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Abstract
When light interacts with matter either the light or the material can be
changed. This dissertation focuses on light/matter interaction in silk fibroin
and its utility for biomedical applications. Silk, a natural biocompatible,
biodegradable polymer, has a large 3-photon absorption cross-section which
allows modest peak intensity light to cause significant multiphoton absorption. This absorption allows voids to be formed with three dimensional control within soft, transparent silk hydrogels. A theoretical model of the void
formation process is developed to allow the size of the voids to be predicted
for a range of laser and sample parameters. Arbitrary 3D patterns are created
in silk gels that allow cells to penetrate into the bulk of the gel both in vitro
and in vivo. To explore how silk can be used to alter light, the creation of
step-index optical waveguides, formed by encapsulating a silk film within a
silk hydrogel, is described. These waveguides allow light to be delivered to
targets through several centimeters of highly scattering biological tissue. Finally, the interaction of light with riboflavin is used to photocrosslink silk to
form solid structures, rather than voids. The mechanism of crosslinking to
be driven by radicalized tyrosine residues resulting in the formation of dityrosine bonds which lead to the gelation of a liquid silk solution. Riboflavin is a
versatile photoinitiator and can be used to crosslink collagen as well as silk,
which allows silk to be crosslinked directly to corneal collagen. When applied
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to the eye, an artificial corneal layer is formed which has the potential to treat
various corneal diseases and allow for risk-free laser vision correction. These
studies show the versatility of light-based processing of silk for a wide variety
of medical applications.
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Sculpting with light:
light/matter interactions in biocompatible polymers

1

Chapter 1
Introduction
The use of light in medicine traces its roots back to prehistoric times. By
observing the light reflected from their patients, early doctors could see the
redness of an infection, the purple of a bruise, or anomalous lumps that could
indicate a tumor. Over time, the use of light in medicine has become far more
sophisticated. We have learned to use light invisible to the naked eye such
X-rays to see broken bones, and radio waves emitted by malignancies when
exposed to varying magnetic fields. These devices have enabled diagnoses to be
made with unprecedented speed and accuracy. The utility of light in medicine
comes from its ability to interact with biological material. The way tissues
change or distort the light can provide valuable clues as to the state of that
tissue’s health. However, this is not a one-way process. Biological materials
can not only change light, but can be changed by light. Such modification
is evident in the case of a sunburn in which exposure to ultraviolet radiation damages DNA in the skin. By harnessing the ability of light to change
biological materials tremendous advances in the treatment of disease can be
realized.
In this dissertation three types of light/matter interactions are presented
with applications ranging from tissue engineering to ocular prostheses. The
first involves harnessing the strong nonlinear absorption of silk to photostruc-
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ture hydrogels in three-dimensions via multiphoton absorption. The second
uses riboflavin (vitamin B2) to cross-link silk fibroin in the presence of light.
The third takes advantage of the transparency of silk to guide light within
scattering tissue. In this chapter, the importance of 3D structured materials for biomedical applications is introduced and techniques for creating such
materials using light are reviewed. In Chapter 2 the theory of multiphoton
absorption of light is outlined including a discussion of how ultrashort pulses
are generated via mode locking. Chapter 3 describes work measuring the 3photon absorption cross-section of silk fibroin using the Z-scan technique. In
Chapter 4 a finite-element model of modification of soft silk hydrogels using
ultrashort pulses is described. This chapter shows that void formation in silk
hydrogels is not governed by diffusion of heat or other photoproducts, but
can be described solely by the direct absorption of light energy. The use of
ultrashort pulses to ablate solid silk films is also briefly discussed. Chapter 5
shows how large-scale (∼0.5 mm) structures can be formed in silk hydrogels
and how these structures can be used to guide cellular infiltration both in vitro
and in vivo. In Chapter 6 a method of creating step-index optical waveguides
by encapsulating a silk film within a silk hydrogel is described that enables
visible light to be delivered through scattering media such as tissue. Chapter 7
investigates the mechanism by which linear absorption of light from inexpensive light-emitting diodes by riboflavin can be used to crosslink silk to form a
hydrogel, and the results of a pilot experiment to use such gels as ocular prostheses for the treatment of myopia and corneal ectatic disorders is discussed.
Finally, in Chapter 8 conclusions are drawn based on this work and possible
future directions are described.
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1.1

Structuring soft materials

Most biological tissue is relatively soft compared to the metals, plastics, and
ceramics of consumer products. With the exception of bone, the average elastic modulus for soft tissue generally falls in the rage of 5-5000 kPa [1]. This
is in sharp contrast to most engineering materials which typically have elastic moduli nearly six orders of magnitude larger (1-100 GPa) [2]. Traditional
manufacturing technologies have focused on shaping these stiff materials, but
are unsuitable for work with soft materials comparable to human tissue. Attempting to apply conventional milling technologies to soft materials almost
invariably results in material damage. Currently, there are very few techniques to shape soft materials with high resolution. The most well-known is
soft lithography in which a liquid precursor is poured onto a patterned substrate and allowed to cure into a solid. Once cured, the pattern from the
substrate is transferred to the material [3]. While this technique is capable of
generating patterns with features as small as 30 nm, it is a two dimensional
technique. To make 3D structures using lithography, multiple 2D layers must
be produced, aligned, and stacked, a time-consuming and laborious process.
Photolithography is also possible on certain soft materials, but has similar
limitations to soft-lithography.
Only recently has it become possible to pattern soft materials in threedimensions. Typically, light is used to crosslink a liquid monomer to create a
3D shape (section 1.3.1). However, as detailed in Chapter 4, light can also be
used to induce a phase transition within a soft material leaving behind a void.
This technique allows for the creation of arbitrary 3D patterns in soft materials
that are extremely difficult or impossible to produce using other techniques.
For large 3D patterns to be produced, the material must be transparent enough
for a focal spot to be formed at the desired depth. However, 3D structures
4
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can be produced in most biological materials so long as the depth below the
surface is limited to a few hundred microns [4]. 3D structuring of soft materials
is critical for the field of tissue engineering where complex cell scaffolds must
be crafted from materials with mechanical properties that mimic soft tissue.

1.2

Photomodification

The photomodification of a material begins with the absorption of a photon.
The photons transfer energy to the material and can induce changes through
a variety of mechanisms (e.g. temperature increase or chemical modification).
The result of the change can be an ablative event in which the material transitions from liquid or solid to a gas; a solidification in which liquids form
solids or gels; or a melting event where solids turn to liquids. Using light to
induce these modifications has several key advantages over other techniques
commonly used to shape materials. Most importantly, light can be controlled
higher spatial precision than nearly any mechanical system. Using inexpensive
lenses and lasers, beams of light can be focused to spots ∼5 µm in diameter.
More advanced techniques have enabled the selective polymerization of photoresists with resolutions on the order of 10 nm [5]. This technology has been
perfected by the computer chip industry and has resulted in the vast increase
in computing power and decreasing size of consumer electronics. In addition
to precision, light is attractive because it is a non-contact technique. Unlike
methods such as drilling or milling where the tool needs to come in contact
with the workpiece in order to change its structure, the physical impact of light
on condensed matter is minimal making it suitable for use in fragile materials.
Light is also attractive for biomedical applications because it is relatively safe
for biological tissue. Nearly all life on earth evolved in the presence of high
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intensity visible light from the sun which forced organisms to develop a high
tolerance for such radiation. For many biomedical applications near infrared
(NIR) light is used to which most biological tissues are relatively transparent. Using these wavelengths, even at quite high intensities, little energy is
deposited in the tissue, minimizing potential harm. This transparency allows
the use of femtosecond pulses of light with peak intensities of Terawatts per
square centimeter to be used to perform surgery. At the focus of the beam,
energy is deposited resulting in cell death, but cells in the cone of light both
upstream and downstream of the focal plane are relatively unaffected (Chapter
5 and Ref. [6]). Water is also minimally absorbing in the NIR forming a “window” of wavelengths that are particularly suited to biomedical applications
[7].

1.3

Importance of 3D structures in medicine

Every cell in the body exists in a three-dimensional extracellular matrix.
Yet, for decades, experiments on human cells involved culturing them in twodimensions often on relatively stiff substrates such as polystyrene. Recently,
new materials, and advances in 3D structuring, have enabled the exploration
of 3D cell culture in vitro, though in this case the term in vitro which means
literally “in glass”, may no longer strictly apply. This transition to soft 3D
cell scaffolds has allowed researchers to observe markedly different receptor expression, transcriptional expression, cellular migration, and apoptosis of cells
compared with cultur on flat substrates [8]. Differences in differentiation of
stem cells have also been observed based on mechanical cues from the growth
matrix [9]. In 2D culture, cells experience less resistance to migration due to
the lack of a surrounding extracellular matrix that can limit self-organization
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[10]. The use of 3D cell culture techniques has elucidated the importance of
both cell-cell and cell-matrix communication in the proliferation and differentiation of cells. Soft hydrogels with high water content have been identified as
promising materials for 3D cell culture [10].
The field of tissue engineering seeks to recapitulate the natural complexity
of the human body artificially. In order to do so, complex 3D cell scaffolds
are needed to provide niches for different cell types, vascular structures to
feed active cells, as well as ducts and glands to export hormones and other
metabolic products. Numerous strategies have been investigated to achieve
cell scaffolds complex enough to support organ-specific cell types with sufficient mass transport to ensure cell survival at high densities. One attractive
strategy for forming 3D cell scaffolds is 3D printing (also known as additive
manufacturing or solid free-form fabrication). A full review of all the 3D
structuring techniques available is beyond the scope of this dissertation, but
here the focus is on methods of 3D structuring materials using light, and 3D
structuring modalities that are suitable for patterning biocompatible materials. Where available, biomedical applications of each of these technologies are
highlighted.

1.3.1

Light-based methods of creating 3D structures

The first light-based 3D patterning technology was stereolithography (SLA)
which was developed in the 1986 [11]. This technology used materials that
solidify when exposed to ultraviolet (UV) radiation. The SLA system works in
a layer-by-layer fashion in which cross-sections of the object are serially created
one on top of the other to build up a 3D structure. The key components of
a SLA system are a reservoir of UV-curing resin, a platform capable of being
raised and lowered, a way to reliably spread new UV curing resin over the
7
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surface of the part, a method of controlling the illumination such as a laser
scanning system or digital mirror array, and a light source. To create a 3D
structure the spreader spreads a thin film of UV-curing resin over the platform.
The light source is energized and the thin layer of resin is selectively exposed
to the light to solidify it. The platform descends and a fresh layer of resin is
spread over the part. Once all the layers are built up, the part is removed and
excess resin washed away. Most SLA systems make use of a second curing step
to ensure that the resin has been fully cured. The resolution of this process is
limited in the plane of illumination by the resolution of the mask or tightness
of focusing, and in height by the minimum thickness of the UV-resin that can
be reliably spread. There is a trade-off between the achievable resolution and
the size of the finished part. Large parts (∼10 cm) can be produced with
resolutions of ∼200 µm using low-cost commercially available desktop SLA
printers [12]. Micro-stereolithography (µ-SLA) systems are capable of making
small parts with 1.2 µm resolution [13]. Two-photon polymerization allows
even higher resolutions and is described later in this chapter.
SLA has seen application in the field of mandibular reconstruction. Using
medical imaging, perfectly complimentary facial prostheses can be printed and
implanted following tumor resection [14]. This has the advantage of being customized to the patient which ensures a better fit than off the shelf components.
UV curing materials can be fabricated in a wide range of stiffnesses from 200
MPa [15] to poly(ethylene glycol) diacrylate hydrogels that can be as soft as
4 kPa [16]. In these soft hydrogels, cells can be mixed into the pre-cured solution and are able to survive the curing process [16, 17]. These materials show
promise for tissue engineering applications [18].
Selective laser sintering (SLS) is a 3D patterning technique similar to SLA
except it uses powdered materials as a substrate rather than a liquid resin. A
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thin layer of powder is spread over a stage and a laser is used to fuse the powdered grains together. The laser energy is carefully controlled to prevent the
powdered material from fully melting. After each layer the stage descends and
a new layer of powder is spread over the part. While originally used to produce metal parts [19], this technique has also been used to create 3D structures
from a wide variety of other materials such as poly(d,l)-lactic acid [20], polycaprolactone [21], polyvinyl alcohol/hydroxyapatite [22],polyamide [23], and
cellulose [24]. Similarly to SLA these materials tend to be quite stiff so this
technique is typically used to engineer scaffolds for bone tissue regeneration.
Due to the dry environment and high temperatures involved, this technique
is not suitable for direct cell encapsulation, but rather relies on cell seeding
after fabrication for creation of artificial tissues. Porous titanium and nitinol
scaffolds have been produced using this technique that are biocompatible, will
not degrade over time, and allow for the ingrowth of native, functioning, cells
[25].
Direct metal laser sintering (DMLS), and selective laser melting (SLM) are
nearly identical to SLS in that they use a laser to fuse together grains of a
powdered material. As the name suggests DMLS is essentially SLS, but is
restricted to metal powders. DMLS, since the material is never fully melted,
can be used for alloys as well as pure metals. In SLM, however, the grains are
heated until they melt into a homogeneous material. This technique is preferable when working with pure metals as it leaves behind a smoother surface
than SLS [26]. The resolution of these systems is limited by the spot size of
the laser and the minimum thickness of powdered metal that can be spread
over the surface. An important advantage of these techniques is that the part
is always fully surrounded and supported by the powdered metal bed during
fabrication. This obviates the need for removable supporting structures that
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may be required with SLA systems. Once the part is finished it can be removed
from the device and the remaining powdered metal reused to make the next
part. In the biomedical field, SLS and SLM have attracted interest for making
artificial bones due to the strength of the finished parts. Using these systems,
joint replacements can be crafted from existing bone based on 3D imaging
modalities such as X-ray computed tomography. Because the metal is fully
melted in SLM the finished parts have higher surface quality and lower porosity than SLS making it suitable for applications where mechanical strength
is more important than cellular infiltration [27]. Despite this, porous metal
structures have been created using SLM that can support cellular ingrowth
[28, 29] Using biocompatible metals, this process could also be suitable for
complex dental prostheses [30].
SLA, SLS, and similar technologies have somewhat limited spatial resolution. To make extremely fine features, holographic techniques can also be used
to form 3D structures in amenable materials [31]. A hologram is produced by
the interference of two identical beams of light, one of which has interacted
with an object. The result is a 3D interference pattern which, when projected
into a photocrosslinkable substrate, will create a solid replica of the pattern.
This technique is capable of rapidly patterning large areas with a maximum
resolution of half the wavelength of light used. Interestingly, this technique
can also be applied to electron beams [32] which, due to their extremely short
wavelength, can be used to create structures with nanometer resolution [33].
Holographic photolithography is well suited to creating periodic structures
such as photonic crystals, but lacks the ability to create arbitrary structures
possible with stereolithography and SLS/SLM.
Two-photon polymerization (2PP) is another technique for creating 3D
structures using light. This process takes advantage of the intensity-dependent
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nature of multiphoton absorption. In 2PP a pulsed laser is used to create a
beam with extremely high peak power. In the focal volume, the high photon density allows the material to absorb wavelengths to which it is normally
transparent. Using ultrashort (< 200 fs) pulses two (or more) low energy photons can be absorbed simultaneously such that their combined energy exceeds
the band gap in the material. When this happens energy is transferred to the
lattice which can result in localized material modification. Further details on
multiphoton absorption can be found in Chapter 2. The amount of energy
absorbed in a two-photon absorption process is proportional to the intensity
of light squared. This means that by carefully controlling the pulse energy
and the focusing conditions volumes smaller than the diffraction limited spot
can be directly addressed (Figure 1.1). If two-photon absorption occurs in a
material that polymerizes when exposed to light it is possible to solidify almost
arbitrarily small volumes of the polymerizable resin [34, 35, 36]. Resolution
can be further improved by using a shaped depletion beam to reduce the volume of interaction in a manner analogous to stimulated emission depletion
(STED) microscopy [37]. 2PP has been used to create cell scaffolds and to
produce chemical gradients in hydrogels to guide cell migration and behavior
[38, 39].
Direct laser writing (DLW), unlike the previous methods discussed, is a
subtractive technique to write 3D structures inside solid materials. Like 2PP,
this technique utilizes multiphoton absorption of light to modify a substrate.
However, DLW is not limited to photopolymerizable resins. Rather, given sufficient intensity almost any material can be patterned by DLW. Formation of
sub-diffraction limited structures within materials is also possible by tuning
the intensity of the beam such that only a small portion of it is above the
threshold intensity needed to initiate multiphoton absorption. DLW has been
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Figure 1.1: Simulated intensity distribution of a focused beam where only the
central region is above the threshold for two-photon absorption. This illustrates how regions smaller than the diffraction limited spot can be addressed.
extensively investigated in quartz and borosilicate glass. In these materials focused ultrashort pulses can form high density structures in glass which can be
used as waveguides [40, 41, 42], as well as a wide range of optical devices [43].
The ability to pattern waveguides and other optical devices in 3-dimensions
holds particular promise for optical computing and integrated photonics applications. Such a system could allow easy coupling of light from an external
source onto an optical computer chip without the need for fragile and difficult
to handle optical fibers. DLW has also been applied to materials with photolabile bonds. Upon exposure to light the material will depolymerize leaving
behind a void. This strategy has been used to promote cell spreading and
attachment [44].
A final technique for creating 3D structures using light that will be described is laser induced forward transfer (LIFT). This technique uses a pulsed
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laser focused onto a metal ribbon coated with the material to be printed.
When a pulse hits the metal it vaporizes launching a piece of the ribbon’s
coating onto a collection substrate. The ribbon can be coated with a wide
variety of substances including hydrogels [45], enzymes, DNA, and living cells
without significant damage [46, 47]. Though the height of features that can
be produced using this technique is limited, recent work has demonstrated
the ability to build high aspect ratio 3D structures by sequentially launching
pieces of copper or silver at the same location to form a tower [48]. This technique has been used in biomedical applications to seed multiple cell types in
different locations on a 3D scaffold [49]. While true 3D patterning of biological
material using LIFT has yet to be realized, it is a powerful quasi-2D technique
for building up layers of biomaterials.

