇·B =0
∇×E =−

∂B
∂t

∇·D =ρ
∇×H −
9

∂D
=J
∂t

(3)

(4)

(5)

(6)

Where E in the electric eld, B the magnetic eld, D the displacement
eld and H the auxiliary eld. However these partial dierential equations
are still not constrained suciently. In order to analyze the phenomena of
photonic crystals we have to make some simplifying assumptions that reect
the photonic crystals in our consideration [8]:

•

There are no free current or charge densities

•

The EM eld strength is small enough so that we are in the linear
regime

•

There is no frequency dependence of the dielectric function

•

The material is transparent and non-absorbent

•

The photonic crystal is macroscopic and isotropic

The displacement eld is dened as

~ = 0 E
~ + P~
D

(7)

where P is the dipole moment per unit volume of the material. In the linear
regime, the polarization is proportional to the electric eld which implies
that the displacement eld in linearly related to E,

~ = 0 (r)E
~
D

(8)

Similarly, due to the magnetic dipole moment, M, of our material we have
that,

~ = 1B
~ −M
~
H
µo
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(9)

In linear media M and H are proportional so that B is also proportional
to H [4],

~ = µ0 µ(r)H
~
B

(10)

The condition that there is no frequency dependence on our material
allows us to give

(r)

as the dielectric function while the condition that the

material is transparent and non-absorbent guarantees that
and real.

(r)

is positive

For the materials of our interest, the magnetic permeability is

almost constant and we may write that

µ0 µ(r) = µ0 .

Note that the nal

condition, that the material is macroscopic and isotropic, allows us to write
the dependence of the permeability

(r)

as a simple function of r [8].

The constrained equations for the electric and magnetic elds can be
decoupled in to give,

~−
∇2 E

1 ∂2 ~
E=0
µ(r) ∂t2

(11)

with a similar equation for H. This is a linear PDE and although solutions
to a given system may be complicated, we know from Fourier analysis that
we can expand solutions into a set of orthogonal harmonic modes [8] and so
we can simply consider,

iωt
~ t) = E(r)e
~
E(r,

(12)

Note the separation of the spatial and time dependence. Here it is understood that the real part of this expression corresponds to the actual wave.
We now employ the standard procedure of substituting this solution into
our given PDE's. Substitution into equations 1 and 2 yields the condition
that the waves be transverse. Substitution into equations 3 and 4 and some

11

algebraic manipulation give us

 ω 2
1
∇×
∇ × H(r) =
H(r)
(r)
c

(13)

This equation plays a similar role to the time independent Schrodinger's
equation in quantum mechanics where the dielectric function
role of the given potential [8]. Note we have switched from

(r)

E

to

plays the

H.

an analysis of both elds is possible it is much easier to consider the

While

H

eld

and then after solving the above eigenvalue problem using the relation,

E(r) =
to recover

E.

i
∇ × H(r)
ω0 ω(r)

(14)

Importantly, analysis of the operator,

Θ=∇×

1
∇×
(r)

(15)

shows that it is Hermitian. It is not surprising then that many of the common
theorems in hermitian eigenvalue problems carry over:

•

Harmonic modes with dierent frequencies are orthogonal; their inner
product is zero

ω2

•

The eigenvalues,

•

Linear combinations of solutions are solutions

are real (and so positive)

The general idea is to solve the eigenvalue problem with the operator
given in equation 14 for allowed modes

H(r)

and their eigenvalues


ω 2
. In
c

most situations this problem is not solvable exactly and numerical methods
are used to nd the eigenmodes [8].
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2.2.1

Symmetry Considerations and Bloch's theorem

The dening property of photonic crystals is the periodic structure. Mathematically the dielectric function describing the crystal satises

(r−R) = (r)

where R is a linear combination of the lattice basis of the crystal. In one
dimension one can simply write

(r − d) = (r)

for some scalar d.

Figure 4: Structure displaying discrete periodicity in y-direction [8]
This suggests that we dene the displacement operator

T̂d

T̂d (r) = (r − d)

by

(16)

It is a general result [3] that we can then apply Bloch's theorem to nd
that eigenfunctions of

T̂d

have the form

φk = eikx u(x) where u(x − d) = u(x)

and k is a real number. Note that,

T̂d φk = e−ikd φk
which means that

e−ikd

is the eigenvalue of this state.

(17)

This result is

extremely important to our analysis of photonic crystals because the master
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operator

Θ

commutes with the displacement operator

T̂d .

Thus we can look

for simultaneous eigenfunctions of both operators and may as well call our
eigenfunction what is actually is,

H(x).

Furthermore H(x) is separable in

H(x, t) = H(x)eiωt

which gives the H eld as

H(x, t) = ei(kx+ωt) u(x)

(18)

space and time (equation 12),

This is a traveling wave modulated by a function

u(x)

that is d periodic.

Much like the case in the free electron gas model, the periodic dielectric
function does not scatter our wave but modulates it. In fact if the material
is uniform so that

d

u(x)

is simply a constant and

H(x, t) = H0 ei(kx+wt)

a plane wave, which is

is any real number, then

the eigenfunction would be

exactly what one would nd in that circumstance. Note that the transverse
conditions, which arise from Maxwell's equations, imply extra constraints
and give the polarization of the H eld.
The Bloch states can be labeled uniquely by the wavevector k, which
could then be used to nd the corresponding frequency
consider two states with wavevector

k1

and

ω(k).

k2 = k1 +

However if we

n2π
where d is the
d

periodicity, we nd that

2π

φk1 = eikx uk (x) φk2 = eix(k+n d ) Uk2 (x)

(19)

But these states have the same eigenvalue when acted by the displacement
operator,

T̂d eikx uk1 (x) = eik(x−d) uk1 (x − d) = e−ikd eikx uk (x)
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(20)

2π

2π

2π

T̂d eix(k+n d ) Uk2 (x) = ei(x−d)(k+n d ) Uk2 (x − d) = eikd eix(k+n d ) Uk2 (x)

(21)

Therefore instead of considering all possible wavevectors k we consider a
smaller region of non-redundant k values [8],

−π
d

<k<

π
and label states that
d

have the same value of k but dierent energies by another index, n. (This is
also true in three dimensions so that although k is a 3D vector there are more
symmetries which make many k values redundant). This result is ubiquitous
in solid state physics and quantum mechanics.