1.4

Conclusion

Recent years have seen a huge upsurge in the number and popularity of 3D
structuring modalities. These technologies are poised to revolutionize fields
as diverse as airplane manufacturing and medical prostheses. However, true
3D printing in a soft, biocompatible material with high resolution remains
challenging. Such a technique would allow the production of custom cell scaffolds with complex biofunctional architecture. In the next several chapters
photostructuring of silk fibroin using ultrashort pulses of near infrared light
is described and the use of this structuring to create complex, high-resolution
patterns suitable for guiding cells in vitro and in vivo explored. In chapter 7
a method for photocrosslinking silk using riboflavin as a photoinitiator to create 2D structures and conformally attach silk to corneal collagen is presented.
Preliminary results indicate that this method is suitable for ocular prostheses
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which can alter the curvature of the eye and correct common vision problems
such as myopia. In the next chapter, the theoretical foundations of ultrashort
pulse generation and the interaction of these pulses with matter are reviewed.
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Chapter 2
Background
In Chapter 1 a variety of ways in which light can be used to make three dimensional structures in materials as well as some potential applications in
biomedicine were described. Most, if not all, of these technologies make use of
lasers. Today, inexpensive, high-powered lasers are readily available in a wide
range of wavelengths that are suitable for tight focusing which results in very
high intensities in the focal volume. The high intensity allows for rapid material modification increasing the speed of the 3D structuring. Further increases
in intensity can be realized using ultrafast laser sources. These lasers are
powerful enough to drive the nonlinear optical effects that are able to confine
light-matter interactions to sub-diffraction limited volumes. In this chapter,
the nonlinear polarizability of materials is introduced. Next, a method for generating femtosecond pulses containing the necessary power to drive nonlinear
optical behavior is described. Finally, an expression for the rate of multiphoton absorption (MPA) is derived from Schrödinger’s equation. Finally, various
mechanisms by which absorption of light can lead to material modification are
discussed.
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2.1

Nonlinear optical susceptibility

As Maxwell deduced in 1864, light travels as an oscillating electric and magnetic field. When such a wave interacts with an atom, the charged components
of the atom (electrons and protons) experience a force. At high frequencies
associated with visible light (∼100 THz) the mass of the nucleus is too large
to respond to the field and can be considered stationary [1]. Electrons, however, are more free to respond, and are accelerated by the incident electric
field. The acceleration of the charged electron leads to the creation of a new
electromagnetic wave with the same frequency as the incoming wave, but with
a small phase delay. This phase delay gives rise to the slower phase velocity
of light in materials known as the index of refraction. At low electric field
strengths, the polarization of the atom can be described as:

P (t) = p0 + 0 χ(1) E(t)

(2.1)

Where P is the relative polarization, p0 the polarization in the absence of
an external electric field, 0 is the permittivity of free-space, E(t) is the applied
electric field, and the proportionality constant χ(1) is the linear optical susceptibility. Equation 2.1 can be generalized as a power series in field strength
as:

P (t) = p0 + 0 [χ(1) E(t) + χ(2) E 2 (t) + χ(3) E 3 (t) + · · · ]

(2.2)

Each of the higher order terms χ(2) , χ(3) , etc. are known as nonlinear susceptibilities because the degree to which they affect the polarization of the
material is non-linear with respect to the electric field. In most materials,
the nonlinear susceptibilities are quite low and, for relatively weak electric
fields, can be ignored. However, the invention of the laser in the 1960s allowed
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the generation of beams of light with extremely high electric field strengths
allowing these higher order susceptibilities to be explored experimentally for
the first time. The use of ultrafast pulsed lasers (see Sec. 2.2) which became
increasingly widespread in the 1990s, proved capable of generating peak powers on the order of Gigawatts allowing even higher order nonlinearities to be
investigated.
Long before these discoveries, in 1931, Maria Goeppert-Mayer developed
a theoretical framework for the nonlinear optical phenomenon of multiphoton
absorption [2]. She postulated that in the presence of a large number of low
energy photons, a material could absorb two (or more) of those photons simultaneously to lift an electron from the ground to the excited electronic state.
Her work was impossible to verify until the invention of the laser enabled
sufficiently intense beams of light to be generated [3].

2.2

Mode-locking

In order to investigate high order optical nonlinearities experimentally, a method
of generating extremely high light intensities was required. One strategy would
be to increase the power of the laser, but this results in material damage to
the laser’s optical components long before the necessary power is reached. By
compressing the output of a laser into short pulses, sufficient intensities can be
realized while using relatively low average powers. There are various strategies
for compressing light into pulses: Q-switching, cavity dumping, gain switching, etc. Mode locked solid state lasers, however, provided a very robust and
reliable tool for routine availability of sub-picosecond pulses and high peakpowers. The following mathematical description of mode-locking has been
adapted from Ref. [4].
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Mode spacing in laser cavity

Gain

Amplitude (au)

δν=c/2d

Loss

∆ν

Figure 2.1: The gain spectrum (solid line) plotted vs. frequency on the x-axis.
Individual laser modes oscillate with a frequency spacing of c/2d. The total
bandwidth of the gain medium ∆ν is the spectral width of the gain medium
that is capable of lasing (ie the gain is greater than the loss).
When pumped above the threshold power a laser will oscillate at a number
of different frequencies (i.e. modes) depending on the losses in the laser cavity
as well as the bandwidth of the gain medium (Figure 2.1). Individual modes
are able to oscillate at wavelengths where the length of the cavity is an integer
multiple of half of the wavelength of light.
The total output of the laser can be written as the superposition of all the
oscillating modes

E(z, t) =

N/2
X

An exp[−i2πνn (t −

m=−N/2

z
+ iφn )]
c

(2.3)

Where N is the integer value of the number of modes oscillating in the laser
cavity, An is the amplitude of the n-th mode, and νn and φn its frequency and
phase respectively. The output intensity is proportional to the square of the
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electric field and is given by

2

I(t) =K|E(t)| = K

N/2
X

|An |2 +

n=−N/2

K

XX
n6=m m

z
An A∗m exp[−i2π(νn − νm )(t − ) + i(φn + φm )]
c

(2.4)

Solving the equation for intensity, it is apparent that the intensity profile
repeats with a period of 1/∂ν, the intermodal spacing. (Figure 2.2)

I(t) = I(t + 1/∂ν)

(2.5)

3
2
0

1

Intensity (au)

4

5

Intensity fluctuation random phase

0

1

2
Time (1/δν)

3

4

Figure 2.2: Plot of equation 2.3 showing the output intensity of a laser oscillating with 6 modes where An follows a Gaussian shape. The intensity fluctuations repeat with a period of the inverse of the intermodal spacing (1/∂ν).
The highest frequency fluctuations occur with a period of 1/∆ν. The dotted
line represents the average intensity of the laser.
If, instead of a random phase, all of the modes in the resonator have the
same phase, equation 2.3 can again be solved and squared to give the intensity
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profile seen in Figure 2.3. The fixed phase relationship allows constructive interference to occur between all of the modes leading to the formation of a single
pulse (Figures 2.3, 2.4), where the width of the pulse can be approximated as:

τp ≈

1
= 1/∆ν
N ∂ν

(2.6)

From this equation it is clear that a necessary condition for producing
ultrashort pulses is a broad gain bandwidth with many oscillating modes.

3
2
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Intensity (au)

4

5

Intensity fluctuation mode locked (N=6)

0
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2
Time (1/δν)

3

4

Figure 2.3: Intensity profile of a laser oscillating with 6 modes whose amplitudes follow a Gaussian shape. The fixed phase relationship ensures that the
modes constructively interfere at a single point in time leading to the generation of a short pulse that repeats with a frequency of ∂ν. The dotted line
indicates the average intensity of the laser which is the same as in Figure 2.2.
The titanium sapphire (Ti:Al2 O3 ) laser, first demonstrated in 1986 operating in continuous wave mode with a maximum output power of 1.6 W at 770
nm [5]. In 1991 Spence, et al. demonstrated mode locking of a Ti:Al2 O3 laser
generating 60 fs pulses [6]. This technology is now widely used for the production of ultrashort pulses. Ti:Al2 O3 has a number of desirable characteristics
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Figure 2.4: Illustration of the electric field in a mode locked laser. Gray lines
show the modes oscillating at slightly different frequencies but with a fixed
phase relationship. The sum of the modes is shown in red where the electric
field of a short optical pulse can be seen.
for a laser gain medium. Especially important is the broad gain bandwidth,
high saturation threshold, and thermal conductivity which allow a large number of modes to lase simultaneously. As described above, the large number of
oscillating modes is a necessary requirement for ultrashort pulses of light to
be generated.
Accompanying the ability of the laser gain medium and cavity to support
a large number of oscillating modes is the ability to synchronize the relative
phases of these oscillating modes. There are a variety of strategies for fixing
this phase relationship. Broadly speaking these strategies can be broken down
into two strategies: active and passive. Both of these methods are designed
to add highly controlled losses in a laser cavity. In general, lasing will occur
where losses are minimized. This is why introducing spatial loss in a cavity
can force a laser to oscillate in different spatial modes [7]. The same principle
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can be applied to the phase of temporal modes. When properly mode locked,
there is a single pulse inside the cavity bouncing back and forth between the
two cavity mirrors. In active mode locking schemes, periodic loss is added
to the cavity using an acouto-optic modulator. These devices are capable
of either allowing light to pass through unimpeded, or deflecting it. By only
allowing light to pass at certain times, all of the oscillating modes can be forced
to have a maximum during the period of low loss resulting in the formation
of an ultrashort pulse. Passive methods can also be used in the form of a
saturable absorber. At low light intensities, these materials absorb a portion
of the light passing through them. However, at high intensities, the amount
of light they absorb is reduced. This ensures that the modes with the lowest
loss will have high light intensity at the saturable absorber and, over a few
cycles, results in the production of a mode locked pulse. Using Ti:Al2 O3 laser
pulses as short as 5.4 fs have been generated directly from the laser oscillator
[8], with 4.5 fs pulses possible using external compression [9]. The extremely
high peak intensity of the ultrashort pulses has allowed the investigation of a
wide variety of optical nonlinear processes including multiphoton absorption.

2.3

Multiphoton absorption theory

As the term “photon” in the name suggests, multiphoton absorption is best
understood through a quantum mechanical lens. While the phenomenon has
been described classically via a system of anharmonic oscillators, the quantum
mechanical description is more intuitive.
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2.3.1

Qualitative description

In the late 19th and early 20th centuries, the classical understanding of physics
predicted that a black body would radiate infinite energy in the ultraviolet region of the spectrum. Clearly, this prediction violates the conservation of
energy, so a new theory needed to be developed [10]. It was discovered in
the early 20th century that the energy an atom was capable of radiating was
quantized, disallowing the radiation of extremely high energy photons, and
leading directly to the idea of the atom consisting of discrete energy levels. At
rest, atoms exist with their electrons populating the ground state having the
lowest allowable energy. Upon excitation these electrons can be promoted to
an excited state. For each atom there is a gap between the ground and excited
state that requires a certain energy to exceed. Light with energies smaller
than this gap are incapable of being absorbed by the material, whereas higher
energy light can be absorbed with its energy going to promote the electron
to the excited state. The excited electron can lose energy by emitting a new
photon or decay non-radiatively back to the ground state transforming the
absorbed energy into molecular or lattice vibrations. While lower energy photons can interact with the atom, they are not able to promote an electron from
the ground state to the excited state. Instead they do promote electrons to a
“virtual state” with an energy between the ground and excited states. These
virtual states are very short lived with electron lifetimes on the order of a
few femtoseconds. What Goeppert-Mayer discovered was that if a second low
energy photon interacts with the atom while an electron is in the virtual state
the electron can reach the excited electronic state. Under normal conditions
the chances of two photons striking the same atom within a few femtoseconds
of each other is vanishingly small. But by confining light spatially through focusing, and temporally by using an ultrafast source, the (near)-simultaneous
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absorption of two (or more) photons becomes highly probable. The unlikelihood of multiphoton absorption (MPA) under ordinary illumination (e.g.
CW or low-peak power lasers) allows the process to be limited to the volume
where photon density is the highest. By carefully adjusting the laser power
and focal volume, the volume of material experiencing MPA can be reduced
to sub-diffraction limited dimensions. Such precision has found application for
imaging biomolecules using two-photon excited fluorescence microscopy [11],
for generating nanoscale structures via two-photon lithography [12], and for
sub wavelength nanodissection of human chromosomes [13].

E₂
hν/2
hν
hν/2

E₁
Figure 2.5: Energy level diagram illustrating 2 photon absorption. The ground
energy level (E1 ) is separated from the excited state (E2 ) by a certain amount
of energy. Electrons can be excited by a single photon of light with energy
hν or by two photons with half the energy (hν/2) via a virtual state (dashed
line).

2.3.2

Quantum mechanical description

Single photon absorption
In this section a derivation of the rate of multiphoton absorption is presented
that is adapted from Ref. [14]. To begin, we assume that the system undergoing MPA can be described by the atomic wavefunction (ψ(r, t)) which is a
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solution to the time-dependent Schrödinger equation:

ih̄

∂ψ
= Ĥψ
∂t

(2.7)

Where Ĥ is the Hamiltonian operator which can be written as the sum
of the Hamiltonian for a free atom Ĥ0 and an interaction Hamiltonian V̂ (t)
which describes the interaction of the atom with an electromagnetic field as:

Ĥ = Ĥ0 + V̂ (t)

(2.8)

When no external field is applied Ĥ = Ĥ0 and the solutions to Schrödinger’s
equation have the form:

ψn (r, t) = un (r)e−iωn t

(2.9)

When inserted into the Schrödinger equation, the spatially varying component of the wavefunction (un (r) must satisfy the eigenvalue equation:

Ĥ0 un (r) = En un (r)

(2.10)

where En = h̄ωn and the subscript n is used to denote different solutions
to this equation which is the time-independent Schrödinger equation. The
eigenvalues (un (r)) represent the various electronic energy levels of the system
under consideration.
Then, it is assumed that the solutions are chosen such that they form a
complete orthonormal set satisfying the orthonormality condition:
Z

u∗m un d3 r = δmn
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Where δmn is the Kronecker delta function (δmn = 0, m 6= n and δmn =
1, m = n). Because the eigenvalues form a complete basis the wavefunction
can be written as a linear combination of these solutions:

ψ(r, t) =

X

al (t)ul (r)e−iωl t

(2.12)

l

This sum can be directly substituted into the time-dependent Schrödinger
equation (Eq. 2.7) which yields:

ih̄

X dal
l

=

dt
X

ul (r)e−iωl t + ih̄

X

(−iωl )al (t)ul (r)e−iωl t

l

al (t)El ul (r)e−iωl t +

X

al (t)V̂ ul (r)e−iωl t

(2.13)

l

l

By inspection, remembering that El = h̄ωl , the second and third terms
cancel and left-multiplying both sides by u∗m and integrating gives:

ih̄

Z X
l

dal
u∗m
ul (r)e−iωl t d3 r
dt

Z X

=

al (t)u∗m V̂ ul (r)e−iωl t d3 r

(2.14)

l

On the left side, the orthonormality condition (Eq. 2.11) sifts out the value
at l = m. Using this relationship and rearranging some terms gives:

ih̄

dam X
=
al (t)Vml e−iωlm t
dt
l

(2.15)

Where ωlm = ωl − ωm and
Z
Vml =

u∗m V̂ ul d3 r

(2.16)

In most cases Equation 2.15 can’t be solved directly and perturbation theory
needs to be applied. To do so, an expansion parameter (λ) is introduced which
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varies continuously from 0 to 1 and Vml is replaced by λVml . The physical
situation corresponds to the case where λ = 1, and λ = 0 is the case where
there is no interaction of the atom with the electric field. Using λ, am can be
written as powers of the interaction:

(1)
2 (2)
am (t) = a(0)
m (t) + λam (t) + λ am (t) + · · ·

(2.17)

Next, by equating powers of λ, the following set of equations is realized:
(N )

dam (t) X (N −1)
al
Vml e−iωlm t ,
=
dt
l

N = 1, 2, 3, · · ·

(2.18)

Setting N = 1 this equation can be used to describe linear absorption.
Multiphoton absorption can then be described using the results of the N = 1
case to solve for N = 2 (two photon absorption), which can be used to solve
for three photon absorption (N = 3), and so-on.
Assuming electrons initially occupying the ground state in the absence of
an external electric field:
(0)

a(0)
g (t) = 1, al (t) = 0 for l 6= g

(2.19)

for all time t recalling that al is the coefficient of the lth eigenvalue in the linear
combination of eigenvalues that are used to describe the atomic wavefunction
ψ. For simplicity, the exciting electric field is taken to be a monochromatic
plane wave which means the interaction term of the Hamiltonian can be written
as:
Vmg = −µmg (Ee−iωt + E ∗ eiωt )

(2.20)

where µmg = −ermg with e representing the charge of the electron and rmg is
the distance between states g and m.
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Substituting this expression for Vmg into Equation 2.18 gives:
(1)

dam
= −(ih̄)−1 µmg [Ee−i(ωmg −ω)t + E ∗ ei(ωmg +ω)t ]
dt

(2.21)

Which can be integrated with respect to time:

a(1)
m (t) =

µmg E
µmg E ∗
[ei(ωmg −ω)t − 1] +
[ei(ωmg +ω)t − 1]
h̄(ωmg − ω)
h̄(ωmg + ω)

(2.22)

Typically, the second term in this equation is dropped because it describes
stimulated emission and not absorption. This approximation is known as the
rotating wave approximation. Since am is a probability amplitude it must be
squared to find the probability of an atom being in state g or state m at time
t:
2

pm (t) =

2
|a(1)
m (t)|

|µmg E|2 ei(ωmg −ω)−1
=
ωmg − ω
h̄2
2
|µmg E| 4 sin2 [(ωmg − ω)t/2]
=
(ωmg − ω)
h̄2

(2.23)

For large values of t the second term becomes sharply peaked (Figure 2.6)
with a maximum value of t2 and a width of 2π/t. This means that the area is
on the order of 2πt. This function can then be approximated by a Dirac delta
function so the probability amplitude becomes:

lim p(1)
m (t) = 2πtδ(ωmg − ω)

t→∞

(2.24)

In a real physical system the transition between levels m and g are not
precise, but are rather spread into a continuous distribution, but for simplicity it will continue to be represented as a delta function. The equation for
the probability of an atom transitioning from state g to m via single photon

35

CHAPTER 2. BACKGROUND

Evaluation of f(t) at various t
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Figure 2.6: Evaluation of the second term of equation 2.23 for varying values
of t. As t increases the peak becomes sharper and has a maximum value of t2 .
absorption can be written as a rate:
(1)

(1)
Rmg

|µmg E|2 t
pm (t)
=
=
δ(ωmg − ω)
t
h̄2

(2.25)

Multi-photon absorption
To find the rate of transition from the ground state to an excited state via
two photon absorption equation 2.18 must be solved for N = 1 and N = 2.
The N = 1 case describes linear absorption as above. For N = 2 the linear
absorption results are substituted into equation 2.18. The equation is solved
analogously to above and leads to the rate equation:

(2)
=
Rng

X µnm µmg E 2 2
2πδ(ωng − 2ω)
2
h̄
(ω
−
ω)
mg
m
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Similarly the rate of three-photon absorption can be described by:
2

(3)
=
Rog

X
m

2.4

µon µnm µmg E 3
2πδ(ωog − 3ω)
h̄3 (ωng − 2ω)(ωmg − ω)

(2.27)

Material damage

The transfer of energy to a material whether via single or multiphoton process
can result in material damage. Laser induced damage can be broken down into
three different regimes based on how the energy is delivered: continuous wave
(CW), relatively long (> 100 ps) pulses, and ultrashort (< 100 ps) pulses. CW
lasers output light at a constant power over time. Damage from these beams
occurs through linear absorption of the light leading to heating and cracking
of the material. This absorption, even in materials that are nominally transparent, is sufficient to heat and cause damage given sufficient intensity and
exposure time [15]. This mechanism results in significant damage surrounding
the focal volume of the light incident on the material due to heat diffusion out
of the irradiated region.
Lasers delivering light in pulses of hundreds of nanoseconds to hundreds of
picoseconds cause damage through avalanche breakdown. Under these conditions quasi-free seed electrons found randomly in the material, or concentrated
in defects, are heated by incoming photons. This heating results in high energy electrons that then transfer energy to ground state electrons via collisions,
promoting them to a quasi-free state (Figure 2.7). The process is repeated on
both the original and newly freed electrons creating a cascade that rapidly
increases the density of free electrons forming a plasma [14]. With these relatively long pulses, the plasma is formed while light having high intensity is
present in the material. The plasma is then able to absorb light from the pulse,
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sharply increasing the energy transferred into the material. Damage occurs
when the excited electrons transfer their energy to the material lattice resulting in melting or boiling. The rapid increase in energy deposition from the
absorbing plasma makes it difficult to precisely control damage in this regime
[16].
For ultrashort pulses (<10 ps) the intensities are sufficiently high for multiphoton ionization to play a dominate role. Here, no free seed electrons are
needed because they are created via multiphoton absorption or quantum tunneling [17]. Rates of quantum tunneling increase in the presence of a strong
electric field which can distort the band structure of the material [18]. Both
processes result in free electrons which are accelerated by the laser field and
can subsequently free ground-state electrons by collisions in a process similar
to the long-pulse case [19]. Because the pulses are so short, there is limited
time for such a cascade to produce additional free electrons before the pulse
has passed, meaning that free electron density can be controlled by altering the intensity of the pulses [16]. Damage occurs when the free electrons
cool, transferring their energy to the lattice. Precise control over free electron
density allows fine localization of material damage. The extremely high field
intensities combined with the fact that a cascade can arise from relatively few
seed electrons by free-carrier absorption means that this technique is relatively
insensitive to the bandgap of the material being exposed [20].
The use of short and ultrashort pulses of light to modify materials has a
number of distinct advantages over CW illumination. As the pulses get shorter
the average power used to disrupt materials can be reduced. Shorter pulses
reduce the uncontrolled production of free electrons which helps confine the
damage only to the focal volume and limiting the heat affected zone around
the desired feature [21].
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Figure 2.7: Schematic diagram of avalanche ionization leading to material
damage. Adapted from Ref. [22].
The previous paragraphs focused solely on direct laser induced damage
and not on cumulative effects. Femtosecond oscillators typically produce pulse
trains at pulse repetition rates on the order of 107 pulses per second. In this
case, in addition to the effect of individual pulses, there is a cumulative effect as
well. The most prominent effect is thermal as the heat from cooling electrons
from a pulse does not have time to diffuse out of the focal volume before
the arrival of the next pulse [23]. This results in an accumulation of heat in
the focal volume which can lead to local material modification by melting or
boiling.
High energy electrons excited by optical fields can also have a direct chemical effect on materials. Such electrons can be trapped by molecules which
increases the distance between adjacent nuclei. This increased distance can
lead to molecular dissociation [22]. Indirect chemical effects are also possible.
If water and oxygen are present, free electrons generated by high intensity
laser radiation can form hydroxyl radicals directly, or can react with dissolved
oxygen to form superoxide ions (O2− ) [24]. Superoxide ions react with water to
form hydrogen peroxide and further react with hydrogen peroxide to produce
hydroxyl radicals (OH·). The hydroxyl radical producing step is a Fenton re-

39

CHAPTER 2. BACKGROUND

action requiring the presence of trace amounts of transition metal ions such as
iron or manganese. The hydroxyl radical is an extremely potent oxidizer and
can cause damage to proteins, lipids, and DNA [25]. In the following chapters
a series of experiments to measure multiphoton absorption in silk fibroin and
characterize the breakdown of silk as it absorbs light energy will be presented.
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Chapter 3
Nonlinear absorption in silk
3.1

Introduction

With the increasing availability of commercial ultrafast lasers, the study of
optical nonlinearities in materials has received a great deal of attention [1].
Nonlinear interaction of light with materials has enabled the highly precise
patterning of metals, semiconductors, and dielectrics. High resolution and
smooth walls are due to the non-thermal nature of the ablation process when
ultrashort pulses are used [2]. In addition, intensity dependent change in index of refraction of inorganic materials have been studied for use in optical
switching applications [1]. However, the investigation of absorptive nonlinearities such as two-photon absorption (2PA) and three-photon absorption (3PA)
in organic materials has been less well studied. Previous investigations of biologicals have been undertaken for the food industry, but materials of medical
significance have been largely ignored [3]. Silk fibroin is an attractive material for tissue engineering, due to its relative lack of immune response upon
implantation; optical engineering, thanks to its exceptional clarity; and drug
delivery, for its ability to stabilize biologically relevant chemicals [4, 5, 6, 7].
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In this chapter the multiphoton absorption of solutions of reconstituted silk
fibroin is demonstrated and characterized using the open aperture (OA) Zscan technique. Characterization of the nonlinear properties of biologically
compatible materials has applications in laser ablation and three-dimensional
micromachining of tissue scaffolds to guide cell growth [8, 9], and as a general
purpose tool to shape soft materials.

3.2

Materials & methods

The Z-scan technique is a single beam method for determining optical nonlinearity in transparent samples [10]. It has been described extensively elsewhere,
but the main idea is to translate a sample through the focus of a Gaussian
beam and measure the amount of transmitted light in the far field (Figure
3.1). As the sample approaches the beam’s focus, the peak intensity of the
light rises, increasing the likelihood of multiphoton absorption. This absorption is detected in the far-field as a decrease in transmitted light. After the
focal plane, the peak intensity decreases and multiphoton absorption becomes
unlikely resulting in a return to the initial transmitted intensity. This technique has been used to characterize a breathtaking variety of materials in both
solid and liquid phases [11, 12, 3, 13, 14].
Reconstituted silk fibroin was prepared as previously described [15]. Briefly,
cocoons from domesticated silk worms were cut and boiled in a solution of 0.02
M sodium carbonate to remove the glue-like sericin protein. The resulting fibroin was dissolved in lithium bromide for 4 hours, and the solution dialyzed
against water for two days. Solutions of 4 different molecular weights were
prepared (270, 210, 100, and 67 kDa) by boiling for 10, 30, 60, or 120 minutes
respectively (Figure 3.2). Three batches of each of the silk solutions were made
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Figure 3.1: Schematic representation of Z-scan technique for measuring optical
nonlinearity. Neutral density filters (ND) are used to control the pulse energy.
Aperture (A1) spatially filters the beam. A lens (L1) focuses the beam onto
the sample which is scanned along the optical axis. A second aperture (A2)
can be left open to measure the imaginary part of the hyperpolarizability or
closed to measure the real component. The beam is collimated by another lens
(L2), split by a beamsplitter (BS) and focused onto a detector by L3. Beam
block (BB) stops light transmitted by the beamsplitter.
and tested. The protein concentration of each solution was standardized to
5% (wt/vol) by dilution with deionized water. The molecular weights of the
silk solutions were measured by gel electrophoresis using a 4-12% Bis-Tris gel
(Invitrogen, Grand Island, NY).
Samples were illuminated with 150 fs pulses of 810 nm light with a pulse
repetition rate of 80 MHz provided by a mode-locked titanium sapphire laser
(Tsunami, Spectra Physics). The light was focused onto the sample by a 10 cm
focal length lens to a minimum FWHM diameter of 30 µm measured by the
knife edge method (Figure 3.3). Solutions were placed in a 1 mm pathlength
glass cuvette (Starna Cells, Atascadero, CA) prior to scanning. The short path
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Figure 3.2: Representative gel electrophoresis sample of silk boiled for 10, 30,
60, and 120 minutes.
length cuvette ensured that the sample length was shorter than the Rayleigh
length of the beam (zR ≈ 3.5 mm) satisfying the thin sample condition. The
beam was re-collimated by a second 10 cm focal length lens, passed through a
beamsplitter to attenuate the power, and focused onto a silicon photo detector
(Thor Labs, Newton, NJ). Samples were translated along the beam path at a
constant rate of 2 mm/s by a computer controlled linear stage. This translation
rate allowed the transmitted intensity to be recorded about every 10 µm. A
custom LabVIEW application was used to control the sample position and
record the photodiode voltage (Figure 3.4).
Both high and low power scans were collected for each sample using pulse
energies of 12.5 nJ and 0.5 nJ respectively. Laser power was controlled using
neutral density filters. During data analysis, the normalized low power scan
was subtracted from the normalized high power scan to reduce the effects of
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Figure 3.3: Measurement of the beam waist using the knife edge method
showing a FWHM of 30 µm
sample wedge and surface imperfections [10]. Scans were collected from 3
independent batches of silk as well as solutions of L-tyrosine at concentrations
of 250 and 35 mM, and L-tryptophan at a concentration of 500 mM. The
amino acid solutions were dissolved in 1 M hydrochloric acid (HCl). Cuvettes
filled with water and 1 M HCl were also scanned to measure the background
signal due to the solvent. Amino acids were purchased from Sigma-Aldrich
and used without modification.

3.2.1

Data Processing

Collected transmission data were processed to remove artifacts due to sample
wedge and surface imperfections and fit to a theoretical model of transmission
(Figure 3.5). The theoretical models of two- and three-photon absorption for
open aperture Z-scans are well documented in literature [16]. It can be shown
that the far field transmission for two- and three-photon absorption processes,
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Figure 3.4: Screenshot of the custom LabView application designed to automatically run a single Z-scan experiment
assuming a pulse that is Gaussian in both space and time, are respectively:

T2 (x, Ψ1 ) = ln(1 + ψ1 )/ψ1

(3.1)

T3 (x, Ψ2 ) = sinh−1 (ψ2 )/(ψ2 )

(3.2)

Where ψn = Ψn /(1 + x2 ). Here, x = z/zR where z is the distance from the
focus and zR the Rayleigh range of the beam. Ψn is the peak phase shift:
(n)

Ψn = (nβn I0n Lef f )1/n where βn is the n + 1 photon absorption coefficient, I0
(n)

the peak intensity of the beam, and Lef f the effective sample length given an
(n)

n + 1 photon absorption process. Lef f = [1 − exp(−nα0 L)]/nα0 where α0 is
the linear absorption and L the sample length.
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Figure 3.5: Z-scan data analysis workflow. First high and low energy scans are
taken of the sample and the solvent and normalized. These are subtracted to
correct for sample imperfections and alignment issues. The 3-photon coefficient
(β2 ) is then calculated. The coefficients are subtracted to calculate the 3photon cross-section.
Transmission curves from each scan were fit to the above three-photon
theoretical model using least squares estimation and β2 determined using the
R [17]. For isotropic liquids such as silk solution, this three-photon absorption
coefficient can be related to the three-photon cross section (σ 0 ) by the formula
[18]:
σ30

 2
hc
β2
=
−3
NA · d0 · 10
λ

(3.3)

Here, NA is Avogadro’s number and d0 the molar concentration of the
solution. hc/λ is the photon energy with h, c, and λ representing Planck’s
constant, the speed of light in vacuum, and the wavelength respectively. The
factor 10−3 converts liters to cubic centimeters. The 3PA cross-section is
independent of sample concentration.
Background scans of water and HCl were collected and analyzed identically to the silk and amino acid solutions. The β2 of the background was
subtracted from the estimated β2 of each observation of silk and amino acid

50

CHAPTER 3. NONLINEAR ABSORPTION IN SILK

solution. This normalization was used to account for any day-to-day laser or
instrumental variation as well as remove potential influences from the cuvette
and solvent. Following background subtraction, comparison between groups
was accomplished via analysis of variance. Tukey’s test was used to determine
significant differences between groups.

3.3

Results

Silk fibroin is almost totally transparent to visible light with a strong absorption peak around 270 nm [19]. This peak makes a three-photon absorption
process far more likely than other non-linear absorption processes. The presence of three-photon absorption in silk fibroin was verified by fitting OA Z-scan
transmission curves to theoretical models corresponding to two-photon (Eq.
(3.1)) and three-photon absorption (Eq. (3.2)) [16]. Under the test conditions, the three-photon model was found to be a better fit to the data than
the two-photon model (Fig. 3.6).
The OA Z-scans collected from silk with molecular weights of approximately 270, 210, 95, and 67 kDa corresponding to boil times of 10, 30, 60,
and 120 minutes respectively were analyzed and the three-photon absorption
coefficient for each of these was calculated after accounting for the contribution of the solvent as previously described. As shown in Fig. 3.8(A), each
of the silk solutions was significantly different from background (p < 0.05).
Solutions of tyrosine at a concentration equal to that found in silk (∼35 mM)
as well as a higher concentration (250 mM) were not found to be significantly
different from background. A relatively high concentration (500 mM) of tryptophan was also scanned and found to have a larger three-photon coefficient
than the other solutions save the highest molecular weight silk. Silk boiled
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Z−scan of 50 kDa silk fibroin
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Figure 3.6: Representative open aperture Z-scan data from 100 kDa silk
fibroin solution with theoretical best fit curve for two-photon absorption
(dashed) and three-photon absorption (solid).
for 10 minutes had a significantly higher three-photon absorption coefficient
than silk boiled for 60 minutes. This difference is better explained using a
concentration independent measure of nonlinear susceptibility.
The three-photon absorption coefficient can be misleading in solutions due
to its dependence on concentration. As expected, increasing the concentration
of both the silk fibroin and the amino acid solutions resulted in a linear increase in three-photon coefficient (Figure 3.7) [10]. Although the same amount
of protein is present in each of the silk solutions, the molar concentration varies
greatly due to the change in molecular weight with changing boil times. The
three-photon cross section of each of the solutions was calculated by Eq. (3.3)
to ultimately obtain a concentration-independent measure of three-photon absorption. The 3PA cross section was found to increase exponentially with
increasing molecular weight (Figure 3.8(B)). Estimated cross sections are tab52
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Figure 3.7: Maximum change in transmission during the Z-scan is roughly
linear with respect to silk concentration. Error bars represent 1 standard
deviation (n=3).
ulated in Table 3.1.
Table 3.1: Summary of multiphoton absorption findings in silk and amino acid
solutions. Cross sections are presented as the mean ± standard error.
Material
Tryptophan
Tyrosine
SF10
SF30
SF60
SF120

3.4

Mol. weight
(kDa)
0.2
0.1
270
210
100
67

Concentration
(mM)
500
250
0.76
0.55
0.24
0.19

3PA cross-section (σ 0 )
x10−77 ( cm6 s2 /ph2 )
0.019 ± 0.003
–
38 ± 5
25 ± 2
8.6 ± 0.1
7.1 ± 0.9

Discussion

Tryptophan accounts for only 0.5% of the amino acid content of silk fibroin by
weight [20]. However, the observed linear absorption and fluorescence of silk
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Figure 3.8: A) Normalized change in transmission for the solutions tested after
accounting for the contribution of the solvent. TRP is tryptophan in HCl, TYR
is tyrosine in HCl. SF 10mb to SF 120mb indicate the length of time the silk
was boiled during degumming. Error bars indicate 95% confidence intervals.
B) Plot of 3PA cross section and silk molecular weight. Error bars indicate
the 95% confidence intervals. Note the y-axis is plotted on a log scale.
is dominated by tryptophan [21, 22]. Previous work has also shown that the
number of tryptophan residues in a protein is strongly correlated with its 2PA
cross-section [23]. For this reason, it is likely the 3PA exhibited by silk is, in
large part, due to tryptophan. We attribute the enhancement of 3PA crosssection over free tryptophan to the micellar structure of silk fibroin in solution
with water. Tryptophan is hydrophobic and is found at the centers of these
micelles resulting in locally high concentrations and a concomitant increase
of 3PA cross-section [24, 25]. Given the markedly larger cross-section of silk
compared with free tryptophan, it is likely that interactions such as FRET,
π − π stacking, or covalent bonding between elements of the silk protein are
occurring, resulting in an increased nonlinear susceptibility.
The molecular weight dependence on 3PA cross-section is suspected to be
due to the degradation of tryptophan residues during degumming. Tryptophan
can degrade when exposed to temperatures above 90◦ C [26]. Such degradation
would result in the observed trend of decreasing 3PA with increasing boil times.
The estimated three-photon cross section of tryptophan measured in this
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work is roughly three orders of magnitude larger than that found in previous
work using fluorescence techniques [27]. Nonlinear transmission methods of
measuring multi-photon absorption, such as the Z-scan, have been shown to
overestimate three-photon cross sections by approximately this amount due to
excited state absorption, self-focusing, and other nonlinear mechanisms that
can reduce the intensity of transmitted light [28]. This uncertainty means that
the Z-scan technique yields an ensemble measurement of non-linear absorption
processes. Normalizing the measured three-photon cross section of silk fibroin
by the measured cross section of tryptophan, this work found that silk has a
cross section between 100 and 1000 times larger than the amino acid alone.
This normalized estimation is predicated on tryptophan being the only
optically active substance in the silk fibroin, given that other nonlinear processes, such as self-focusing, are similar in both the tryptophan and silk fibroin
solutions. It has been shown that tryptophan is the only optically active component of silk fibroin at 810 nm along with evidence to support the assertion
that tryptophan concentration is not directly correlated with refractive index
nonlinearities which result in self-focusing [29]. One assumption here is that
excited state absorption effects are small in comparison to nonlinear absorption. Characterization of these effects would rely on modified experimental
approaches [30, 31] and will be the subject of continuing research.
A potential application for the high multiphoton absorption of silk fibroin is
the direct laser writing (DLW) of three-dimensional patterns within any form
of silk that is optically accessible (e.g. films, gels, fibers, blocks, etc.). DLW
relies on the fact that multiphoton absorption will only occur when photon
densities exceed a material dependent threshold. By focusing light into a
material, the location of absorbed photons can be precisely controlled in three
dimensions. Silk fibroin gels can be created using a variety of techniques [15],
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and are promising materials for cell scaffolds. Methods of patterning soft gels
are currently limited mainly to soft lithography. Contact techniques typically
result in damage to the material limiting their utility for producing small-scale
features. The addition of high-resolution, three-dimensional micromachining
could have substantial impact on future tissue engineering applications. In
the next chapter a technique to create voids in silk hydrogels is described that
takes advantage of the large multiphoton cross section of silk. Further evidence
for the purely three-photon nature of multiphoton absorption by silk in the
near infrared is found by the development of a finite element model to describe
the void formation.
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Chapter 4
Multiphoton micromachining in
silk
In Chapter 3 it was shown that silk has a 3-photon cross-section that is unexpectedly large given the amino acid composition of the protein. It was
hypothesized from that research that silk might be an attractive material for
photoinitiator-free multiphoton patterning. In this chapter, the concept of
multiphoton micromachining in silk hydrogels is introduced, and a mechanism
by which voids can be produced via multiphoton absorption proposed. The development of a finite-element model that estimates the absorbed energy within
the silk gel and is capable of predicting the volume of the voids that are produced under different exposure conditions is also discussed. Finally, the use
of ultrashort light pulses to ablate solid silk to create diffractive structures is
described.
In 2014 a new class of transparent silk hydrogels was developed that are
easily formed by adding horseradish peroxidase and hydrogen peroxide to a
silk solution [1]. The result is an elastic gel with exceptional transparency
to visible light. By focusing ultrashort pulses of near infrared light into the
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hydrogels a visible mark could be formed within the gel (Figure 4.1). To
confirm that these marks were restricted to the focal volume, side-view images
of the marks were collected using a phase contrast microscope. These showed
that altering the focal plane of the beam changed the location of the marks
within the gel (Figure 4.2, and Figure 5.2). The maximum depth at which
features were visible was found to be approximatley 1 cm which is more than
ten-times deeper than multiphoton void formation reported in other materials
[2]. Previous investigations have been limited by self-focusing, when amplified
femtosecond pulses are used, or by limitations in working distance due to the
need for tight focusing (NA > 1). In the phase-contrast images, the marks
themselves appeared lighter than the background region indicating a reduction
of the index of refraction [3]. These images hinted that the marks were, in fact,
voids that had been formed within the gel. This hypothesis was later confirmed
both by atomic force microscopy and by seeding cells on a gel that had been
exposed to the laser and observing cellular infiltration into the laser-produced
features [4]. These experiments are detailed in Chapter 5.