Instead of considering an

innite, continuous range of k values which would become impossibly tedious
in higher dimensions, we are able to know the entire dispersion relation by
only considering k in a small range.
Ultimately to understand the optical properties of a particular photonic
crystal we want the dispersion relation

ω(k)

which determines the frequency

for a particular value of k and index n.
The dispersion relation (Figure 5) describes the relationship between frequency and the wavevector and so details which values of frequency are prohibited in the materials and the width of the photonic bandgap. Mathematically, 'prohibited' means that light with frequencies in the bandgap have
non-real k-values,

K = k + iκ,

so that modes with these k values are atten-

uated,

H(x) = eikx u(x)e−κx

(22)

and so decay rapidly in amplitude while propagating in the material.
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Figure 5: Generic band structure of multilayer lm with lattice constant a [8]
2.2.2

Emergence of a Photonic Bandgap in 1D

Consider a constant dielectric function which has trivial periodicity (Figure
6 left side),

ck
ω(k) = √
r

(23)

We already know the eigenstates for electromagnetic elds in this situation are simply plane waves,

Ê = E0 ei(kx−ωt)

(24)

These are our unperturbed eigenstates. When we consider an arbitrary
periodicity a (Figure 4, left side) it introduces a degeneracy in
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ω

for the

modes at

k = ± πa .

Our degenerates states are,

Ek1 = E0 ei(kx/a) Ek2 = E0 e−i(kx/a)

(25)

However, instead of writing these wave solutions is this form we consider
writing them as orthogonal linear combinations:

E0 ei(kx) + E0 e−i(kx) = 2cos(kx/a) E0 ei(kx) − E0 ei(kx) = 2isin(kx/a)
This is motivated by a general theorem in perturbation theory. Let

(26)

Â

be

an operator that commutes with our master operator (Equation 15) and our
perturbation. If

ψ1 , ψ2

and eigenfunctions of

are degenerate eigenfunctions of the master operator

Â

with dierent eigenvalues then those eigenfunctions

are eigenstates of our perturbed system [3].
This means that if we can nd an operator that represents the symmetries
of our system we can guess what the eigenstates of the perturbed system
should be.
In this example our system displays inversion symmetry and

Â is the par-

ity operator [3]. Both of our unperturbed eigenstates are not eigenfunctions
of this operator but we can easily see the the simple linear combination above
is an eigenstate with eigenvalues

±1

If we now introduce a small perturbation to our dielectric function that
also has periodicity a,

0 (x) = cos(

2πx
)
a

(27)

we nd that the accidental degeneracy splits (Figure 3, right). The state

Elow (x) = E 0 cos(πx/a) lies in regions of higher  and so has a lower frequency
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(Figure 4) while the state

Ehigh (x) = E 0 sin(πx/a)

lies in regions of lower



and so has a higher frequency.

Figure 6: Left: dispersion relation for a uniform material. Right: dispersion relation for a small perturbation to dielectric function, splitting the degeneracy
This heuristic argument can be made more satisfying by considering variational thoery.

In general terms the eigenvalues of our system will try to

minimize a variational problem,

2

ω(k) =

c2

R

|(∇ + ik) × Hk |2
R
|Hk |2

(28)

and additionally all our eigenfunctions are constrained to be orthonormal,

Z

Hkn ∗ Hkm = 0

Consider the lower band displayed in Figure 6.
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(29)

To minimize Equation

Figure 7: Splitting of degeneracy in 1D by concentrating eld inside areas of higher
and lower refractive index.
28, the H eld will minimize the numerator and maximize the denominator.
In the numerator we see a curl term which corresponds to oscillations of
the eld (frequency) while in the denominator we see the integration of

H 2

which means that a H eld will concentrate its energy in regions of high



[8].
Now consider the second higher band (Figure 6). It will also want to have
slow oscillations and concentrate its eld in regions of high



but cannot due

to our orthogonality condition. It will therefore place its eld in regions of
lower



and oscillate faster (Figure 7) both of which result in a splitting of

the frequency

ω

[8].

2.3 Silk Photonic Crystals
Of all of the materials available we select silk as the fundamental constituent
for photonic crystals with biomedical applications. Since the practicality of
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the research follows from the properties of silk, the central role of silk in this
research warrants special attention. There we must motivate the reason for
its use beyond simply possessing basic optical properties.
First, silk bers are the strongest and toughest natural known bers [22]
and silk from the Bombyx mori silk worm is available in large quantities [18]
making it a practical constituent for manufacture on a large scale.
A prerequisite for use in this research is that the material have a high
optical clarity. Free standing silk lms have a transparency of 92 % across the
visible spectrum, [18] making them an excellent lossless optical element. As
discussed previously, photonic crystals owe their bandgap to the periodicity
of their structure which corresponds approximately to the wavelength of light
in the bandgap. Photonic crystals with bandgaps within the visible spectrum
must therefore have features on the order of 100 nm. Since silk can replicate
substrate features to less than ten nanometers [18] we are only limited by
the structure and defects present in our substrate.
The dening feature of silk, however, is its biocompatibility. Processed
silk causes minimal immune responses in humans, allowing for implantable
devices. Furthermore, the longevity of the silk can be adjusted so that silk
based devices can last from seconds to years [22]. Finally, silk enables biological dopants (which may lose their desired properties in many ambient environments) to maintain their functionality [18]. Silk is therefore an excellent
material to form the basis for research in optics with biomedical applications.

2.4 Fabrication
The photonic bandgap position of a material corresponds approximately to
the length scale of its periodicity. Therefore achieving a photonic bandgap in
the visible regime requires periodicity on the order of hundreds of nanome-
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ters.

In this investigation, monodisperse submicrometer colloidal particles

of poly(methyl methacrylate) (PMMA) are used as the building blocks for
synthetic opal.
It has been observed that these particles have a natural tendency to selfassemble in an ordered face centered cubic structure [1] such as during the
process of slow sedimentation. Nanofabrication strategies that exploit this
tendency are therefore called the self-assembly approach. Unfortunately, in
many cases opals formed in this way contain defects such as grain boundaries, vacancies, and stacking faults which greatly reduce their viability as a
photonic material [2]. To overcome this diculty we employ what is called
the convective self assembly approach [17].
In 1992, Nayagama et al.

observed that a well ordered monolayer of

particles would form on a glass plate during evaporation of the solvent. Closer
examination revealed that nucleation and assembly would rapidly occur when
the particles were partially immersed in the solvent [2].

Figure 8: Formation of a monolayer of particles during evaporation [2]
Thus the mechanism of formation was discovered to be the lateral capillary forces by the solvent during evaporation (Figure 8). However, this does
not explain the tendency of particles to form the observed 3D fcc structure
that supports a photonic bandgap. While this process is still not understood
from rst principles, it has been found that the mechanism of formation is
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also due to solvent ow rather than thermodynamic equilibrium [17].

In

this theory, spheres are carried into niches in the crystal face by solvent ow
due to evaporation, with niches that have higher ow being favored (Figure
9). Calculations show that ow into clear niches which favors fcc stacking is
higher than ow into obstructed niches [17].