Figure 4.1: Side view of marks made in a silk hydrogel after exposure to
varying numbers of ultrashort pulses taken with a phase contrast microscope.
Laser was incident from the bottom of the image.
Multiphoton-induced void formation has been previously investigated in
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Figure 4.2: The laser was incident from the left to create voids at different
depths below the surface of the gel. Each small square indicates the location
of the feature and the large rectangles are zoomed in versions of the indicated
square. Due to the large area this image is stitched together from several
individual images.
optical materials such as fused silica [5, 6, 7]. At high pulse repetition-rate
using low energy pulses the mechanism of void formation in glass has been
determined to be due to thermal accumulation. It was discovered that the heat
produced from the absorption of a single optical pulse does not have sufficient
time to diffuse out of the focal volume before the arrival of a subsequent pulse.
This leads to a build up of energy at the focal spot eventually leading to the
melting or evaporation of the material [8, 5, 9]. In biological materials, heat
accumulation does not seem to play a significant role as the energies needed to
ablate tissue are too low to induce significant heating. It is hypothesized that
these materials are chemically disrupted by a low-density plasma that forms
at the focus of the beam [10].
Qualitatively, the voids appear to grow more quickly along the optical
axis than radially. This anisotropy hints that, unlike in glass, the diffusion
of heat or other photoproducts probably does not play a significant role in
void formation. Observing the voids, it appears that they roughly follow the
shape of a focused beam. These qualities imply that the void formation is due
directly to absorbed light energy and thus could be modeled computationally
by deriving an expression for energy absorption in a focused Gaussian beam.
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4.1

Model development

Having a computational model of void formation would be useful for two main
reasons. First, it would provide information about the process of void formation (i.e. its mechanism, and the order of the nonlinear process). Second, it
would provide a rapid way to test various focusing and exposure conditions
to optimize the micromachining process. To develop the model a cylindrical
coordinate space where z denoted the optical axis and r represented the radial
distance from that axis was defined. Under this coordinate system, each voxel
is a ring with area 2πrdr and height dz where dr and dz are the mesh spacing
in the r and z directions respectively. Using the Guassian beam equation [12]
the intensity can be written as:
2P (t)
exp
I(r, z, t) =
πwz2




−2r2 −αd
e
wz2

(4.1)

Where P (t) is the instantaneous power, w0 is the beam HW(1/e2 )M waist,
q
wz is the beam radius at position z given by: wz = w0 1 + ( zzR )2 . Where zR
is the Rayleigh range defined as zR =

πw02
.
λ

The −αd term represents losses

due to scattering and linear absorption within the gel where d is the depth of
the focal plane below the surface of the gel.
For a pulse that is temporally sech2 , the instantaneous power is:

P (t) = 0.88

Ep
sech2 (1.76t/τp )
τp

(4.2)

Ep and τp are the pulse energy and temporal pulse width (FWHM) respectively. The above equations allowed the intensity at any point in space and
time to be determined provided the beam waist (w0 ), pulse width (τp ), and
pulse energy (Ep ), and linear absorption (α) were known (Figure 4.3). As-
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Figure 4.3: Map of the spatial intensity of a Gaussian focused beam made by
solving Equation 4.1
suming a purely 3-photon absorption process, the change in intensity during
propagation is:

dI =

σ(λ)I 3 N0 dz
(hν)2

(4.3)

Where, σ(λ) is the molecular 3-photon coefficient, N0 is the number of
absorbing molecules in the irradiated volume, and hν is the photon energy. An
expression for the energy absorbed can be written by substituting the intensity
from Eq. 4.1, and multiplying by both the area over which the intensity is
present and by time.
8P (t)3
E = σ(λ) 3 6 exp
π wz






−6r2 −3αd N0
e
2πrdrdz
wz2
(hν)2

(4.4)

In the above equation the area of each voxel experiencing the intensity at
a point r (assuming that dr is small relative to r) is 2πrdr. To find the energy
absorbed during a single ultrashort pulse Equation 4.4 is integrated over all
time. In reality the sample is exposed to a train of pulses, but calculating
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the energy absorbed per pulse and multiplying by the number of pulses yields
the total absorbed energy in the exposure. Practically, the pulse repetition
frequency multiplied by the exposure time is used to calculate the number of
pulses incident on the sample.




−6r2 −3αd N0
e
2πrdrdz×
wz2
(hν)2
 3 Z ∞
Ep
0.68
sech6 (1.76t/τp )dt
τp
−∞

8σ(λ)
Eabs
= 3 6 exp
pulse
π wz



(4.5)

The integral has an analytical solution which, when substituted into the
above equation yields an expression for the absorbed energy per pulse:



8
−6r2 −3αd
Eabs σ(λ)N0
=
× 3 6 exp
e
2πrdrdz
pulse
(hν)2
π wz
wz2
 3
Ep
16τp
×0.68
τp
(15 ∗ 1.76)

(4.6)

The model can also be easily modified for pulses with a Gaussian temporal
pulse shape. In this case the instantaneous power is:
Ep
P (t) = 0.94 exp
τp



t2
p
τp /4 2 ln(2)


(4.7)

After cubing and integration over time the temporal term of Equation 4.6
becomes:
r
 3
E
τ
2π
p
p p
P (t)3 dt = .83
τp
2 2 ln(2) 3
−∞

Z

∞

(4.8)

For each spatial location (r, z) the absorbed energy can be calculated (Figure 4.4 provided some basic information about the sample and the laser and
sample are known.
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Figure 4.4: Spatial map of absorbed energy made by solving Equation 4.6
When solving Equation 4.6 the amount of energy in each voxel is calculated.
However, the volume of each voxel changes depending on the r position. Recall
that V = 2πrdrdz, where dr and dz are the distance between points in the
finite element space. Since the volume is changing, the number of absorbers
(N0 ) is also changing. To calculate the number of silk molecules in each voxel
the following equation is used:

N0 =

csf ∗ 2πrdrdz
msf /NA

(4.9)

Where csf is the concentration of silk in the gel, msf is the molar mass
of silk, and NA is Avogadro’s number. The molecular weight of silk depends
on the amount of time it is boiled for during sericin extraction. For all of the
following studies an extraction time of 60 minutes was used which translates to
a molecular weight of approximately 55 kDa [13]. To determine if the voxel has
become a void a critical energy (Ec ) that must be absorbed in order to denature
a single silk molecule was defined. If Eabs > Ec ∗ N0 in a voxel it is marked
as a void (Figure 4.5). To calculate the total volume that has been removed,
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Figure 4.5: Map of the void shape assuming Ec =80 pJ/molecule.
the volume of each voxel marked as a void is summed together. Interestingly,
the number of absorbers increases the energy absorbed, but also means more
energy must be absorbed to become a void canceling out its effects, implying
that void formation is independent of silk concentration in the gel. The model
outlined above was implemented as a function in the R Programming language
[14]. The full function can be found in Appendix A.

4.2

Validating the model

In order to test the performance of the computational model in the previous section, it was necessary to see if the model could explain the observed
variation in void size. In order for predictions to be made, the molecular
three-photon cross-section (σ), scattering coefficient (α), depth of the focal
plane below the surface (d), pulse energy (Ep ), pulse width (τp ), wavelength
(λ), and beam waist (w0 ) must be known. A reliable method of measuring the
size of the voids must also be developed.

68

CHAPTER 4. MICROPATTERNING SILK

4.2.1

Sample preparation

In order to facilitate imaging of the laser-produced features from all sides,
gels were formed inside polystyrene “semi-micro” spectrophotometer cuvettes.
Each cuvette was filled with 700 µL of silk solution filtered through a 0.22 µm
pore filter. The silk used in these experiments was boiled for 60 minutes prior
to dissolution in lithium bromide. The 60 minute boil time has improved optical properties and improved stability over silk solutions extracted for shorter
amounts of time [15]. 7 units of type VI horseradish peroxidase was added to
the solution and mixed thoroughly. Finally 7 µL of 1% hydrogen peroxide was
added to the cuvette and mixed thoroughly. The cuvette was then sealed with
Parafilm R to prevent evaporation and set aside for at least 3 hours to allow
the gelation reaction to complete.

4.2.2

Feature measurement

It is clear from figure 4.1 that the more pulses the material is exposed to, the
larger the features that will be produced. In order to quantify how the feature
size changes under different conditions it is necessary to measure the feature
size in a standardized way. After exposing the gels to the laser, side-view
images were collected using the 20x objective of a phase-contrast microscope.
These images were subsequently imported into ImageJ [11] for analysis. To
control for varying lighting conditions, a background gray value was measured by averaging pixels in a region containing only background. The image
was then segmented using a value 11% larger than the background value as a
threshold. The value of 11% was based on manual segmentation of a randomly
selected series of images. Here, a threshold value was set by the analyst as the
“best” value. This value was then compared to the average background value.
It was found that a value of around 11% brighter than background was most
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often chosen during manual segmentation and so was used in all subsequent
automatic analysis. Once segmented, a best-fit ellipse was fit to each of the
segmented voids and the major and minor axes of the ellipse recorded. To
estimate the volume of removed material cylindrical symmetry was assumed
and the volume of the ellipsoid calculated: V = (4/3)πRr2 . Where V is the
volume, R is the length of the semi-major axis, and r is the length of the
semi-minor axis. This entire procedure was encapsulated in an ImageJ macro
to allow for rapid, semi-autonomous analysis requiring only the selection of a
background region by the user. The code for the macro is reproduced in Appendix B. The robustness of the analysis to changes in illumination conditions
was tested by imaging a single set of features and varying the exposure time
of the imaging camera. The images that were exposed for longer appeared
brighter than the images with a shorter exposure time. The volume of the
features was estimated using the ImageJ macro to estimate the ability of the
macro to deliver a consistent estimation of void volume under variable lighting conditions. For a range of features, the calculated void size was nearly
identical no matter what the exposure time was set to (Figure 4.6) indicating
that the method of segmenting the images relative to the average background
value is robust to changes in exposure time. The only exception to this is the
case of extremely long exposures where the pixels become saturated.

4.2.3

Parameter measurement

The molecular three-photon cross-section of silk solution at 810 nm was determined in Chapter 3 to be ∼ 5 × 10−77 cm6 s2 photon−2 . The scattering
coefficient was measured to be 0.05 mm−1 by measuring the change in transmitted intensity of a low-power, continuous-wave, 532 nm laser beam through
first the short arm (5 mm) and then the long arm (10 mm) of the spectropho70
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Figure 4.6: Plot showing estimated void volumes given various imaging exposure times. The dotted line indicates the average for each laser exposure
condition. Error bars represent 1 standard deviation (n=3). Decrease in volume at 20 ms is due to pixel saturation.
tometer cuvette. The scattering coefficient could then be calculated using the
difference in transmission over the known distance. There is negligible linear
absorption in silk at 532 nm, so the power lost was likely due to scattering
within the gel.
The depth of the focal plane below the surface of the gel was controlled by
adjusting the distance between the the microscope objective and the sample.
At the start of each session the laser was focused on the outer wall of the
cuvette. The depth of focus was set relative to the outer wall of the cuvette
by rotating the focus knob a fixed number of rotations.

4.2.4

Pulse repetition frequency

The pulse repetition frequency is constantly monitored by the laser’s “Lockto-clock” electronics and can be changed by adjusting the cavity length of the
laser. Each day the pulse repetition frequency was set to 80.00 MHz.
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4.2.5

Pulse energy

The pulse energy was measured by measuring the average power using a pyrometer type power meter and dividing by the pulse repetition frequency. This
method of measuring pulse energy assumes that there is no light emitted between pulses.
Ep =

4.2.6

Pave
frep

(4.10)

Pulse width

The temporal pulse width was measured using a background-free autocorrelator [16] illustrated schematically in Figure 4.7. The first stage of the autocorrelator uses a beamsplitter (BS) to produce two copies of an incoming pulse.
One copy is reflected from a flat mirror and is directed by the splitter to a
parabolic mirror. The other copy is reflected from a corner cube retroreflector
glued to a speaker coil. When supplied with an AC voltage the speaker coil
moves back and forth changing the pathlength of the light along this arm.
The second pulse copy is incident on the parabolic mirror, slightly offset from
the first copy. The parabolic mirror focuses the two beams within a thin
β-barium borate (BBO) crystal. When exposed to high peak intensity laser
pulses and properly phase matched, the BBO crystal produces blue light at
half the wavelength of the incoming radiation in a process known as second
harmonic generation (SHG). When the pulses from both arms overlap inside
the crystal, interference leads to the production of a third beam of SHG light
that propagates at an angle halfway between the angle of the two interfering
beams. After filtering out the residual NIR light, this third beam is focused
onto a detector to measure the intensity of the SHG light produced while the
original two beams are blocked. When the pulses do not overlap inside the
crystal this third beam is not present. The intensity of the SHG light is pro72
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portional to the peak intensity of the light inside the crystal. When the two
pulses perfectly overlap (i.e. the pathlength difference between the two arms
is zero) the maximum amount of SHG light is observed. As the pathlength
difference increases, the peak intensity inside the crystal is lower, and a reduction in SHG signal is observed. If the displacement of the retroreflector is
known, the amount of time the two pulses overlap inside the crystal can be
derived from the SHG signal on the detector.

Figure 4.7: Schematic diagram of background-free autocorrelator for ultrashort pulse measurement. The incoming beam is split into two arms one of
which moves periodically. The beams are interfered inside a second harmonic
generating crystal. When the pulse copies overlap the SHG intensity is at a
maximum.
A function generator was used to supply voltage to the speaker coil using
a sine-wave pattern with a peak-to-peak voltage of 3 V and a frequency of
3 Hz. The maximum displacement of the speaker coil was measured using a
micrometer by translating the reference mirror until the maximum SHG signal
was seen at the positive and negative voltage peaks. The maximum SHG
signal occurs when the pathlength difference is zero, so noting the micrometer
position at both extremes yields the total displacement of the speaker coil
during one cycle. The speaker coil displacement can then be written as:

73

CHAPTER 4. MICROPATTERNING SILK

0.042
0.040
0.038
0.034

0.036

Photodiode Signal (AU)

0.044

0.046

0.048

Representative Autocorrelator Trace
●

Data
Gaussian Fit

●●
●
●
●
●
●●
●●● ●
●
●
●
●
●
●
●
●
●
●
●
●● ●●●
●●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●●
●●
●●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●●
●
●
●●
●
●●
●
●
●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●●
●●
●
●●
●
●
●
●●
●
●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●●●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●●
●●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●●
●
●
●
●●
●●
●
●
●
●
●●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●●
●
●
●
●
●●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●●●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●●●●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●●
●
●
●
●
●
●●●
●●
●●
●●
●●
●●
●

−200

−100

0

100

200

Delay (fs)

Figure 4.8: Raw SHG signal (points) and Gaussian fit to those points (line)
of a ∼160 fs pulse.

d = D sin(2πf t)

(4.11)

where D is the total displacement of the speaker, f is the frequency of
oscillation, and t is the time. The delay between copies of the pulse, then is:

td =

2d
c

(4.12)

where c is the speed of light in air and the factor of 2 accounts for the
fact that the light must travel the length of the interferometer arm twice. The
SHG signal from the detector can be plotted vs. the delay time to measure the
pulse width (Figure 4.8). This curve was then fit with a Gaussian function to
estimate the width of the autocorrelator trace. Depending on the pulse shape
the pulse width can be related to the autocorrelator trace by a constant factor:
0.707 for a Gaussian pulse or 0.65 for a sech2 pulse.
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4.2.7

Spot size

The spot size of the beam was measured using the knife edge technique. This
technique involves translating a razor blade across the path of the beam and
measuring the transmitted power. The width of the beam can be determined
from the known position of the knife edge and the transmitted intensity. A
3-axis translation stage (Ludl Electronic Products, Hawthorne, NY) was used
to translate the knife edge across the beam in increments of 1 µm. The transmitted power was measured using a power meter from ThorLabs (PM100D)
with a silicon photodiode probe protected with a neutral density filter. The
translation stage and recording of the power was coordinated using LabView.
Prior to focusing, a 2x telescope was used to expand the beam to a diameter
that fully filled the back aperture of the microscope objective to minimize the
spot size. A representative knife edge plot is presented in Figure 4.9. For
an accurate estimation of the beam waist the knife edge must intersect the
narrowest portion of the beam. To ensure that this plane was measured the
microscope objective was translated along the optical axis in both directions
and the minimum measured spot size was used. The raw transmitted power
has the shape of an error function, the derivative of which is a Gaussian. To
find the beam width, the numerical derivative of the error function was taken
and fit it with a Gaussian curve. From the Gaussian, the FWHM could be
easily calculated and the HW(1/e2 )M beam waist derived from the FWHM.