Figure 9: Formation of 3D structure of particles during evaporation with two layers
displayed [17]
Thus ordered fcc stacking may be induced with the proper capillary forces
and dispersion of particles. What remains is to limit the defects that occur
during the assembly process.
In this investigation convective self assembly is exploit by forces a 2

µL

droplet of monodisperse particles evaporate quickly on a PMMA substrate.
Nucleation begins at the edge of the meniscus where the particles are convected by solvent ow due to the evaporation.

Figure 9 shows an SEM

image which displays this stacking. Although there are a few nanofabrication methods which yield a lower density of defects and therefore a better
photonic bandgap, this method is much more eective in terms of cost and
output [1] and therefore lends itself to the possibility of manufacture on a
greater scale.
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Figure 10: SEM image of fcc ordering of 500 nm PMMA spheres, fabricated using
convective assembly method

2.5 Theoretical Calculations of Reectance Peak
The theory of photonic crystals should corroborate experimental observations made on the SIO. This corroboration gives denitive evidence that the
physical silk inverse opals possess a photonic bandgap due to the periodic
dielectric structure. Calculations for the placement of the pseudo photonic
bandgap are derived in previous studies [11] and quoted here for brevity.
First the Bragg-Snell formula gives,

mλBragg

q
= 2D n2ef f − sin2 (θ)

(30)

where m is the diraction order, D is the inter-planar spacing in the 111
direction and

θ is the incidence angle from the normal, and nef f

is the eective

refractive index. Here we test the reectance at normal incidence so the Sine
term vanishes. The interplanar spacing can be written as
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D = .8165d

where

d is the diameter of the spheres [10].

The only unknown parameter then is the eective refractive index which
can also be calculated using the methods outlined in [10]:

n2sphere − 1
n2ef f − 1
n2void − 1
=
f
+
(1
−
f
)
n2ef f + 2
n2sphere + 2
n2void + 2
where where

nsphere

and

nvoid

(31)

are the refractive index of the materials of

the sphere and the void, respectively, and f is the lling factor of the spheres
in the structure.

The lling factor is calculated as approximately 0.26 for

silk in the SIO structure and 0.74 for the PMMA opal structure [11]. This
formulation thus allows us to predict the placement of the reectance peak for
PMMA opals and SIO if the lattice constant, refractive index of the spheres,
and refractive index of the voids are known.

2.6 Enhanced Absorption
This research is motivated in a large part by the research of Kim et al. which
demonstrated the increased absorption of light near the bandedge of SIO.
That is, while light falling with in a photonic bandgap may be completely
reected wavelength near the bandedge will be face a sharp increase in absoprtion due to the increased density of states. Physically this is because, near
the bandedge, the electromagnetic Bloch wave still extends throughout the
structure but with a group velocity is near zero, therefore increasing the photonic density of states [21]. From the Kim, Nature paper (Figure 11) we see
a comparison of the absorbance of a gold doped SIO to a simple gold doped
silk lm. Notice the marked increase in absorption which occurs at the edge
of the psuedo photonic bandgap. Moreover, the unorded silk lm possessed
four times the concentration of gold nanoparticles, further underlying the

24

dierence in absorption.

Figure 11: Absorption spectra of a gold nanoparticle-doped 300 nm SIO lm (red
solid line) and absorption spectrum of a gold nanoparticle-doped unordered silk
lm (black dotted line).
To provide further evidence of this phenomena, we present the calculations of a general inverse opal structure (Figure 10) from the research of
Kim et al. which shows, by including a small uniform loss of the material

 = 1.54 + .001i,

signicant enhancement of absorption near the bandedge.

There are many compounds and biomolecules that interact with a certain
frequency (or frequencies) of light. By designing a SIO with a bandedge that
overlaps the absorption peak of that compound and doped the SIO with that
compound, we may see, as in the case of gold nanoparticles, a signicant
increase in the sensitivity to light of that wavelength.
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Figure 12: Simulated absorption for inverse opal (Kim, Nature 2012)

2.7 Functionalizing Silk Inverse Opals
2.7.1

High Refractive Index Opals

Although the fcc void structure has been found to support complete photonic
band gaps, this is under the assumption that there is a minimal relative contrast between the voids and dielectric matrix of at least two [1]. Silk obtained
from the B. mori silkworm and processed in our lab has a refractive index
of

n ≈ 1.54

while air has

n ≈ 1.

Thus SIO possess only a pseudo photonic

bandgap; they do not reect light that falls within the gap completely. However, important properties such as high reectivity of wavelengths in the gap
and enhanced absorption near the band-edge are still observed [11]. Biomedical applications of the SIO's however may necessitate that they operate and
maintain their optical properties in aqueous environments. Since the contrast
is already relatively small it is therefore necessary to investigate the possibility of increasing the refractive index of the SIO without destroying the
pseudo photonic bandgap. This is accomplished by doping the silk solution
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with non-reactive compounds with a high RI.
We consider titanate nanosheets (TNS) a two dimentional material (n

2.2)

composed of sheets of

T iO2

particles.

=

They are one atomic cell thick

and 2 to 5 nm wide. Under the assumption that the inclusion of these only
changes the dielectric constant of the silk matrix, theoretical calculations
can be paired with spectroscopy measurements to examine if we achieve the
expected shift in the reectance peak. In this investigation we consider silk
TNS compositions of 20% and 40% which yield new refractive indices of 1.608
and 1.673 respectively.

2.7.2

Porphyrins and Antibacterial Activity

Porphyrins refer to a group of organic compounds whose structure is usually
characterized by the presence of a heavy metal ion in the center of a ring.
Under illumination of certainty frequencies the porphyrin used in this study,
TMPyP interacts with oxygen to produce oxygen singles

1

O2 .

Singlet oxygen

is a highly reactive oxygen species and is able to interact with virtually every
component of a cell, resulting in cell death [12].

Thus porphyrins are a

promising approach to killing antibiotic resistant bacteria. [20]
Previous research by Huang C et al.

[7] demonstrated the existence of

a pseudo photonic bandgap in a fcc opal structure with spheres consisting
porphyrin molecules. Due to this photonic band gap there was an increased
enhancement of absorption near the band edge.

They theorized that this

caused more photons to interact with the porphyrin to produce

1

O2

than in

the case of unordered porphyrin lm which possessed no photonic bandgap.
Indeed their experiments indicated a killing eciency of 80% as compared
with 35% for un-ordered lms with the porphyrin spheres.

However silk

doped with porphyrin might be a much more cost eective way to utilize the

27

antimicrobial properties of porphyrin, a relatively expensive compound, while
noting that silk allows the activity of embedded biomolecules to continue for
extended periods of time.