4.2.8

Determining critical energy

Qualitatively, the simulated features produced by the model are very similar
to the phase contrast images (Figure 4.10). For a quantitative determination
of the energy needed to disrupt a silk molecule (Ec ), the laser and sample
parameters must be measured using the techniques above. Once these are
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Figure 4.9: Change in transmitted power with displacement of a 2.5 µm
FWHM spot measured with a power meter (points) and a Gaussian fit of
the data (line).
known, Ec is the only floating parameter in the model. To estimate that energy,
the volume of the laser produced voids was measured at pulse energies of 5,
10, and 15 nJ and exposure times ranging from 1 to 64 seconds. To account
for day-to-day and gel-to-gel variation a fresh gel was made and exposed each
day for 6 consecutive business days. Prior to the exposure the wavelength
and pulse repetition rate were verified, and the pulse width measured. The
average power was measured prior to each set of exposures. The depth was
set to 2.06 mm below the surface of the cuvette. Labview was configured to
expose 3 locations to 1 s, 2 s, 4 s, 8 s, 16 s, 32 s and 64 s of light. After each
set of exposures the pulse energy was checked to ensure it had not drifted from
the originally set value. Once exposed, images of the features were collected
and measured as previously described. For analysis, the average of the three
locations exposed to one set of conditions was taken as the “gel average.” The
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Figure 4.10: Qualitative view of the laser produced features (A), the segmented
laser produced features (B), and the simulated voids (C).
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6 gel averages were averaged together to obtain an estimate for the average
removed volume of material. The critical energy was selected to minimize
the weighted root mean squared error (WRMSE) between the measured, and
simulated volumes (Figure 4.11). The samples were weighted based on the
inverse of the variance of the data under each set of conditions:
v
u n
u1 X 1
(Ŷi − Yi )2
W RM SE = t
n i=1 σi2

(4.13)

Where σi2 is the variance of the measured volume, Ŷi is the estimated volume
based on a specific value of Ec , and Yi is the measured volume under each set
of conditions i. The W RM SE was calculated for a range of critical energies to
find the minimum (Figure 4.12). Using this procedure we estimated the energy
that must be absorbed to denature a single silk molecule was 56 pJ/molecule.
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Figure 4.11: Measured feature volumes (points) and the simulated volumes
(lines) for varying pulse energies and exposure times. Volumes were calculated
using Ec = 71 pJ/molecule. Note that the x-axis is presented on a log scale.
Error bars are +/- one standard deviation (n=6).
To verify the robustness of this analysis the data were split into two groups.
In the first case, gels 1-3 were used to estimate Ec . This value for Ec was used
to predict the removed volumes for the second set of gels. This procedure was
then repeated in reverse. Ec was estimated from the second set of gels and
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Determining optimal critical energy
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Figure 4.12: Plot showing the weighted root mean squared error as a function
of critical energy. The best fit of Ec to the data is found where the error is
minimized.
then used to predict the volumes of the first set. The optimum value for Ec
using all the data was 56 pJ/molecule. When only the first 3 gels were used
the optimum value of Ec was found to be 55 pJ/molecule. When only the
second 3 gels were used, the optimum value of Ec was 60 pJ/molecule (Figure
4.13). The fact that even data not included in the model can be predicted is
an indication of the robustness of the modeling process.

4.2.9

Wavelength

The absorption spectrum of materials varies with wavelength. To determine
the efficiency of void formation across the NIR spectrum, gels were exposed
to various wavelengths of light and the void size measured. The gels were
exposed to 10 nJ pulses of wavelengths ranging from 740 to 880 nm. Three
gels were exposed on 3 different days to account for day-to-day variation. Prior
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Figure 4.13: Results of splitting the 6 gels into groups of 3. Half the data was
used as a training set to determine Ec and then fit to the other half of the
data.
to each exposure, the power, pulse width, and repetition rate were checked.
After exposure, the voids were measured according to the protocol described
above. There were significant differences in the void size as a function of
wavelength (Figure 4.14) with 740 nm light producing the largest voids in the
material, while 800 nm light produced the smallest all else being equal. There
was an intermediate increase in efficiency of machining at 810-820 nm. It is
possible that wavelengths shorter than 740 nm result in even more efficient
micromachining, but these wavelengths were unavailable due to the limited
bandwidth of the mirrors inside the laser cavity.

4.3

Prediction

The ability to accurately model the formation of voids inside silk hydrogels
makes it possible to sweep through various parameters quickly in silico in
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Figure 4.14: Plot showing normalized void size upon exposure to different
wavelengths of light. Voids were normalized to 810 nm and error bars indicate
+/- 1 standard deviation (n=3).
order to maximize resolution or efficiency. Parameters such as pulse energy
and exposure time have been fully explored in previous sections. This section
focuses on parameters that are more difficult to vary experimentally. The
first such is the influence of pulse width on void size. Unsurprisingly, the
shorter pulses lead to the prediction of larger voids all else being equal (Figure
4.15). The higher peak intensity of very short pulses leads to increased energy
absorption in the gel.
The effect of spot size and pulse energy also bears further investigation. If
the goal is to maximize the volume of material removed there is a trade off
between high optical intensity and large focal volume. With relatively loose
focusing the peak intensity within the focal volume is reduced, but the focal
volume is large. Conversely with very tight focusing extremely high intensity
can be produced, but only within a small volume. To remove material most
efficiently, both the spot size and pulse energy must be considered. As pulse
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Simulated influence of pulse width
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Figure 4.15: Simulated effect of pulse width on void size. Model assumed 10
nJ pulses exposed for 10 s.
energy increases, it is more efficient to use less tight focusing while lower pulse
energies require a tighter focus (Figure 4.16).

4.4

Micromachining in solid silk

Micromachining is not limited to silk hydrogels. Even solid forms of silk, such
as silk films, are amenable to laser processing. This section outlines one example of the laser machining of diffractive structures in silk films to create
“optical vortexes.” An optical vortex is a donut shaped beam of light that is
rotating about the axis of propagation. Interestingly, these beams carry orbital
angular momentum and, when focused, can be used to rotate microbeads in a
manner analogous to optical tweezers. This ability to rotate trapped particles
has given rise to the name “optical spanners” to describe these beams. Mathematically, these beams can be described by solving the paraxial wave equation
in cylindrical or polar coordinates resulting in “Laguerre-Gaussian” modes.
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Simulated effect of spot size
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Figure 4.16: Simulated effect of the spot size and pulse energy on void volume.
As pulse energy increases the optimal spot size for maximum material removal
shifts to less tight focusing indicating a trade off between high optical intensity
and large focal volume.
The creation of optical vortex beams can happen inside a laser cavity or can
be produced via diffraction. Suitable diffractive structures can be generated
by simulating the interference between a plane wave and a Laguerre-Gaussian
beam (Figure 4.17). By passing a plane wave through this computer generated
hologram (CHG), an optical vortex is the result.
A thin layer of silk was used to ensure high fidelity transfer of the CHG
pattern. Spin coating was used to ensure a uniform layer of silk to minimize
optical distortion. Briefly, 200 µL of 3% w/w silk solution was deposited on
a glass slide and mounted on a spin coater. The silk was spread by rotating
at 600 rpm for 30s, followed by 2 minutes of rotation at 2000 rpm. The result
was an evenly spread thin layer of silk that was approximately 1 µm thick.
When ultrashort pulses of 810 nm light were focused on the sample the silk was
ablated away leaving behind clean glass. To create the optical vortexes out
of silk the CHG was programmed into an XY translation stage synchronized
with a mechanical shutter. The stage rastered over the image and the shutter
83

CHAPTER 4. MICROPATTERNING SILK

Figure 4.17: Computer generated hologram of 3rd order Laguerre-Gaussian
beam interfering with a plane wave (left). The same pattern micromachined
into a silk film (right).

Figure 4.18: Photograph showing the diffraction pattern when a laser is passed
through the patterned silk film shown in Figure 4.17.
exposed all of the white pixels to the laser, remaining closed for the dark pixels.
To test the fidelity of pattern transfer, a low powered green laser was passed
through the pattern machined into the silk and the result was, as expected, a
series of optical vortex beams including a central Hermite-Gaussian spot (Figure 4.18). These patterns could be subsequently transferred to polydimethylsiloxane (PDMS) by casting the PDMS onto the silk surface. After curing, the
resulting diffraction pattern was identical, indicating accurate pattern transfer.
This application illustrates how versatile multiphoton micromachining can be.
Arbitrary patterns can be directly written into silk and easily transferred to
other materials. This enables rapid prototyping of any 2D structure and can
be used to generate master masks from PDMS or other materials. The large
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multiphoton cross-section of silk enables this patterning to be done rapidly
and, theoretically, with nanometer resolution.

4.5

Conclusion

The finite element model described in this chapter is useful for predicting void
volume, revealing the physical underpinnings of void formation, and for optimizing exposure conditions to maximize volume removed or optimize resolution. Using this model, the void volume can be predicted provided information
about the focusing and laser exposure conditions are known. The model was
tested across a wide variety of exposure times and pulse energies to demonstrate the predictive value of this modeling method. The model was also used
to estimate the amount of light energy that must be absorbed to denature a
single silk molecule. Based on this work, it appears that value was approximately 60 pJ/molecule. Furthermore, the fact that this model accurately
predicts void volume over such a wide range of conditions can help determine
the physical processes at work during void formation. Unlike in glass, there
was no evidence that pulse repetition frequency had an effect on void size.
This allowed us to rule out the diffusion of heat, free radical species, or other
photoproducts as a mechanism. Although it is likely that thermal deposition
does occur, we believe the silk molecules cease to absorb energy from the laser
once they are denatured. This limits the amount of heat deposited and limits
the impact of heat diffusion. It is also possible that direct photochemical denaturation is occurring. Future work will examine exposed gels for degraded
silk photoproducts to determine if direct chemical effects are responsible for
void formation. Finally, the use of this model shows that at the pulse energies
and wavelengths examined the nonlinear absorption in silk is purely a 3-photon
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process, since accurate predictions can be made using only I 3 scaling.
Unlike other modeling techniques such as finite difference time domain
simulations, the model described here is very computationally efficient. Using
only a single thread of an Intel i7-2600 desktop PC, the average time needed
to calculate the volume of a void is 77 ms. This allows large numbers of
conditions to be tested extremely rapidly and fully optimized in a matter of
minutes. Currently the model is only implemented for Gaussian focusing.
However, it may be that other focusing geometries (Bessel beams, multifocal
beams, etc.) yield more efficient material removal. This model can be easily
extended to these more esoteric focusing geometries. In the next chapter the
micron scale voids described here are linked together to form larger structures
that are subsequently used to guide cell growth.
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Chapter 5
Applications of multiphoton
micromachining
5.1

Introduction

The ability to controllably shape soft biomaterials on the microscale in two,
and especially three dimensions is important given the ability of these structures to guide cellular growth, differentiation, gene expression, and regeneration [1, 2, 3, 4]. The use of such materials, however, poses challenges in
fabrication due to their mechanical characteristics. Widely adopted biomaterial microfabrication techniques such as soft- and photo-lithography are limited
to two dimensions. The recent advent of 3D printing technology has exploited
the interaction of light with materials to rapidly prototype parts for a variety
of industries, and has expanded to significantly impact the biomedical field
[5, 6, 7]. Micro-scale 3D printing has also shown promise for tissue engineering and regenerative medicine applications with the eventual goal of printing
entire orgnas [8, 9]. In this chapter, a technique for generating voids as small
as 5 µm in diameter within a biocompatible hydrogel using multiphoton ab-
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sorption (MPA) of light is described that shares many similarities with 3D
printing. Furthermore, this technique functions in the absence of exogenous
photoinitiators or chemical crosslinkers, thereby avoiding potentially biologic
incompatibility that can otherwise limit the utility of such processes.
MPA is a process that occurs under extremely intense illumination where
two or more low-energy photons are absorbed simultaneously by a material Ref.
[10] and Section 2.3. To achieve photon densities high enough for MPA, very
short laser pulses must be tightly focused within a material. If the material
is transparent to the low-energy photons, very little of the light is absorbed
at the surface, allowing a focal spot to be formed, and MPA to occur, deep
within the material. Multiphoton induced structural modification leading to
void formation has been investigated in a variety of biocompatible materials
including collagen, poly(vinyl-alcohol) (PVA), poly(methyl methacrylate), and
gelatin hydrogels [11, 12, 13]. Poly (ethylene glycol) hydrogels crosslinked with
a photolabile bond can be selectively degraded to induce 3D structures [14].
3D patterning in collagen gels is limited to a few tens of microns below the
surface due to scattering [15]. Transparent materials such as PVA have very
high threshold power requirements necessitating the use of high numerical
aperture objectives, or amplified femtosecond pulses to initiate MPA for void
formation. Extremely high light intensities found in these amplified pulses
can locally change a material’s refractive index resulting in self-focusing of
the beam [16]. Self-focusing limits the depth at which a tight focal spot can
be formed and has limited MPA induced void formation to less than 200 µm
below the surface of the material [12]. Some natural proteins including amyloid
[17] and silk fibroin [18] are much more efficient multiphoton absorbers than
their amino acid composition would suggest (Chapter 3). The hypothesis here
was that the large multiphoton cross-section of these natural materials would
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Figure 5.1: Linear absorption spectrum of silk gel with background subtracted.
The vertical line at 810 nm indicates the wavelength used for multiphoton micromachining. Pump/2 and Pump/3 lines indicate, roughly, the wavelengths
associated with a 2-photon and 3-photon absorption process respectively. Linear absorption is driven by tyrosine and tryptophan residues in the silk. Spectrum was filtered by a 5-point moving average to reduce noise.
allow the initiation of MPA at low threshold powers, potentially reducing the
effects of self-focusing and enabling multiphoton micromachining to occur at
unprecedented depth.
Silk fibroin collected from the domesticated Bombyx mori silkworm has
been under steady investigation for decades because of its suitability as a material for biomaterials and tissue engineering. Silk is cytocompatible, biodegradable, and able to stabilize labile compounds such as enzymes and drugs [19].
Silk fibroin has also been studied as a novel optical material due to its transparency to visible light (Figure 5.1), and low surface roughness, giving it
the ability to conform to nano-scale structures such as diffraction gratings
[20, 21, 22], or to generate 3D photonic crystals [23]. Previous work involving
photomodification of silk has thus far only considered surface modification of
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dried films [24]. Extending this work into the third dimension requires silk
to take on a different form. Recently, a highly transparent elastomeric silk fibroin hydrogel has been developed which is ideally suited to multiphoton laser
micromachining (Figure 5.2a inset) [25]. These gels are robust enough to be
easily handled, amenable to cell growth, and well tolerated upon implantation.
Importantly, these gels are greater than 90% water which allows material disrupted during MPA to be deposited around the outside of the machined region
without fouling.
Here, the exploration of laser induced void formation in silk hydrogels
is presented. It is found that relatively low energy (sub 2 nJ/pulse) infrared
(λ=810 nm) pulses at a high repetition rate (80 MHz) can be used to form voids
within the hydrogels in three-dimensions. The gels have a linear absorption
peak at 270 nm suggesting this to be a 3 photon absorption process (Figure
5.1). The voids formed survive the rigors of handling, cell growth, and subdermal implantation. It is possible to form voids within the gels nearly 1 cm
below the gel surface which, to our knowledge, represents the greatest depth
of multiphoton induced void generation reported, exceeding by 1.5 orders of
magnitude the deepest ablation in any material yet tested [12].

5.2

Results

A custom built 3D laser writing workstation was constructed to study multiphoton micromachining (Figure 5.2a). Ultrashort (∼125 fs) laser pulses at a
pulse repetition frequency of 80 MHz were focused into the bulk of a silk hydrogel using a 10x (NA=0.3) microscope objective. The sample was mounted
on a 3-axis micropositioning stage. The sample could then be moved so the
beam was focused in different locations within the material. Generation of
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complex 3D patterns within the material was achieved by computer control
over the stage translation.

Figure 5.2: Overview of the micromachining process. (a) Schematic of the
multiphoton micromachining workstation. The shutter and translation stage
are both computer controlled. Inset: Photograph of the silk hydrogel showing
high transparency. (b) 3D AFM image of one of the lines in panel (d). (c)
Graph relating line dimensions with pulse energy. Error bars represent 1 standard deviation (n=4). (d) Microphotograph of lines machined into the upper
surface of a silk gel at pulse energies ranging from 0.25 nJ (bottom) to 5 nJ
(top). (e) End on view of 30 µm wide lines machined into a silk gel. Light was
incident from the bottom of the image. Ruler on right side measures depth
from the surface of the sample. Smearing at greater depth was caused by a
reduction in write speed resulting in longer exposure time and a greater area
of modification. The break in the pattern on the top was due to limits on the
vertical travel of the microscope. Due to the large area involved, this image
was stitched together from a series of microphotographs. Inset: detail of the
cross-section of one line.
The relationship between pulse energy and void size was characterized by
micromachining a series of lines on the top surface of a gel approximately 1 mm
thick (Figure 5.2d). Each line was made by a single pass of the laser at a constant speed of 50 µm/s with varying pulse energies. After machining, the lines
were imaged via atomic force microscopy (AFM). The minimum pulse energy
necessary to observe structural changes in the silk gel was approximately 0.25
nJ/pulse. At this power, the average trench dimensions were 1.5 µm full-width
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at half maximum (FWHM) in width and 100 nm in depth. These dimensions
increased to 2.5 µm FWHM and 600 nm in depth when the pulse energy was
raised to 5 nJ (Figure 5.2c). AFM measurements confirmed that the change
in appearance of the machined region was due to material removal and not
local changes in refractive index (Figure 5.2b).
The depth at which features could be micromachined was tested by forming
a gel inside a polystyrene spectrophotometer cuvette. Features were micromachined inside the gel at various depths and subsequently imaged by rotating
the cuvette 90 degrees and examining the features using brightfield microscopy
(see also Chapter 4). Visible features were found in the gel up to 8 mm below
the surface (Figure 5.2e). Deeper features should be possible using a longer
working distance objective with a similar numerical aperture. This large maximum machining depth was attributed to the clarity of the silk and the large
multiphoton cross-section of the protein which allows low powered pulses to be
used to initiate MPA without significant self-focusing. Using amplified femtosecond pulses, the critical power for self-focusing was estimated to be greater
than 6 MW which is more than 100 times more power than is found in the
pulses used for micromachining (Figure 5.3). This combination of qualities is,
to the best of our knowledge, unique to silk and enables multiphoton micromachining to occur at such extreme depths. Deep, high-resolution features such
as these, combined with the ability to dope the silk with growth factors and
other compounds could be used for the generation of complex 3D patterned
cell scaffolds to form microenvironments for different cell types within the
same scaffold. With maximum penetration depth of nearly 1 cm and a lateral
resolution on the order of 5 µm, silk hydrogels are an excellent substrate for
multiphoton micromachining. Given the limits of travel of the micropositioning stage, the total addressable volume of our workstation was greater than
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Figure 5.3: Amplified laser pulses incident from the bottom were used to create
voids in the silk hydrogels at various pulse energies. Symmetrical features using
1 µJ pulses (left) indicate that self-focusing is negligible. Strong self-focusing
effects are evident in the asymmetrical shape from 10 µJ pulses (center) and
20 µJ (right) pulse energies. All features were made by a single pulse at each
location
100 cm3 . Within this volume, individual voxels as small as 125 µm3 could be
removed at will with the removed material deposited along the outer edges of
the machined regions.
To explore the practicality of this technique to generate complex 3D structures, test patterns were micromachined into the bulk of the silk gel. The first
was a helix consisting of two turns with an outer diameter of 200 µm (Figure
5.4a). The structure started roughly 500 µm below the surface and extended
400 µm farther into the gel. The second pattern chosen was a blood vessel-like
branching pattern (Figure 5.4e). This structure was situated 300 µm from
the surface and had a vertical extent of 100 µm . To image these patterns,
the silk was stained with Rhodamine B after multiphoton micromachining
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Figure 5.4: An overview of two test patterns machined into the gel. (a) 3D
model of a helical pattern input into the control program. (b) Confocal microscope image of a cross section of the helix showing the machined region
in black. Scale bar represents 100 µm (c) Reslice of the confocal stack along
the dashed line in panel (b). Scale bar represents 100 µm (d) 3D reconstruction of the segmented confocal data showing the machined feature. (e) 3D
model of a branching pattern input into the machining control program. (f)
3D reconstruction of resulting machined region made by segmenting the confocal images. (g) Confocal slice showing a cross section of the micromachined
region Scale bar represents 100 µm and also applies to panels h and i. (h-i)
Cross-sections of the confocal volumes at the indicated lines.
and tomographic images were collected using confocal microscopy. The Rhodamine stained silk fluoresced brightly while the machined regions were dark
indicating removal of the hydrogel in these regions. In most cases, the edges
of the machined features showed evidence of greater material removal than
the bulk of the features. This pattern was due to the control program which
paused lateral motion of the micropositioning stage at the end of each line
prior to closing the shutter so the edges of the features were always exposed
to more pulses than the center. Increased fluorescence was also visible around
the edges of the features which was attributed to the deposition of removed
material along the borders. This phenomenon was also observed when imag-
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ing using the autofluorescence of silk for contrast rather than exogenous stains
(Figure 5.5).

Figure 5.5: Confocal cross section (left) of the vascular like pattern described
in Fig. 5.4 using only the autofluorescence of silk fibroin for contrast. An
increase in autofluorescence can be appreciated immediately surrounding the
machined region which suggests that an increased density of silk is present in
those locations. The right two panels are re-slices of the confocal stack along
the indicated lines. The scale bar applies to all panels
To be useful in biomedical applications, a material must be non-toxic and
support cell growth. To ensure that the machined regions were not harmful to
cells in culture, sterile gels were prepared by filtering the silk through a 0.22
µm pore filter and mixed the solution in a 35 mm diameter plastic petri dish
under sterile conditions for gelation. Prior to removing the dishes from the
hood the lids were covered with parafilm to maintain sterility. All machining
of the gels was done within the sealed petri dishes in ambient conditions.
Parallel lines approximately 3 µm in width separated by about 20 µm were
micromachined onto the top surface of a gel through the bulk. Human foreskin fibroblasts were seeded on the surface and observed using phase contrast
microscopy as they attached and spread over the dish. It was observed that
the cells tended to align with the grooves machined into the gel and grew
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parallel with these surface features (Figure 5.6a-d). This contact guidance
phenomenon is well-known and has previously been used to induce alignment
of various cell types [26, 27]. Since features can be machined onto the gel
through a sealed dish, we hypothesize that this could be a convenient method
to reorient or disrupt already established cell cultures.
In tissue engineering, access to oxygen and nutrients within an artificial
tissue is a major challenge that limits cell density within tissue engineered
constructs [28]. To address this issue, researchers have generated scaffolds
with interconnected porous networks [29]. However, such pores are randomly
distributed, limiting the amount of control of cell growth and infiltration that
is possible. Multiphoton micromachining allows fully pre-determined micronscale features to be generated within a construct, allowing spatial control over
cell infiltration. To test whether micromachined features within the silk hydrogels could be used to direct cell growth in 3-dimensions, Y shaped branching
patterns were machined into the gels such that the main branch intersected the
surface allowing cells and media to penetrate the bulk of the gel (Figure 5.7a).
Cells were stained with a fluorescent dye and confocal images were taken of
each feature at days 5, 9, and 14 post seeding. Cell density was assessed at
three locations within each feature: the main branch, the transition region,
and the lower branch. By day 9 and continuing to day 14, cells were observed
in all three regions in 100% of the small features. The larger features were less
well populated with cells found in 100% of the main branches, 86% of the transition regions, and only 14% of the lower branches by day 9. On day 14, 71%
of the large features had cells in the lower branches. One of the large features
did not intersect the surface of the gel and was omitted from this analysis. No
subsurface cells were observed in areas that were not laser machined (Figure
5.7a).
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Figure 5.6: Micromachined features in vitro. (a-d) Machined lines on the surface of a gel at day 1, 3, 5, and 8 respectively. Arrows indicate cells growing
along the machined lines. Panel (d) shows fluorescently labeled cells growing
in the lines. The scale bar is 100 µm long. Panel (d) shows a slightly different
region of the gel as high cell density obscured the features at the location of
the other images. (e) Cartoon showing micromachining of a gel laden with
hMSCs (not to scale). Inset: Brightfield image of the machined region. Scale
bar represents 250 µm. (f-h) Confocal images of the cell laden gel following
live/dead staining 76 µm below, 62 µm above, and in the plane of machining
respectively. Dashed lines outline the micromachined region. Scale bar represents 250 µm. (i-j) Close-up of living cells irradiated by the beam above (i)
and below (j) the focal plane.
Rather than providing a means for cells to infiltrate a material from the
surface, it is often easier to encapsulate cells within the material itself. It has
been shown that human mesenchymal stem cells (hMSCs) can be encapsulated
within this type of silk hydrogel [25]. When cells are encapsulated in this
way the concentrations of oxygen, nutrients, and growth factors are governed
by diffusion, limiting the size of such constructs. 3D patterned cell-laden
hydrogels would have more surface area for the diffusion of oxygen and welldefined patterns could provide an artificial microvasculature, greatly increasing
the maximum size at which cell growth could be supported. To investigate
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the ability of multiphoton micromachining to pattern cell-laden hydrogels,
hMSCs were embedded in the bulk of a ∼500 µm thick gel. The word “Tufts”
was micromachined into the gel (Figure 5.6e) and, less than 4 hours after
machining, cells were stained with a live/dead fluorescence assay. Following
staining the dishes were examined using confocal microscopy. Dead cells were
found in the plane of micromachining with living cells present both directly
above and below the machined volume (Figure 5.6f-j). This was expected as
cells are largely transparent to 810 nm light so they should be unaffected by
the beam far from the focus. The high temperatures at the focus of the beam
are likely responsible for the dead cells found in the micromachined regions.
Finally, a pilot in vivo study was conducted in which 3 mice were implanted
with 2 machined gels each. One gel contained a branching pattern with a main
branch diameter of 200 µm, the second gel contained a branching pattern with
a main branch diameter of 400 µm. One mouse was sacrificed at 2, 3, and 4
weeks. Upon subsequent imaging the machined features were identified in 4
of the 6 samples with at least one feature identified at each time point. Cells
were found to penetrate the gels via the machined features in the 2 and 3 week
sample (Figure 5.7). In the 4 week sample cells were found to have overgrown
the machined feature and not penetrated into the gel. It is likely that the
overgrowth in the 4 week case was not due to the extra time of implantation
as no cells were seen to penetrate the gel, but rather occurred relatively soon
after implantation.
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Figure 5.7: Cell infiltration into machined features. (a) Top: 3D model of the
pattern machined into hydrogels that were subsequently seeded with cells in
vitro. (a) Bottom: Series of confocal images of fibroblasts growing within a
Y-shaped machined feature on day 9 after seeding. Each image is separated
by 10 µm in the Z-direction. Scale bar indicates 100 µm (b) Top: 3D model
of the pattern machined into a hydrogel that was subsequently implanted subcutaneously in mice. Lines marked (i-iii) indicate the confocal cross-sections
shown in the panels below. The white circles in (i) and (ii) correspond to the
main branch diameter and approximate location in the construct. The smaller
circles in (iii) correspond to the secondary branch diameters. Cells had infiltrated to the bottom of the main branch (ii) and had begun extending down
one of the secondary branches (iii). All scale bars represent 100 µm.
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5.3

Discussion

These results are significant as they show that multiphoton micromachining
in silk fibroin hydrogels was capable of directing cell growth and speeding infiltration into an artificial construct. Patterned biocompatible constructs are
of great interest in the field of tissue engineering which seeks to artificially
recapitulate natural structures in the body. One promising avenue to do so is
the use of decellularization as a means to replace damaged organs [30]. This
technique involves the harvest of a healthy organ and the removal of all cellular material leaving behind a structured extracellular matrix. The resulting
decellularized scaffold acts as a template for new cell growth. However, this
technique requires access to a healthy organ as well as time for cell culture.
While this method could be used to reduce rejection of donated organs, it does
little to help those who are still waiting for an organ transplants. While the
micropatterning described here is too small-scale to be used to replicate an entire organ, it provides a unique combination of high resolution (micron-scale)
structuring with the possibility of generating large (mm-scale) features. This
combination of high resolution with large volume of modification could prove
useful to link large scale 3D patterning of biological materials using techniques
like 3D bio-printing[31], with techniques to produce random voids in a material
on the 0.1 µm scale[29].
In conclusion, silk hydrogels were found to be an attractive substrate for
photoinitiator-free multiphoton micromachining. Using only moderate laser
power it was possible to generate voids within the bulk material at depths of
nearly 1 cm. This approach enabled rapid formation of high-resolution structures over multiple length scales in three-dimensions and could be carried out
in cell-laden hydrogels without damage to living cells in the volume immediately adjacent to the micromachined region. The features are formed in a soft,
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biocompatible matrix which enables the guidance of cells in three dimensions
and appears to promote infiltration of cells in vivo without loss of the pattern’s
structural integrity. All-aqueous processing of the material and machining at
ambient temperatures without harsh solvents or toxic photoinitiators should
make it possible to further promote cell infiltration and differentiation using growth factors or other chemical signals. While there are many options
to improve the resolution and utility of the micromachining workstation, the
technique described here allows for rapid prototyping of meso-scale features in
a robust, simple to use, biocompatible substrate. 3D patterns that are suitable
for guiding cell growth can be produced over large volumes with high resolution in a manner similar to a 3D printer, but using empty space as an ink.
Such patterned gels allow control over cell growth and implantation on the 10
µm scale allowing the recapitulation of native micron-scale structures in tissue engineering scaffolds. This approach for the generation of programmable
structures using multiphoton micromachining in biocompatible silk hydrogels
are virtually impossible to produce using any other method, opening numerous
new avenues of investigation into the 2D and 3D patterning of soft materials.

5.4

Materials & Methods

Multiphoton micromachining workstation: ∼125 fs pulses of 810 nm
light from a titanium sapphire oscillator (Tsunami, Spectra Physics) at a repetition rate of 80 MHz were passed through a computer controlled shutter
and directed into the rear accessory port of an inverted microscope. The light
was focused to a ∼5 µm spot through a 0.3 NA microscope objective with a
working distance of 1.03 cm onto the sample which was placed on a computer
controlled XYZ translation stage (Ludl Electronics, Hawthorne, NY). Using
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a custom LabView application complex patterns could be micromachined by
inputting stacks of binary images into the program. Pulse energies were manually adjusted via a half-wave plate and polarizer giving continuous control of
pulse energy from 0.1 to approximately 10 nJ per pulse.
Hydrogel preparation: Silk fibroin was extracted as described in Ref.
[32] with a degumming time of 60 minutes. Gels were prepared by adding
10 units/mL type VI horseradish peroxidase and 10 µL/mL 1% hydrogen
peroxide [25]. To facilitate fluorescence imaging, Rhodamine B stained gels
were prepared after the desired pattern had been micromachined. These gels
were soaked in a solution of 0.1 mM Rhodamine B for 4 hours and then were
rinsed in 10 changes of deionized water over the following 24 hours to remove
any Rhodamine not bound to the silk.
Gel micromachining: Lines were micromachined on the top surface of
a thin gel at pulse energies ranging from 0.25 to 5 nJ/pulse and were imaged
an MFP-3D-Bio atomic force microscope (Asylum Research, Santa Barbara,
CA). The samples were scanned in contact mode under phosphate buffered
saline solution using TR800PSA cantilevers with a calibrated spring constant
of 0.4 N/m.
Maximum depth of machining was determined by forming a silk gel inside
a plastic fluorescence cuvette. 30 µm thick lines were micromachined in the
silk at regular depth intervals. Translation speed varied between 100 µm/s
and 25 µm/s depending on the depth. A side view of the lines was obtained
by rotating the cuvette 90 degrees and imaging via brightfield microscopy.
2D contact guidance: Silk solutions were filtered through a 0.22 µm filter
and gelled in a 35 mm petri dish. Prior to removal from the hood, dishes were
sealed with parafilm to maintain sterility. Lines were then micromachined onto
the top surface of the gel. Human foreskin fibroblasts were seeded onto the gel
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and cultured in DMEM with 10% FBS at 37 ◦ C, 5% CO2 . Gels were imaged via
phase contrast microscopy at day 1, 3, and 5 post seeding. On day 8 the cells
were stained with a Live/Dead R Viability/Cytotoxicity kit (Molecular Probes,
Inc. Eugene, OR) fluorescence assay and imaged via fluorescence microscopy.
Cell-laden hydrogels: Human mesenchymal stem cells (hMSC’s) were
isolated from fresh bone marrow aspirate (Lonza, Basel, Switzerland) as previously described [33]. hMSC’s were gently mixed into a partially gelled silk
hydrogel at a rate of 1000 cells per mm3 . 100 µL of the silk/cell mixture was
added to each glass bottomed petri dishes [25]. After gelation, micromachining
was performed on the cell-laden hydrogels. Within 4 hours of machining the
cells were stained with a Live/Dead R Viability/Cytotoxicity kit (Molecular
Probes, Inc. Eugene, OR) and examined via confocal fluorescence microscopy.
3D cell guidance: Sterile gels were prepared as described in “2D contact
guidance”. 3D “Y” shaped branching patterns were machined into the gel
with the main branch of the “Y” intersecting the top surface of the gel. Main
branch diameters were 200 µm and 400 µm in the small and large features
respectively. Human foreskin fibroblasts were seeded onto the surface of the
gel after micromachining. Gels were examined via confocal microscopy on day
5, 9, and 14 post seeding. The day before each imaging session dishes were
stained with CytoTrakerTM Green (Molecular Probes, Eugene, OR).
Implantation: Sterile gels were prepared in 35 mm petri dishes as described above and a 4 mm biopsy punch was used to remove cylinders of
gel. Branching patterns (Figure 5.7b) were machined into each cylinder. All
procedures involving mice were approved by the Tufts University Institutional
Animal Care and Use Committee. Animals were anesthetized by isoflurane inhalation during the procedure. Machined gels were implanted subcutaneously
into the lumbar region of 3 mice. Silk implants and adjacent tissues were ex-
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tracted following euthanasia (carbon dioxide asphyxiation) at 2, 3, and 4 weeks
post-implantation. Gels were recovered from the mice and fixed in 10% formalin and stained with Phalloidin and DAPI (4’,6-diamidino-2-phenylindole).
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Chapter 6
Biocompatible silk step-index
optical waveguides
6.1