3

Hypothesis

In this study we build o previous research by Kim et al. [11] which demonstrated, for silk inverse opals, a pseudo photonic bandgap in the visible spectrum and enhanced absorption near the band edge. We investigate parameters that can be used to increase the reectance of the SIO and obtain a
bandgap for more dicult lattice constants and hypothesize that by increasing the concentration of monodisperse particles in solution we can obtain a
more reective opal. Furthermore we believe that with a higher quality silk
inverse opal two applications will be possible.
First we hypothesize that by doping the silk with titanium dioxide particles we can produce SIO's with high refractive index which demonstrate a
shifted reectance peak and greater opalescence in solutions with a relatively
high refractive index. Secondly we hypothesize that by doping the silk matrix with the porphyrin TMPyP, a photosensitizer, the increased density of
photon states near the band edge will lead to a greater production of oxygen
singlets, which will be reected by an increased killing eciency of bacteria.
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4

Methods

4.1 Silk Processing
First, cocoons of the Bombyx mori silkworm were cut and boiled in a 0.02 M
sodium carbonate solution for 30 minutes which dissolves the glycoprotein
sericin. The broin was then rinsed in distilled water for 20 minutes three
times to remove any excess sericin then let to dry in a fume hood overnight.
The broin bundle was dissolved in a 9.3 M lithium bromide solution for four
hours at

60◦ C.

Next the solution was dialyzed in dialysis cassettes (Slide-a-

Lyzer, Pierce, MWCO 3.5KDa) to remove the LiBr. The dialysis occurred
against MilliQ water which was changed after 1 hour, 4 hours, evening, next
morning, night, and the following day morning. The silk solution was then

◦
centrifuged for 20 minutes at 5 C (11,000 rpm) to remove large aggregates
leaving a solution of

60 mg/mL and refrigerated for later use.

4.2 Fabrication of Silk Inverse Opals
Poly(methyl methacrylate) PMMA spheres form the template which the silk
broin inltrates to form the inverse opal. Spheres of diameters 250 nm, 320
nm, 350 nm, and 500 nm at concentrations of 1% mass by volume were used
in this production. It should be noted that all fabrication was performed in
a clean room since the presence of any foreign particulates severely disrupts
the formation of the opal [2].
First PMMA was spin coated on a silicon wafer at 4000 rpm for 40 seconds
to form the substrate on which the spheres assembled. The wafer was then
split into 1 cm-by-1-cm squares and cleaned using compressed air.

2

µ

L

droplets of the PMMA colloidal solution (1% concentration by mass) were

◦
cast on the wafer surface. The wafer was then placed on a hotplate (95 C for

29

250 nm and 320 nm particles,

120◦ C

for 350 particles and

particles) to induce self assembly by evaporation.
from the hotplate and

125◦ C

for 500 nm

The wafer was removed

0.4 mL of silk solution was cast on the wafer and

allowed to ll the air voids in the opal by capillary inltration. Samples were
then allowed to dry for 24 hours at room temperature and standard humidity.
To increase the crystallinity and therefore insolubility of the silk structure
lms were treated with either methanol or high temperature water vapor
annealing (HTWVA), both of which induced

β -sheet

cross linking [5].

Methanol treatment was performed by soaking the PMMA-silk wafers in
methanol for 4 hours. The wafers were then removed and dried in a wrapping
of laboratory tissue paper. This slowed the evaporation and help to keep the
samples from curling excessively during the drying process.
HTWVA is advantageous in that no chemical treatment was used. The
wafers were placed in a vacuum oven saturated with water vapor at

90◦ C

and left for four hours. A higher temperature induced a greater percentage
of

β -sheet

crosslinking.

After crosslinking PMMA-silk wafers were placed in acetone for 24 hours
to dissolve the PMMA spheres leaving the desired SIO structure (Figure 13).

4.2.1

High Refractive Index Crystals

High refractive index photonic crystals are silk photonic crystals that have
been altered to have a greater dielectric constant thus increase the reectance
and the absorption near the band edge.
To fabricate these HRI SIO a stock silk solution is diluted to 5% concentration of silk. Then a TNS particle solution (20% concentration by mass) is
mixed with the silk solution. Although various concentrations could be made
to give dierent refractive indices we consider a silk TNS solution composed
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Figure 13: Diagram of fabrication Process [11]
of 20% and 40% of TNS. The fabrication process matches the fabrication of
a normal SIO exactly except that the silk broin solution is mixed with the
TNS solution to give the desired concentration and MeOh annealing must be
performed instead of HTWVA.
Ellipsometric characterization was performed to determine the refractive
index at dierent TNS:silk ratios. Measurements were performed on a 300
nm thin lm deposited on silicon and processed using the same protocol
used for the opals. Values of refractive index at 500 nm were found to be

n = 1.61 ± 0.01

for the 20% TNS sample and

n = 1.68 ± 0.01

for the 40%

TNS sample [25].

4.3 Rening the Methodology
To rene the SIO methodology the following parameters were tested:

•

Concentration of PMMA spheres

•

Self assembly temperature
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•

Sonication of PMMA solution

Opalescent response to sphere concentration was performed by rst centrifuging 40

µL

of the PMMA solution at 11,000 rpm for 15 minutes. This

left a pellet of spheres on the bottom of the tube and the water above was
removed. Distilled water was then added to make a stock solution of 10 %
w/v. This was then diluted further to make solutions of 7.5%, 5% and 2.5%
concentration. These solutions were subsequently tested against the 1% solution by casting both on the same wafer which ensured both were processed
in the same way.
To investigate the eect of assembly temperature on reectance we simply varied hotplate temperature for the various sphere sizes. As in the standard methodology the spheres were cast on a silicon wafer spin coated with
PMMA. The 250 and 320 nm spheres were processed at temperatures of
and

100◦ C.

125◦ C

The 350 nm spheres were processed at

and the 500 nm spheres were processed at

90◦ C

90◦ C, 110◦ C, 115◦ C,

120◦ C, 125◦ C,

and

and

130◦ C.

Sonication is the process of applying high frequency sound energy to
particles in a sample and is commonly used in nanotechnology to evenly
disperse nanoparticles in liquid. The sonicator used here is based on a water
bath with high power ultrasound generating elements located below the tank.
The PMMA sphere solution were kept in their plastic vials and placed in a
sonicator bath for 5 minutes. The solutions were then processed using the
standard methodology to obtain the SIO.

4.4 Reectance Spectra
Reectance measurements were performed using Ocean Optics analysis software and a USB2000 Ocean Optics spectrometer. The setup consisted of a
ber optic cable that bifurcated to connect to a halogen light source and the
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spectrometer. The spectrometer then connected to a computer that held the
analysis software.

The cable head was held at normal incidence above an

adjustable platform (Figure 14).

Figure 14: Reectance measurement setup with elements labeled
Samples were placed on the white glass slide and measured at normal
incidence. The reected light was collected by the ber optic cable and led
to the spectrometer which measures the intensity of each wavelength. Two
references were used:

a dark spectrum (measured with no incident light)

to account for general background noise and a white spectrum measured
on a transparent at silk lm on a whitened glass slide.

Reection was

calculated by subtracting the dark spectrum and normalizing the signal by
the white spectrum.

For a given opal size, 6 samples were measured to

given a statistically signicant account of peak placement, width, and relative
reectance.

4.5 Photonic Crystals and Bacteria Killing
Porphyrin doped opals were fabricated using 250nm and 320nm PMMA
spheres.

A concentrated 2% w/v solution of PMMA spheres was used for
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each and both were sonicated for 5 minutes and then processed at

95◦ C.

A silk solution was diluted to 60 g/L and porphyrin was then weighed and
added to give a concentration of 0.40 % by mass. An example of a porphyrin
doped SIO in water is given in Figure 15.

Figure 15: 250 nm SIO doped with porphyrin in water. Note the green iridescence
of the 250 nm SIO which is due to the higher RI of water.
HTWVA annealing was performed at

75◦ C

for 4 hours to induce

β -sheet

cross linking which results in approximately 55% crystallinity [6]. Although
annealing at

95◦ C

maximizes crystallinity for a given sample we found that

this treatment caused the doped samples to curl excessively which reduced
their reectance. The samples were soaked in acetone for 24 hours and then
placed in dionized water to leech excess porphyrin from the surface.
Staphylococcus aureus, a common bacteria with a variety of antibiotic
resistant strains were selected as the bacterium to test.

To examine the

eectiveness of the SIO on bacteria killing, the standard plate count method
was performed. This method is ubiquitous in biology as a standard method
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to test for bacterial activity [16].
First 30 mL cultures were grown in a nutrient bath. The optical density
of this solution was then tested at 670 nm and found to be 0.949 which
corresponds approximately to a concentration of

2.49 × 108

bacteria per mL.

Next the eectiveness of the porphyrin doped opals was tested against
several controls to isolate the eect of using a silk inverse opal.

•

Control: untreated bacteria solution

•

Porphyrin doped silk lm, no illumination

•

Porphyrin doped silk lm with illumination

•

Porphyrin doped 250 nm opal

•

Porphyrin doped 320 nm opal

Figure 16: Illustration of SIO doped with porphyrin test. Illumination from laser
causes porphyrin to react with oxygen to create oxygen singlets which cause cell
death
In the simple control, 1 mL of bacteria was placed in a borosilicate glass
tube and received no illumination.
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In the porphyrin no light control a 5 mm by 5 mm lm of porphyrin
doped silk lm was placed in a 1 mL bacteria solution for 30 minutes.
In the unordered porphyrin control the same procedure was performed
with the solution illuminated by the laser. The 532 nm laser was set at 0.1
W intensity and focused on the bottom of the glass tubes containing the
bacteria mixture. Importantly the wavelength of the laser falls on one of the
absorption peaks for this porphyrin molecule (Figure 17).

Figure 17: Absorption spectra of TMPyP. Mitropoulos, 2014
Finally for the porphyrin doped opal tests a 5 mm by 5 mm porphyrin lm
containing each opal size was cut and placed at the bottom of the tube and
illuminated for 30 minutes. In all cases where porphyrin was used, the lm
was immediately removed from the tube after the 30 minutes of illumination.
The solution of these tubes were then diluted 10,000 times to obtain a
concentration of 25200 bacteria per mL. Finally 20

µL

of each solution were

cast on agar plates to give approximately 500 bacteria per mL. This was
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performed in triplicate along with a control test of 20

µL of 0.85 NaCl buer

solution.
The agar plates were then allowed to incubate for 24 hours and then
scanned, giving images of the colonies that could be analyzed by image processing software.
Additionally see Appendix for the light control which was omitted for
clarity due to possible dilution errors during experimentation. In that test,
1 mL of bacteria was simply illuminated for 30 minutes.
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5

Results

5.1 Evidence of Pseudo Photonic Bandgaps
From the discussion in the background we know that evidence for a photonic
bandgap is substantiated a by high reectance around a certain wavelength
and a periodicity whose magnitude roughly corresponds the reectance peak.
In Figure 18 evidence for a pseudo photonic bandgap in the 250 nm
PMMA opals and SIO was found using the reectance measurements detailed
in methods section. They show a well dened peak at
PMMA opals and at

434 ± 5

551 ± 7

nm for the silk inverse opals.

nm for direct
Spectra were

normailized to better show the peak shape and shift and to avoid eects due
to the dierent substrate (Si wafer for the PMMA opals, transparent silk on
whitened glass slide for inverse opals). We see the peak is wider for the SIO
than the PMMA opal which is likely due to the introduction of defects during
processing. Figure 19 shows six 250 nm SIO measurements which display the
consistency in the production of samples, in the placement of the peak, and
the peak width.

Similar consistency was found for SIO with other lattice

constants.
Using equations 24 and 35, the eective index of the PMMA opals is found
to be 1.35 while the eective index of the SIO is found to be 1.12. Previous
research by Kim et al. indicates that due to acetone exposure, there is a constriction of the silk matrix to 240 nm, 280 nm, and 320 nm (500 nm spheres
were not fabricated). Thus we should likely include that correction factor in
our calculations. Indeed applying this correction places the reection peaks
at

550 ± 4 nm and 439 ± 5 nm respectively.

Here uncertainties reect possible

dierences in the constriction of the silk matrix as well as variations of the
sphere sizes from that given by the manufacturer which we estimate might
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vary by

1%.

Comparison with experimental results gives dierences of only

1 nm and 5 nm which is well within the range of our uncertainties.

Figure 18: Reectance measurements of Direct and Inverse 250 nm opal

Figure 19: Reectance measurements of six dierent 250 nm SIO
Finally, SEM images (Figure 20) of the 250 nm SIO show a well ordered
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fcc inverse structure. This validates our use of the assumption of fcc in the
theoretical calculations and indicates that the observed reectance is due to
the periodic dielectric elements.

Figure 20: SEM image of 250 nm silk inverse opal with silk lm above ordered
voids
Similarly, evidence for a pseudo photonic bandgap in the 320 nm SIO was
also observed (Figure 21). Spectroscopy data indicates peaks of
and

532 ± 12

690 ± 15nm

nm for the direct and inverse opals respectively.