Introduction

The previous chapters of this dissertation have focused on how light can be
used to change the structure of silk. In this chapter the equation is flipped
and the ability of silk to change light is described. Light can be altered by
materials in a variety of ways: absorption, scattering, reflection, or refraction.
As previously discussed, silk is highly transparent to visible light. However,
the index of refraction of silk is quite high (∼1.5) meaning that light can be
trapped within silk due to total internal reflection (TIR) so long as the film
is surrounded by a material with a lower refractive index. In glass, this phenomenon has been used to produce fiber optics that are capable of transmitting
light thousands of kilometers with very little loss enabling essentially instantaneous communication between people around the globe. The key components
that make up an optical fiber are the high index of refraction core, the low
index of refraction cladding, and the surrounding medium. When light prop-
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agates through the high index core, a portion of the energy penetrates into
the cladding as an evanescent wave. If the interface between the core and the
cladding is smooth, no energy is lost. However, if the interface is rough or
unpredictable, light from the evanescent wave can be absorbed or scatter at
the interface, reducing the intensity of light in the core. In a typical optical
fiber, the surrounding medium has no effect on the light. However, in special
circumstances the cladding can be removed from a portion of the core to allow the evanescent field to interact with the surrounding medium. Depending
on the conditions, the interaction can be tuned to sense a variety of different
analytes [1] or for imaging [2].
In the biomedical field, the ability to deliver light to a small volume within
the body has tremendous potential to extend the utility of light-based imaging
and therapy. Such delivery is challenging due to the absorption and scattering
characteristics of most biological tissue. In the visible spectrum, penetration
of light is limited to only a few hundred microns. Absorption of near infrared
light by chromophores is minimized around 850 nm, resulting in a maximum
depth of penetration of several centimeters. However, scattering from cell
nuclei and other structures causes light delivered at a point to rapidly diffuse
through a large volume of tissue [3]. This diffusion makes high resolution
imaging, or precise delivery of light to a small target impossible.
Optical fibers are an attractive method for delivery of light because they
are small, inexpensive, and highly efficient. Although glass is biologically
inert, these fibers are not well suited to biological applications. Broken fibers
are sharp and can cause damage to surrounding tissue. Glass is also very
stiff and this mechanical mismatch can damage surrounding soft tissue due to
either fiber motion or natural body motions such as heartbeat and breathing.
The mismatch in stiffness between the tissue and the fiber can result in scar
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formation [4] which may limit light delivery to the desired target. Implanted
glass fibers are currently used to deliver light for treatment of malignant brain
tumors [5], but this technique is limited to severe cases due to the risks outlined
above. To wire the body with optical waveguides, a soft light guiding material
is needed.
Hydrogels of biopolymers are used as materials for scaffolds in tissue engineering. They are easily interfaced with the biological environment due to
their mechanical properties; porosity, which resembles that of extra cellular
matrix; and their high water content. Hydrogels capable of transmitting light
in vivo have previously been described that are capable of using encapsulated
cells for sensing and therapy [6]. The index of refraction of these gels, however,
was lower than that of the surrounding tissue making the constructs incapable
of guiding light around bends in tissue. This severe limitation was recently
addressed by the development of a step-index optical waveguide made solely
from hydrogels that are capable of guiding light around curves in tissue [7].
However, dichloromethane, a harsh organic solvent, is used in their manufacture, raising concerns about long term biocompatibility and preventing the
encapsulation of cells or functional biomolecules.
The use of hydrogels as waveguides has also been investigated for sensing of
various biomolecules [8, 9]. Many hydrogels are amenable to cell encapsulation
which can then be used for light-mediated sensing or drug release [6, 10]. Other
research into biocompatible optical waveguides have utilized a variety of other
materials including cellulose [11], silicone [12], agarose [10], and even bacterial
cells [13], but due to high propagation losses, these materials have not seen
rapid adoption.
Silk fibroin has been under steady investigation as an attractive material
for tissue engineering due to its all aqueous processing, biocompatibility, non-
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immunogenicity, and ability to stabilize labile compounds such as DNA and
enzymes [14]. It has also been investigated as an attractive optical material
due to its near complete transparency, and ability to conform to nano-scale
structures such as photonic crystals and diffraction gratings [15]. Nearly all
silk processing is done in water without any harsh chemicals making it possible
to dope silk devices with cells [16], growth factors [17], and laser dyes [18]. By
using a material able to degrade within the body after a period of time, as is
possible with silk [19], the need for a second surgery to retrieve the implanted
waveguide is eliminated.
Previous efforts have realized printed silk optical waveguides on quartz
which predominantly used ambient air as a cladding layer. These waveguides
had low loss (∼0.5 dB/cm) propagation but were not free-standing limiting
their utility for in vivo applications [20].
In this chapter, an optical waveguide made entirely of silk fibroin is presented (Fig. 1A). The core of the waveguide was a long narrow strip of silk film
with an index of refraction of 1.54 [20]. The silk film was surrounded by a silk
hydrogel comprised of greater than 90% water resulting in a refractive index
of around 1.34. The index of refraction difference was large enough to provide
strong guidance and propagation of light within the core of the waveguide.
The flexibility, biodegradablility, and low loss of these waveguides makes them
ideally suited for biomedical applications.

6.2

Methods

Silk fibroin was extracted from raw Bombyx mori cocoons as previously described [21]. Briefly, cocoons were cut and boiled in a 0.02 M solution of sodium
carbonate to remove the gum-like serecin protein. The resulting fibroin was
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Figure 6.1: Panel A: schematic representation of the construction of silk
optical waveguides. To fabricate the core, silk solution is cast into molds
(1A) and allowed to dry into films (1B). For the cladding, HRP and H2 O2 are
added to a silk solution (1B) and aspirated into a PTFE tube (2B). Prior to
gelation, the film is inserted into the liquid gel precursor (3). After the gel
precursor solidifies, pressure on the syringe ejects the completed waveguide (4).
Panel B: photograph of a 9 cm long silk waveguide coupled to a glass optical
fiber knotted to show flexibility. Scale bar indicates 1 cm. Inset: Brightfield
microscope image of a cross-section of a 3 mm diameter silk waveguide. Scale
bar indicates 1 mm. Arrow indicates the silk film core which is 2.9 mm wide
and ∼40 µm thick.
dissolved in 9.2 M lithium bromide and subsequently dialyzed against deionized water for 48 hours to remove the salt. Prior to use, the solution was
filtered through a 0.22 µm filter to remove any dust or other impurities that
would scatter light. To form the core film, 200 µL of 6.5% silk fibroin solution
was cast into a poly-dimethylsiloxane (PDMS) mold measuring 2 mm wide by
14.5 cm long and left to dry in ambient conditions. To facilitate coupling into
the silk waveguides, a hand-drawn glass fiber taper was inserted into the still
liquid silk. The tapered geometry was formed by applying tensile stress on
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a multi-mode glass fiber (NA = 0.39) while holding it above a butane flame
to produce a taper approximately 10 µm in diameter at the tip. After the
liquid silk dried into a film, the fiber taper was fully encapsulated within the
silk. Films with the encapsulated fiber were water-vapor annealed for 2 hours
after drying by placing them in a vacuum chamber partially filled with water.
This post treatment was necessary to render the initially water soluble films
insoluble [22].
The silk film was then surrounded by a silk hydrogel to act as a cladding.
The gels were formed by mixing silk fibroin solution, horseradish peroxidase
(10 U/mL), and 10 µL/mL of 1% hydrogen peroxide. The subsequent reaction resulted in the formation of an elastic, optically transparent hydrogel
[16]. To produce the desired cylindrical geometry, a 3.18 mm inner diameter Polytetrafluoroethylene (PTFE) tube was used as a mold. The tube was
first filled with 10% Tween 20 to prevent the gels from sticking to the PTFE.
The tube was cleared of Tween and then shaken vigorously to remove most
of the residual surfactant from the inner walls. The silk hydrogel precursor
solution was aspirated into the tube using a syringe. While the gel precursor
solution was still in the liquid state the silk film core was inserted into the
tube. Following gelation, gentle pressure applied to the syringe was sufficient
to eject the completed waveguide from the PTFE tube (Fig. 1B). This entire
procedure involves only environmentally and biologically friendly compounds
and ambient temperatures making it suitable for cell growth or the inclusion
of labile compounds.
The refractive index of the silk gels was measured using spectroscopic ellipsometry. 1 mm thick samples of gels (300 µL volume) were formed on glass
slides. These gels were measured at wavelengths ranging from 400 nm to 1300
nm at 70 and 75 degree incident angles. The data were fit to Cauchy’s equa-
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tion to extract the refractive index of the gels. Ellipsometry data collected
were found to be a good fit for the Cauchy model. The index of refraction of
the gel was found to depend on the concentration of silk in the gel and ranged
from 1.33 to 1.36 at 532 nm and varied roughly linearly with increasing silk
concentration.
Optical losses in the silk film core were measured via the cutback technique
[23]. 4 films with encapsulated optical couplers were prepared and 540 nm light
was end-coupled into the glass optical fiber [23]. The silk waveguide was cut
at regular intervals and the power output measured after each cut to calculate
the loss per unit distance (Fig. 2).

6.3

Results

The loss along the film was found to be relatively constant except high loss was
noted near the tip of the glass coupling fiber. The high initial loss is likely due
to unguided modes escaping from the waveguide’s core. For this reason, the
first centimeter was excluded from the reported waveguide propagation loss
which was calculated based on an average of all the other locations to be 2.0
± 0.7 dB/cm (mean ± standard deviation). This level of loss is comparable to
other polymeric waveguides which range from 0.02 to 5 dB/cm [24]. Observing
the films, it was noted that most of the losses occurred along the relatively
rough edges of the film. Little scattering was seen on the top and bottom
surface because air dried silk films are very smooth (< 5 nm rms) [15].
To test whether the silk waveguides were capable of guiding light in biological tissue, the waveguide was inserted into bovine muscle. Two incisions
were made in the tissue forming a right angle. The proximal end of the silk
waveguide was placed in one of the incisions and threaded around the cor-
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Figure 6.2: Top: Plot showing transmitted power as a function of distance
from the coupling fiber. Y-axis is presented on a log scale so the straight
line of the data indicates an exponential decline in transmitted power with
a consistent decay constant. Error bars indicate 1 standard deviation, n=4.
Bottom: Calculated loss per centimeter as a function of distance from the tip
of the coupling fiber. High loss near the tip of the coupling fiber is likely due
to unguided modes. Error bars indicate 1 standard deviation, n=4.
ner. The incisions were held closed using 23 gauge needles and care was taken
to ensure that the tissue contacted the cladding of the waveguide to eliminate guidance due to the index difference between the cladding and air. The
incisions were flooded with phosphate buffered saline to make sure that no
cladding modes would be guided. Prior to the bend, light could be observed
in both the cladding and the core. After the bend light could only be seen in
the silk film core (Fig. 3).
The approximate light carrying capacity of these waveguides was estimated
by transversely exposing the silk films to various intensities of green light for
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Figure 6.3: Silk waveguide guiding light in tissue. Light coupled from multimode glass fiber is confined within the silk film core of a 3.5 cm long waveguide.
Inset shows the core of the waveguide glowing green after closure of the incisions.
10 s. Following exposure, the films were examined under brightfield microscopy
for signs of damage. No damage was noted up to intensities of ∼10 W/cm2 .
Above 11 W/cm2 , significant thermal damage was observed. These intensities
far exceed the damage threshold for tissue, indicating that photodamage to
the fiber would not be a limiting factor in biomedical applications.

6.4

Discussion

In this work a silk film encapsulated in a silk hydrogel was shown to act
as an effective waveguide in tissue. These waveguides are relatively easy to
produce, robust, and able to survive handling and placement within tissue.
Utilizing a glass fiber taper to couple light into the silk waveguide provides a
convenient interface between the biocompatible waveguides and conventional
optical systems. Loss in the waveguide core was measured to be 2.0 dB/cm
which is significantly higher than losses reported previously in silk [20]. In-
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creased losses are likely due to surface scattering by the rough edges of the film.
When observing the waveguide, nearly all of the lost light was seen from the
edges. This implies that the loss could be significantly reduced by smoothing
the edges or by using a cylindrical core geometry.
Silk is both biocompatible and biodegradable, so once implanted waveguides could be left within the body. Based on data from other types of silk
gels it is estimated that the cladding of these waveguides would be fully infiltrated by cells and blood vessels after approximately 12 weeks [25]. Once the
cladding was infiltrated, the core of the film could last up to an additional year
[19]. There would likely be no disruption of wave guiding properties until the
cells reached the interface between the silk film core and the silk gel cladding.
When this occurs there would be an increase in scattering losses. These losses
may, in fact, be useful as they could be monitored over time to estimate the
degree of cellular infiltration into the waveguide.
Biocompatible waveguides capable of delivering light to a point deep within
the body have many applications. One such is photodynamic therapy (PDT)
which is currently used to treat tumors using photoactivated chemotheraputics. PDT illumination is typically provided transdermally, however, during
tumor debulking surgery, it is frequently applied directly to the site of the tumor [26]. In this case, a silk waveguide could be left behind to deliver multiple
PDT treatments over time to reduce the likelihood of recurrence. This type
of staggered therapy has been shown to be more effective than a single dose
of light because PDT drugs rapidly deplete the oxygen in the tissue during
the production of free radicals [27]. Delivering multiple light doses over time,
allows the oxygen concentration to recover, and the drugs to work more effectively. After the conclusion of therapy, the silk waveguide would degrade
eliminating the need for a second surgery to retrieve it. The waveguides de-
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scribed in this chapter are both environmentally and biologically friendly using
only mild chemicals and producing no toxic byproducts. The ability to bring
visible light to a small area deep within the body opens up new avenues of
investigation in imaging and therapy.
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D. L. Kaplan, “Materials fabrication from Bombyx mori silk fibroin.,”
Nature protocols, vol. 6, pp. 1612–31, oct 2011.

123

CHAPTER 6. SILK WAVEGUIDES

[22] X. Hu, K. Shmelev, L. Sun, E. S. Gil, S. H. Park, P. Cebe, and D. L.
Kaplan, “Regulation of silk material structure by temperature-controlled
water vapor annealing,” Biomacromolecules, vol. 12, pp. 1686–1696, 2011.
[23] L. Chen, J. Cameron, and X. Bao, “Characterization of Optical Fibers,”
in Handbook of Computer Networks, pp. 815–827, John Wiley & Sons,
2007.
[24] B. H. Ma, A. K. Jen, and L. R. Dalton, “Polymer-Based Optical Waveguides : Materials , Processing , and Devices,” Advanced Materials, vol. 14,
no. 19, pp. 1339–1365, 2002.
[25] O. Etienne, A. Schneider, J. a. Kluge, C. Bellemin-Laponnaz, C. Polidori,
G. G. Leisk, D. L. Kaplan, J. a. Garlick, and C. Egles, “Soft Tissue
Augmentation Using Silk Gels: An In Vitro and In Vivo Study,” Journal
of Periodontology, vol. 80, no. 11, pp. 1852–1858, 2009.
[26] W. F. Sindelar, T. F. DeLaney, Z. Tochner, G. F. Thomas, L. J. Dachoswki, P. D. Smith, W. S. Friauf, J. W. Cole, and E. Glatstein, “Technique of photodynamic therapy for disseminated intraperitoneal malignant neoplasms. Phase I study.,” Archives of surgery, vol. 126, no. 3,
pp. 318–324, 1991.
[27] M. H. Roozeboom, M. A. Aardoom, P. J. Nelemans, M. R. T. M. Thissen,
N. W. J. Kelleners-Smeets, D. I. M. Kuijpers, and K. Mosterd, “Fractionated 5-aminolevulinic acid photodynamic therapy after partial debulking
versus surgical excision for nodular basal cell carcinoma: a randomized
controlled trial with at least 5-year follow-up,” Journal of the American
Academy of Dermatology, vol. 69, no. 2, pp. 280–287, 2013.

124

Chapter 7
Silk photocrosslinking using
riboflavin
7.1

Introduction

In the previous chapter, the use of silk to modify light via total internal reflection was described. Earlier chapters showed the use of ultrashort pulses
of light to modify silk. Here, the focus returns to the theme of using light
to change silk, but rather than using expensive femtosecond lasers to produce
voids, cheap LEDs are used in conjunction with a biocompatible photoinitiator (riboflavin) to form solid gels from liquid silk solutions. The use of
photopolymerization to create high resolution patterns has been critical for
technological advancement in the electronics industry. In the manufacture of
computer chips photopolymerizable materials (photoresists) are used to pattern silicon wafers. The steady advance of computing power is due largely
to the refinement of photolithographic techniques which now allow resolutions
below 20 nm [1]. The biomedical field has also benefited from photopolymerizable materials and improvements in photolithography. Photopolymerization
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allows for spatial control of material properties which has been applied to alter
cellular microenvironments yielding significant advances in our understanding
of cell signaling, behavior, and differentiation [2, 3]. Photopatterning has also
been used to direct cell attachment and migration via the selective exposure
of cell binding moieties [4], as well as create stiffness gradients in a material
to investigate cellular response to mechanical cues [5].
On the macro scale, photocrosslinking has found application in the medical
field. Photochemical tissue bonding offers a method of wound closure that uses
the photosensitizer rose bengal (4,5,6,7-tetrachloro-2’,4’,5’,7’-tetraiodofluorescein)
and green light to chemically crosslink tissues. This technique allows for rapid
closure of wounds without the use of sutures which results in faster healing
with reduced scar formation [6], and is able to create a fluid-tight seal for
microvascular anastomoses [7]. A similar technique has been used to treat
atherosclerosis by altering the mechanical properties of explanted vein tissue
to more closely mimic that of the coronary artery. These “artery-like” veins
have shown exceptional potential for use in coronary artery autografts [8].
Treatment of eye injuries is a particularly attractive application for phototissue bonding because of the delicacy of corneal operations such as suturing.
These invasive procedures may lead to increased inflammation and corneal
scarring [9] reducing the transparency of the cornea and leading to disrupted
vision. Amnion patches photo-bonded to the cornea with rose bengal significantly increase ocular burst pressure in rabbits with full-thickness corneal
wounds [10]. Photoactivated adhesives and patches made from biodendrimers
[9] and hyaluronic acid[11] respectively have also shown promise in the suturefree treatment of corneal wounds.
Crisp vision depends on the ability of the cornea to focus light onto the retinal surface. Near-sightedness (myopia) and far-sightedness (hyperopia) can be
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corrected by altering the corneal curvature by using photorefractive keratectomy (PRK) to selectively remove portions of the cornea. For PRK procedures
to be performed safely, sufficient corneal thickness must remain after the procedure to provide mechanical strength to the eye. This limitation makes PRK
unsuitable for patients with thin corneas due to genetics or corneal ectatic
disorders. Keratoconus is one such ectatic disorder in which corneal thinning
leads to the cornea assuming a cone shape, rather than its usual domed appearance. Though fairly rare in the US [12], keratoconus is found in over 2%
of the population in rural India [13]. The effects of this disease include loss
of visual acuity, and permanent eye damage, often requiring extensive surgery
to treat [14]. Recently, a technique was developed to slow the thinning of the
cornea in patients with keratoconus by crosslinking corneal collagen using riboflavin and exposure to ultraviolet light. The crosslinking process results in
a stiffer cornea which slows the progression of the disease, but only marginally
improves vision [15]. Contact lenses can help correct vision problems in some
patients, but for those who are intolerant of contacts few options remain.
Silk fibroin is a biopolymer that has been under steady investigation for
decades due to its numerous favorable characteristics: biocompatibility, cytocompatibility, mechanical strength, ability to stabilize labile compounds, and
biodegredability [16]. Silk is also a promising optical material due to its near
perfect transparency to visible light and has been used to make a wide variety of optical elements including lenses, phase masks, diffraction gratings,
and waveguides [17, 18]. This combination of properties makes silk an attractive material for use in ocular prostheses. Previous work has used ruthenium
to photocrosslink silk [19], however, under certain conditions, ruthenium can
be highly toxic and is being investigated as a potential chemotherapeutic for
cancer [20].
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Riboflavin is an attractive photoinitiator for biomedical applications both
because it is found naturally in tissues, and because it is able to crosslink via
exposure to harmless visible light rather than potentially damaging ultraviolet
radiation. Riboflavin photocrosslinking appears to be quite nonspecific and
has been shown to photocrosslink many materials including collagen [21, 22],
alginate [23], and poly(ethylene glycol) [24]. In this chapter the use of flavinmononucleotide (FMN), a water soluble variant of riboflavin, as a photoinitiator to catalyze the transition of a liquid silk solution to a highly elastic
hydrogel in the presence of light is presented. First, a theory of the mechanism of silk-riboflavin photocrosslinking is proposed. Next, the ability of this
system to generate high resolution patterns of silk using photolithography is
presented. Finally, a pilot study in enucleated porcine eyes is described in
which silk hydrogels are adhered to deepithelialized cornea. We believe that
by combining high-resolution patterning with corneal adhesion it would be
possible to alter the optical thickness of the cornea with high spatial resolution to improve visual acuity in people suffering from myopia, hyperopia, and
corneal ectatic disorders such as keratoconus, without the risks associated with
laser vision correction surgeries [25].