Theoretical predictions place the reection peaks at

705±7 nm and 512±8

nm respectively. Comparison of experimental results gives dierences of 15
nm and 10 nm which is within the range of our uncertainties.
SEM images of the 320 nm SIO opal (Figure 22) show a well ordered
fcc structure.

Again this corroborates our assumption that the observed

reectance is due to a photonic bandgap.
Evidence for a pPBG in the 350 nm opal was also conrmed (Figure 23).
Reection measurements indicate a peak at

40

720 ± 14

nm for the direct opal

Figure 21: Reection measurements of Direct and Inverse 320 nm opal

Figure 22: SEM of 320 nm SIO
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and

540 ± 12

nm for the SIO.

Figure 23: Reection measurements of Direct and Inverse 350 nm opal
Theoretical predictions for direct and inverse opal reectance peaks place
them at

771 ± 8 nm and 548 ± 9 nm respectively.

This gives dierences of 50

nm and 8 nm. While the dierence between the prediction and experimental
results of the SIO are well within the range of our uncertainties that of the
PMMA opal is not. This is likely due to dierences in the actual sphere size
and lling factor. SEM images of the 350 nm SIO opal (Figure 24) also show
a well ordered inverse fcc structure.
Finally, the data show evidence for a pseudo photonic bandgap of the 500
nm direct and SIO opals (Figure 25). Spectroscopy measurements indicate
reection peaks at

855 ± 17

nm and

750 ± 16

nm respectively.

On the other hand theoretical predictions would place the reectance
peak of the PMMA opal at

1100 ± 32nm and the SIO at 768 ± 34 nm (using a

conservative correction factor of 60 nm). While the PMMA opal prediction
is completely divergent with a dierence of about 250 nm, the SIO prediction
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Figure 24: SEM of 350 nm SIO
diers from experiment by 18 nm which is within the experimental uncertainty.
SEM images show another inverse structure consistent with our previous
results.

Again this is inferred to be a fcc structure since the SEM of the

PMMA opal shows fcc stacking.
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Figure 25: Reection measurement of inverse 500 nm opal

Figure 26: SEM of 500 nm SIO
The presence of a pseudo photonic bandgap in 250 nm, 320 nm, 350
nm, and 500 nm SIO is indicated by experimental means. Reectance measurements of each opal size displayed well dened peaks for both the direct

44

PMMA opals and the SIO's. Theoretical predictions were in good agreement
with experimental nding for the placement of the SIO reectance peaks,
with all dierences falling within the given uncertainty. Evidence that this
phenomena is due strictly to periodic dielectric elements is also compounded
by SEM images which show a fcc stacking of PMMA spheres which indicates
that the structure of the ordered voids is also fcc.

Qualitatively the spec-

troscopy data showed wider reectance peaks for the SIO than the PMMA
opals. This is likely due to the introduction of defects during the processing
of the SIO. Here we summarize the ndings of this section.

Table 1 and

2 display the predictions and measurements of the reectance peaks of the
PMMA and silk inverse opals respectively.

PMMA Opal Diameter

250 nm

Theoretical prediction

550 ± 4

Mean Measurement (6 samples)

320 nm

350 nm

500 nm

705 ± 7nm

771 ± 8nm

1102 ± 32nm

551 ± 5nm

690 ± 15nm

720 ± 14nm 855 ± 17nm

SIO Diameter

250 nm

320 nm

350 nm

Theoretical prediction

439 ± 5nm

512 ± 8

Mean Measurement (6 samples)

442 ± 5

530 ± 12nm

nm

nm

nm

548 ± 9

500 nm
nm

540 ± 12nm 750 ± 16nm

5.2 Rening the Protocol
5.2.1

Solution Concentration

As described in the methods section, lms of 250, 320, 350, and 500 nm
opals were fabricated with a 1% and 2% PMMA solution.

No structural

color was observed for any opal size fabricated with concentrations above
2%. Quantitative comparisons were performed by reectance measurements
detailed in the methods section and data is presented unnormalized in order

45

768 ± 34nm

to compare relative reectance which is given in arbitrary units.

We then

quote the percent dierence in reectance on the dierence samples which is
of course unit independent.
Reection data from the 250 nm opal (Figure 27) not only show a narrower, more pronounced reectance peak for the 2% concentration as compared with the 1% concentrations but also a large (45

± 15

%) increase in

reection. Both peaks are centered around 420 nm. Here uncertainties are
presented as standard deviation on three measurements.

Figure 27: Reectance comparison for SIO fabricated with 1% and 2% 250 nm
PMMA concentrations
Similar results were found for the 320 nm opals (Figure 28). The 2% concentration displays a much higher,

55 ± 17% and narrower peak as compared

with the 1% concentration. Both peaks are centered around 520 nm.
Reection measurements of the 350 nm opals also show a drastic improvement in quality with an increase of particle concentration. Although both
samples have a similar shape, the 2% peak has a mean reectance

50 ± 10%

higher than that of the 1% peak. Both peaks are also centered around 540
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Figure 28: Reectance comparioson for SIO fabricated with 1% and 2% 320 nm
PMMA concentrations
nm.
Data from the 500 nm opals show the greatest change in peak shape. A
very wide peak is visible for opals fabricated from a 1% concentration while
a well dened peak is clearly visible for the 2% sample that is also

40 ± 10

% higher than that of the 1% concentration.
We have found that concentrating the solution of PMMA spheres increased the reectance of opals for all sizes of PMMA spheres tested. Specifically, the spectroscopy data for the 250 nm show a 45% increase in reectance
compared with the 1% concentration. The data for the 320 nm show a 55%
increase, the data for the 350 nm show a 50% increase, and the data for the
500 nm show a 40% increase. Physically this increased reection is likely due
to the presence of more layers of ordered voids as well as a better surface.
Indeed while fabricating opals using the 1 % solution there were often domains free of particles instead of a continuous iridescent surface. The success
of this new protocol is also underlined by the opalescence observed with the
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Figure 29: Reectance comparison for SIO fabricated with 1% and 2% 350 nm
PMMA concentrations

Figure 30: Reection measurements of 500 nm SIO using PMMA solutions of 1%
and 2%
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500 nm spheres, which had not been achieved previously in this lab.

5.3 High Refractive Index SIO
As detailed in the methods section HRI opals were fabricated with 20% and
40%

T iO2

particle solution for 250 nm, 320 nm, 350 nm, and 500 nm opals.

This gives new refractive indices of

1.60 ± .01

and

1.68 ± .01

as compared

with RI of 1.54 for regular silk.
Spectroscopy measurements of the 250 nm samples show a well dened
peak for both the 20% and 40% concentrations, with the 40% peak being
especially well dened. The measurements place the peaks at
and

515 ± 17nm for the 20% and 40% respectively.

460 ± 20nm

Uncertainties here are the

standard deviation of three measurements. Notice the o peak reectance of
the 20% is very high. This may indicate that this particular SIO has a less
complete photonic bandgap due to the presence of defects.
There is also a sharply increasing slope for the 40% HRI near 400 nm
that may appear to be a secondary peak. However, as seen in Figure 32, all
40% samples (except the 500 nm HRI SIO) display this peak at roughly the
same wavelength indicating that it is not a secondary peak.

Furthermore

using the theory outlined in the background we can calculate the secondary
peaks as lying below 350 nm. Likely then this is due to the absorption of
lower frequencies by our light spectrum (the HRI silk lm appears yellow)
which are scattered by the SIO.
Theoretical calculations predict reection peaks at

20

464±15 nm and 475±

nm for the 20% and 40% solutions respectively using the new refractive

indices. Here we do not include a correction factor due to constriction which
would have to be measured using SEM images.
Uncertainties here reect the uncertainties of the RI of the silk/TNS
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Figure 31: Reection measurement of 250 nm HRI SIO fabricated 20% and 40%
titanium dioxide particle concentration

Figure 32: Reectance data from 250 nm, 320 nm, and 350 nm 40% HRI silk
inverse opals. All show a peak around 400 nm that is likely due to the absorption
of the silk lm
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solution as well as an uncertainty in the constriction of the silk matrix. This
gives dierences within the range of our uncertainties for 20% HRI but far
outside several standard deviations for the 40% sample. This may indicate
that the refractice index of the silk/TNS is greater than anticipated or that
the silk/TNS matrix has swelled during processing.
Reectance measurements show well dened peaks for the 320 nm HRI
opals. The measurements place the peaks at

605 ± 16nm

and

662 ± 17nm.

Figure 33: Reection measurement of 320 nm HRI SIO fabricated with 20% and
40% titanium dioxide particle concentration
Theoretical calculations for the reection peaks of the 320 nm HRI SIO
give

594 ± 13nm

and

601 ± 15nm

for the 20% and 40% samples respectively.

Again the 20% HRI sample lies within our uncertainty while there is poor
agreement with the 40% HRI sample.
Spectroscopy measurements show very well dened peaks for the 350 nm
HRI opals at

615±11 nm and 690±15 nm.

Again these measurements can be

compared with theoretical predictions which place the peaks at
and

657 ± 22nm for the 20% and 40% SIO respectively.
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650 ± 20nm

Here we see however

poor agreement with both samples as the theory overestimates the 20% sample but underestimates the 40%. Likely the disagreement for the 20% is due
to some contraction of the silk matrix, as found in the regular SIO. Indeed
applying a very conservative 10 nm correction yields a prediction of 613 nm
which is almost exactly the measured reectance peak. The disagreement for
the 40% is again likely due to an underestimation of the RI or a swelling of
the matrix.

Figure 34: Reection measurement of 350 nm HRI SIO fabricated with 20% and
40% titanum dioxide particle concentration
Finally spectroscopy measurements show a dened peak for the 500 nm
HRI with 20%

T iO2

solution at

870 ± 20

nm. As seen in Figure 35, the 40%

HRI sample lies outside the sensitive range of the spectroscope. Theoretical
predictions for the 20% sample place the peak around

920±25 nm which is not

within the range of our uncertainty. Again there is likely some constriction
of the silk matrix.

Even applying a very conservative correction of 30 nm

would place the prediction at 873 nm.
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Figure 35: Reection measurement of 500 nm HRI SIO fabricated with 20% and
40% titanium dioxide particle concentration
5.3.1

Discussion of HRI results

We have the successfully fabricated high refractive index opals with concentrations of 20% and 40% TNS solution giving new refractive indices of

1.61 ± .01

and

1.67 ± .01.

Interestingly, theoretical calculations using these

new dielectric constants only match spectroscopy measurements of the 250
nm and 320 nm 20% HRI SIO and the 350 nm and 500 nm SIO after conservative correction due to constriction (less than half the correction for untreated
SIO). Thus it is likely that the addition of TNS reduced the constriction of
the silk matrix and that the refractive index of the 40%

T iO2

silk mixture is

greater than previously measured or induced some swelling of the matrix.
Of course the real goal of this section was not validation of a theory, it
is a proof a concept to demonstrate the feasibility of fabricating HRI opals
with the same desired properties as those found in regular SIO. To that end
the reectance results indicate that all the HRI opals possessed a pseudo
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photonic bandgap with many of the reectance peaks as pronounced as the
undoped SIO.
It should also be noted that these HRI opals became more brittle and
prone to curling with greater concentrations of

T iO2 .

Furthermore removal

of samples from aqueous environment may cause a loss of opalescence. Fortunately they remain most durable in aqueous environments which is precisely
where they would nd the most utility.

5.4 Assessment of Antibacterial Activity
Recall that to determine the eect of porphyrin doped silk inverse opals on
S. aureus bacteria the following tests were performed in triplicate:

•

Control: untreated bacteria in solution

•

Porphyrin doped silk lm, No illumination

•

Unordered Porphyrin doped silk lm with illumination

•

Porphyrin doped 250 nm SIO

•

Porphyrin doped 320 nm SIO

Photographs of the agar plates were taken after 24 hours of incubation and
analyzed using ImageJ software which performed a colony count. All data is
presented as means with standard deviations of the mean. Dierences were
tested for statistical signicance by Student's t test. Probability values less
than 5% were considered signicant.
The control tests help to isolate the variable we want to test, the presence and placement of the photonic bandgap on antibacterial activity, while
accounting for confounding variables such as the possible toxicity of the porphyrin compound and inhibition of growth due to laser light.
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In Figures

37 the porphyrn no illumination control for instance, we see a substantial
decrease in the number of colonies found in Figure 38 the porphyrin with illumination control. This indicates that oxygen singlets were being produced
in amounts signicant enough to inhibit bacterial growth on a large scale.
While this is an expected result, it is an important verication in order to
consider the eect of the doped SIO.

Figure 36: S. aureus colonies on agar plates, no light control

Figure 37: Bacteria colonies on agar plates, porphyrin sample with no illumination
control

Figure 40: Bacteria colonies of agar plates, 320 nm porphyrin opal test
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Figure 38: Bacteria colonies on agar plates, porphyrin with laser light control

Figure 39: Bacteria colonies on agar plates, 250 nm porphyrin opal test
The results of the analysis of these photos are displayed in the following
table.

Control
Colony Count

468 ± 37

Killing Eciency

0

Porphyrin
no Light

234 ± 50
50 ± 11%

Pophyrin

Porphyrin

Porphyrin

with Light

250 nm opal

320 nm opal

141 ± 24
72 ± 8%

98 ± 20
79 ± 5%

57 ± 15
88 ± 4%

To calculate the killing eciency the control of untreated bacteria is used
as the base case (Figure 36). Comparison to the porphyrin with laser light
control indicates a

72 ± 8%

killing eciency while the 250 nm porphyrin

SIO tests (Figure 39) indicates an

79 ± 5%

porphyrin SIO test (Figure 40) indicates a

killing eciency and the 320 nm

88 ± 4%

killing eciency.

The

student's t test shows that the dierence between the porphyrin with light
control and the 250 nm SIO is not signicant with a p value of 0.13 while the
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t test indicates that the dierence between the porphyrin with light control
and the 320 nm SIO is signicant with a p value of .01.

The students t

test also indicates that the dierence between two SIO groups is statistically
signicant (p value of 0.04). The importance of this result will be discussed
in the follow section.

5.4.1

Discussion of Antibacterial results

We report enhanced antibactial activity for porphyrin doped silk inverse opals
after analysis and comparison of colony counts from dierent control tests.
As expected, the standard control test in which the bacteria were untreated
yielded the highest colony count and represented the number of colonies by
which to compare the other tests.
In analyzing the porphyrin with no light, we calculated a

50 ± 11%

re-

duction in the number of colonies over the bacteria with no light. This likely
indicates a slight toxicity of the porphyrin due to it leeching out of the silk
lm and may also indicate that there was a slight production of oxygen singlets by the ambient broadband light.
Considering the porphyrin with illumination we found a

72±8% reduction

in the number of colonies. This conrms that there is a signicant production
of oxygen singlets by the porphyrin doped in the silk lm. Comparison with
the no light control test indicates a
SIO and a

88 ± 4%

79 ± 5%

killing eciency for the 250 nm

killing eciency for the 320 nm SIO. Importantly the

student's t test indicates that there is not a statistically signicant dierence
between the porphyrin doped silk lm and the 250 nm SIO but does indicate
that there is a statistically signicant dierence of both compared with the
320 nm SIO.
To understand this result rst note that the reectance peaks of both
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opals is red shifted in the bacteria solution. Using n=1.33 as the refractive
index of water new reectance peaks can be calculated as

630±10 nm for the 250 and 320 nm SIO respectively.

540 ± 10

nm and

Since the peak intensity

of the laser lies at 532 nm it likely overlaps the photonic bandgap of the 250
nm SIO but lies on the band edge of the 320 nm SIO.
Recall from the research of the Kim et al. we expect a signicant increase
of the absorption near the bandedge over other areas of the spectrum and
so expect a signicant increase in the production of oxygen singlets by the
320 nm opal over the 250 nm opal. The data of this experiment indicates
that this eect indeed has physical consequences for the doping of the SIO by
porphyrin as there is 9% change in colony count between the two. A caveat
is that this experiment must be completed at least twice more to check for
consistency and to yield statistically signicant results.
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6

Conclusion

This study focused on continuing the work of Kim et al. which demonstrated
that silk inverse opals could support a pseudo photonic bandgap and exhibited enhanced absorption near the band edge.
The rst part of this investigation demonstrated that the fabricated SIO
displayed the expected photonic and physical properties. Accounting for the
constriction of the silk matrix, spectroscopy measurements agrred with theoretical predictions within our uncertainty limits. Furthermore SEM images
of PMMA spheres displayed the expected fcc stacking necessary to support
the corresponding photonic bandgap in the SIO.
Reectance spectra measurements indicate that an increase of monodisperse PMMA spheres in solution from 1% to 2% increased the quality and
reectance of the SIO. Quantitatively all SIO (except the 500 nm SIO) displayed a 45% or greater increase in reectance over the 1% solution. This is
also underscored by the fabrication of opalescent SIO from 500 nm PMMA
spheres which had not been previously achieved.
In the third area of this study the feasibility of fabricating high refractive
index (HRI) silk inverse opals was demonstrated. Reectance measurements
indicate a substantial red shift in the reectance peak consistent with an
increase in the refractive index for opals fabricated with 20% and 40% concentration of TNS. While the theoretical calculations with the new refractive
index lie within the uncertainties of the 20% HRI opals, they underestimate
that of the 40% solution, indicating that the refractive index may be larger
than anticipated or that there may be some swelling of the silk matrix.
In the nal section of this study, SIO doped with the porphyrin TMPyP
(0.4% concentration) were shown to have signicant antibacterial eect on
S. aureus bacteria when fabricated to have the bandedge match the peak
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radiation. The experiment indicates a 72% killing eciency for the porphyrin
doped silk lm, a 79% killing ecency for the 250 nm doped SIO and a 88%
killing eciency for the 320 nm doped SIO. In more general terms the study
demonstrates the viability of functionalizing silk inverse opals through the
doping of photosensitive compounds which match their respective band edge.

7

Future Work

With the enhanced opalescence of SIO achieved in this study as well as the
realization of 500 nm SIO this research could nd application in many areas.
Other studies may build o previous research in which an oxygen sensor
was fabricated using silk doped with hemoglobin [14]. In that investigation,
a free standing silk diraction grating doped with hemoglobin was found
to have a signicant response to changes in oxygen (hemoglobin changes
optical absorption depending on the degree of oxygenation). This study could
be improved upon by utilizing the ndings of this research.

High quality

silk photonic crystals could be fabricated with a bandgap near to that of
the absorption of hemoglobin resulting in an increased sensitivity to oxygen
concentration. Other studies would also seek enhancement of photosensitive
reactions by absorption enhancement.
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Appendix

SEM images of PMMA opals
These SEM images display the fcc stacking described in the body of the
paper.

SEM images also revealed why the fabrication of a 200 nm opal

was unsuccessful (Figure 45). The image shows a very disordered array of
spheres. Furthermore it can be seen that groups of the spheres are connected,
forming larger 3-dimensional structures. This indicates that the spheres were
not monodisperse in solution and therefore could not assemble properly.

Figure 41: SEM image of 250 nm PMMA opal
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Figure 42: SEM image of 320 nm PMMA opal

Figure 43: SEM image of 350 nm PMMA opal
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Figure 44: SEM image of 500 nm PMMA opal

Figure 45: SEM image of 200 nm PMMA opal
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Illumination Control Experiment

Figure 46: S. aureus colonies on agar plates, Light control
Here we display the result of the illumination control experiment which was
omitted above for clarity. This test displays a signicantly larger number of
colonies (748

± 40)

than the control test in which bacteria were untreated.

Likely this is due to a dilution error since research on the eect of laser light
of this power and wavelength indicates that S. aureus bacteria will either be
slightly inhibited in growth or experience no inhibition [13].
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