7.2

Results

These results represent the first time that riboflavin has been used to photocrosslink silk fibroin. Several preliminary studies were undertaken to ensure
that both light and riboflavin were necessary to initiate crosslinking and to determine the concentration of riboflavin that led to the most efficient crosslinking. The speed of crosslinking was tested by measuring the elastic and storage
moduli during gelation using a rheometer (Figure 7.1). This setup allowed con-
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tinuous monitoring of the gel’s stiffness over time. These experiments showed
that a solution containing 2 mM of riboflavin yielded the fastest crosslinking.

450 nm
LEDs
Quartz top
plate
37 C

Figure 7.1: Cartoon depicting experimental set-up for monitoring evolution of
gel stiffness. 3, 450 nm LEDs were equally spaced around the rheometer shaft
and illuminated the sample with an intensity of 18.7 mW/cm2 . Green region
indicates the fluorescent silk solution during crosslinking.
The removal of illumination during testing immediately halted gel formation (Figure 7.2) implying that the stiffness of these gels can be precisely controlled using only light exposure. Similarly, light alone (without riboflavin)
did not result in any sign of gel formation.
Mechanism: Previous work on the mechanism of photocrosslinking collagen
using riboflavin is conflicted. Some groups explain the effect as solely due to
singlet oxygen production [26], while others credit the production of tyrosyl
radicals which can form dityrosine crosslinks [27]. Both potential mechanisms
were investigated in silk by dissolving lyophilized silk protein in heavy water
(D2 O), a radical oxygen promoter; sodium azide (NaAz), a radical oxygen
scavenger; and superoxide dismutase (SOD), an enzyme that catalyzes the
dismutation of superoxide anion radicals to oxygen or hydrogen peroxide. Gel
formation was monitored using a rheometer as described above.
Based on this experiment it is evident that the mechanism for photo
crosslinking of silk fibroin is not due solely to the presence of singlet oxygen.
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Figure 7.2: Plot showing the evolution of stiffness during illumination (white
bars) and with the light off (black bar). The gel stops stiffening when light is
removed.
Since singlet oxygen has a longer lifetime in D2 O, there would have been faster
stiffening when silk was dissolved in D2 O. However, there was no significant
difference between the D2 O group and the control (Figure 7.3). Similarly, the
addition of sodium azide which efficiently scavenges singlet oxygen should have
sharply reduced the stiffness following illumination. Instead, only a modest
decrease in stiffness in the presence of sodium azide was found. These results
imply that singlet oxygen does play a small role in silk fibroin cross-linking,
but it is not the primary mechanism. Conversely, the addition of superoxide
dismutase resulted in a more than six-fold increase in stiffness suggesting that
the superoxide anion radical plays a strongly inhibitory role in this process.
A mechanism explaining riboflavin photocrosslinking in collagen was sug-
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Figure 7.3: Effect of different compounds on gelation rate after illumination
for 1 hour. Shear modulus values are recorded for silk dissolved in deionized
water (H2 O), deuterated water (D2 O), sodium azide (NaAz), and superoxide
dismutase (SOD). Negative controls -RF and -Light were tested without riboflavin and without illumination respectively. Shear modulus is presented
on a log scale. NS indicates a non-significant difference. All other pairs of
values were significant with p < 0.001. N=4 for treatment groups and N=3
for control groups. All data are plotted as points with bars representing the
mean of each group.
gested by Kato et al. whose findings mirror our own [27]. Their hypothesis
is that photoexcited riboflavin (RF∗ ) strips protons from tyrosine residues
(T) in collagen forming tyrosyl radicals (T− ). Two tyrsosyls are then able to
form a single dityrosine complex (T-T) chemically crosslinking collagen protein backbones. Superoxide anion radicals (O−·
2 ) are an intermediate species
in this reaction and have been shown to heal radical tyrosine which would
prevent the formation of dityrosine bonds [28]. Other researchers have noted
dityrosine as a photoproduct of illuminating riboflavin in vivo [29].
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To confirm the presence of dityrosine in silk/riboflavin gels their fluorescence spectra were examined (Figure 7.4). Under excitation with 310 nm light,
dityrosine fluoresces strongly around 400 nm [30]. Riboflavin has a broad absorption peak from 350 to 450 nm which might obscure the dityrosine fluorescence, so gels were rinsed with water to remove the riboflavin following gel
formation. There was evidence of a clear ditysrosine fluorescence peak in the
rinsed gels that was not present in silk alone. The un-rinsed gels show both
a small dityrosine peak as well as a small peak at 532 nm which is indicative
of riboflavin fluorescence. In the un-rinsed samples the dityrosine fluorescence
at 410 nm is absorbed by the riboflavin in the gel resulting in the detection of
both weak dityrosine and riboflavin fluorescence.
The observed mechanical properties of riboflavin photocrosslinked gels also
support the proposed mechanism. Silk/riboflavin gels have a large shear modulus coupled with a negligible storage modulus. Enzymatically crosslinked
silk fibroin hydrogels form dityrosine bonds through the action of horseradish
peroxidase show similar elastic properties [31].
Photolithography: Since both riboflavin and light are required for hydrogel
formation it would likely be possible to generate high resolution patterns of
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Figure 7.4: Fluorescence spectra of 3 solutions after 60 minutes of illumination
by 450 nm light. Silk alone (black) shows no fluorescence, un-rinsed silk gels
have a small dityrosine peak at 410 nm and a small riboflavin peak at 530 nm,
rinsed silk gels have a strong dityrosine peak and no evidence of riboflavin
fluorescence. Dark lines indicate the means of 8 samples with the standard
deviations at each wavelength indicated by the shaded regions.
silk gel using photolithography. To do so, a photomask of a U.S. Air Force
resolution test pattern printed on mylar with a guaranteed resolution of 20
µm was used. Illumination using 450 nm LEDs was provided from above
through the mask. After illumination the pattern could be clearly seen in
the gel due to photobleaching of the riboflavin. The sample was placed in
deionized water and gently agitated for 5 minutes to remove any unpolymerized
silk. There was clear pattern transfer after washing and, following drying in
ambient conditions, the polymerized silk was tightly bound to the substrate
(Figure 7.5). Using this rudimentary system the achievable resolution was
∼20 µm which is the same as the resolution of the photomask. It is likely that
the resolution of these patterns could be significantly improved using a higher
resolution mask and a more sophisticated apparatus.
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Figure 7.5: Brightfield microscope image of a high-resolution pattern of silk
gel produced by photolithography. Blue light was passed through a photomask
and used to illuminate a mixture of silk and riboflavin. Using this setup, silk
could be patterned with a resolution of ∼20 µm.
Silk/cornea adhesion: To test whether photocrosslinked silk hydrogels could
be adhered to corneal collagen an attempt was made to bond silk films impregnated with FMN and SOD to enucleated porcine eyes (Figure 7.6). Films were
cut into 1 cm disks and applied to eyes with the corneal epithelium removed.

Figure 7.6: Schematic representation of riboflavin adherence for vision correction. Silk films doped with riboflavin are applied to a diseased eye. Following
illumination, silk is selectively adhered to the eye surface. The unexposed silk
can be rinsed away leaving behind an eye altered to correct vision.
The thickness of the silk on the eye was measured by optical coherence
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tomography (OCT) immediately after application to the eye, following light
exposure, and after a vigorous rinse in phosphate buffered saline (PBS) (Figure 7.7). Both the riboflavin impregnated films as well as the control films
without riboflavin were found to adhere to the eyes initially (Figure 7.8) because silk films are very sticky as they begin to dissolve. However, silk films
without riboflavin quickly degrade under additional wetting leaving the cornea
largely bare. Conversely, the riboflavin films imaged post illumination showed
little indication of wear and remained adhered to the surface of the eye even
after a vigorous rinse with PBS. Control samples containing riboflavin but not
exposed to light were easily removed from the eye by rinsing with PBS. Histologic inspection of the eyes revealed that the silk gel was smoothly attached
to the corneal collagen without any evidence of separation (Figure 7.9).

Figure 7.7: Representative OCT images of silk films applied to deepithelialized
enucleated porcine eyes. Top row: Riboflavin impregnated silk. Blue arrows
indicate the layer of silk overlying the corneal collagen. Red arrows on right
side indicate air bubbles in the silk prior to illumination causing shadowing.
Short green arrows indicate specular reflection artifacts in the OCT image.
Bottom row: Images of control film without riboflavin.

7.3

Discussion

In this chapter a novel method of forming silk fibroin hydrogels was presented
in which excited riboflavin radicalizes tyrosine residues in the silk protein back135
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Riboflavin impregnated silk films exposed to light (RFL) are able to adhere
to the corneal surface. All measurements are displayed. Data from individual
eyes is indicated by a different shade. Heavy bars indicate the mean of all the
data in that group. Stars indicate statistical significance between groups (p <
0.05). n=6 for CON and RFL, n=4 for RNL.
bone resulted in the formation of dityrosine complexes binding silk molecules
together. Both silk and riboflavin are biocompatible and suitable for ocular
prosthesis. Gel stiffness can be precisely controlled by adjusting the amount
of light delivered, and stiffening ceased when either the light or the riboflavin
was removed (Figure 7.3). Riboflavin removal was accomplished by simple
rinsing which left behind a transparent hydrogel.
Like other photoactivated systems including modified silk sericin [32], this
method can be used to generate high resolution patterns via photolithography.
Since it is easy to control the stiffness of these gels, it should be possible to generate gels with stiffness gradients to allow the study of the effects of mechanical
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Figure 7.9: Histologic sections of porcine cornea treated with riboflavin doped
silk films. Top: silk gels were not exposed to light and washed away. Bottom:
Silk gel was illuminated and formed close association with corneal collagen.
cues. Using biocompatible riboflavin as a photoinitiator allows non-ionizing
visible light to be used for crosslinking instead of potentially damaging ultraviolet radiation. This system could potentially be used to increase the stiffness
of a gel while cell culture is ongoing to investigate how cells respond to a
substrate that is increasing in stiffness over time. As gradual stiffening of extracellular matrix is a marker for diseases such as fibrosis and atherosclerosis,
this material system could be helpful for understanding the evolution of these
disorders. Photocrosslinked silk hydrogels show promise for the treatment of
ocular injury and disease. The material can be selectively adhered to the
cornea depending on the location of illumination. Adding this layer changes
the optical properties of the eye and would have a profound effect on vision.
For myopia and hyperopia sufferers these films could be selectively applied to
change the curvature of the eye to correct vision. The silk layer presented
using this technique is not yet uniform enough for the precise optical corrections needed to restore visual acuity. However, silk fibroin, like other proteins,
absorbs light strongly at wavelengths shorter than 200 nm. Excimer lasers
used to correct myopia and hyperopia in PRK procedures via the ablation of
collagen operate at 193 nm. In addition to collagen, this type of laser has
been shown to ablate a wide variety of other polymeric materials [33]. Thus,
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Figure 7.10: Silk gels modified by excimer laser excitation. Silk hydrogels
produced by horseradish peroxidase (right) or riboflavin (left) were exposed
to 36 pulses each of 193 nm excimer light from a commercial PRK machine.
The region of modification closely matched the spot size indicating that such
gels are amenable to shaping by excimer emissions.
precise shaping of the silk gel layer on the cornea should be amenable to PRK
processing. This belief was confirmed by preliminary studies which showed the
possibility of modification via exposure to excimer laser pulses (Figure 7.10).
Complications due to laser corrective surgical procedures are permanent and
can lead to blindness [34]. By performing laser ablation on silk prostheses
instead of the native cornea, nearly risk-free laser vision correction should be
possible even on patients with very thin corneas.
Future work in this area will include in vivo studies to ensure that corneal
reepithelialization is unimpeded and that the silk gels are robust enough to
withstand shear stresses associated with blinking and rubbing. Methods of
producing stronger gels more quickly through the addition of horseradish peroxidase and the use of lasers to provide illumination instead of LEDs will also
be investigated.
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7.4

Materials & Methods

Silk fibroin protein was isolated from silkworm cocoons as described previously
[35]. Briefly, cocoons were boiled in a 0.02 M sodium carbonate solution
to remove the glue-like serecin protein that holds the cocoon together. The
resulting fibroin was dissolved in 9.3 M lithium bromide, and dialyzed against
deionized water for 72 hours. All silk used in rhemoetry was lyophilized and
subsequently redissolved to a concentration of 6% (wt/wt) in either deionized
or deuterated water.
Rheometry: The evolution of the cross-linking process was monitored by
allowing samples to gel on a TA Instruments ARES-LS2 rheometer (TA Instruments, New Castle, DE). Samples were analyzed in a parallel plate configuration with a quartz top plate and stainless steel base that was maintained at
37 degrees Celsius throughout testing. Illumination was provided by 3, 450 nm
LEDs providing 18.7 mW/cm2 of light to the sample (Figure 7.1). Light from
the LEDs passed through the top plate allowing the evolution of crosslinking
to be measured in real time.
Statistics: Rheological measurements of different experimental treatments
were found to have unequal variances by Bartlett’s Test and the Fligner-Killeen
test indicating that an analysis of variance (ANOVA) would be unreliable.
Subsequent log-transformation of the data yielded approximately equal variance between the two groups (Bartlett’s test p-value = 0.96). A one-way
ANOVA was conducted on the log-transformed data and significance between
groups was assessed with Tukey’s post-hoc test.
Preliminary rheometer measurements were undertaken to find an optimum concentration of riboflavin. Highly soluble riboflavin 5’-monophosphate
(FMN) was used to allow for the testing of a range of concentrations. Solutions of 0.2 mM, 2 mM, and 20 mM were tested on the rheometer as described
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above and it was found that 2 mM yielded the fastest cross-linking (Figure
7.11). This concentration similar to the concentration of riboflavin used clinically for corneal crosslinking treatments (2.66 mM) [15].
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Figure 7.11: Optimizing riboflavin concentration. Top: plot showing evolution
of stiffness of silk solutions containing various concentrations of riboflavin.
Bottom: Numerical derivative of top plot showing that the steady-state rate
of gelation is highest at a concentration of 2 mM.
Dityrosine fluorescence: Riboflavin and water were added to a silk fibroin
solution to a concentration of 5% (wt/wt) silk and 2 mM riboflavin. A control
solution of 5% silk was also prepared without riboflavin. 50 µL of either the
riboflavin or control solution was pipetted into an opaque 96-well plate. Wells
were exposed to light for 0, 20, 40, or 60 minutes. Shadowing from the walls of
the well make it difficult to estimate the total light exposure over this period.
Half of the riboflavin containing gels were rinsed in deionized water over the
next 48 hours. Following rinsing, fluorescence spectra were collected of all
wells using a Spectramax M2 (Molecular Devices, Sunnyvale, CA) micro-plate
fluorescence spectrometer. Excitation wavelengths of 310 nm and 450 nm were
used to look for dityrosine and riboflavin fluorescence respectively.
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Photolithography: A mylar photomask with a United States Air Force resolution test pattern was obtained from Advance Reproductions (North Andover,
MA). Silk solution with riboflavin was drop cast onto a glass slide and manually spread into a uniform layer. The photomask was placed 1 mm above the
surface of the liquid solution and 15 J/cm2 of light provided from above. Following illumination, the glass slide was placed in deionized water and agitated
gently for 5 minutes. The slide was removed from the water and allowed to
dry for 12 hours prior to imaging.
Corneal adhesion: Riboflavin and SOD impregnated silk films along with
silk and SOD films without riboflavin were prepared by mixing the components
with liquid silk solution. Riboflavin was added to a concentration of 0.2 mM
and SOD added at a concentration of 1.7 U/mL. Water was added to each
solution to bring the concentration of silk down to 6% (wt/wt). Fresh porcine
eyes were obtained from Animal Technologies (Tyler, TX). 25% ethanol was
applied to each eye to facilitate the removal of the corneal epithelium [36].
Loosened epithelium was fully removed by mechanical debridement with a
razor blade. Once the cornea was cleared of epithelium, a 1 cm diameter disk
of silk film was applied to the cornea. Eyes were then exposed to 15 J/cm2 of
450 nm light over 20 minutes. During illumination phosphate buffered saline
(PBS) was gently applied to the eye every 5 minutes to keep it moist. Samples
were imaged using optical coherence tomography (OCT) before application
to the eye, before illumination, after illumination, and following a vigorous
rinsing with 3 mL PBS. Eyes were fixed in formalin for sectioning and staining
with hemotoxylin and eosin. Silk thickness in the OCT images were measured
manually using ImageJ. For statistical analysis data were averaged across all
positions on the eyes. Separate multiple comparison tests were performed
at each time point. ANOVAs were performed on the dry film and pre-light
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time points followed by Tukey’s post-hoc test. After fitting, the residuals of
the post-light and post-wash time points were not normally distributed so the
non-parametric Kruskal-Wallis test was used. Differences between groups were
evaluated via Dunn’s test using the Holm p-value adjustment method.
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146

CHAPTER 7. SILK/RIBOFLAVIN

D. L. Kaplan, “Materials fabrication from Bombyx mori silk fibroin.,”
Nature protocols, vol. 6, pp. 1612–31, oct 2011.
[36] M. Griffith, W. B. Jackson, M. D. Lafontaine, G. Mintsioulis, P. Agapitos,
and W. Hodge, “Evaluation of current techniques of corneal epithelial
removal in hyperopic photorefractive keratectomy,” Journal of Cataract
& Refractive Surgery, vol. 24, no. 8, pp. 1070–1078, 1998.

147

Chapter 8
Conclusion & future directions
In this dissertation many ways in which light/matter interactions can be used
to sculpt silk fibroin were described as well as a method for using silk to
alter the propagation of light within biological tissue. This work presented
several techniques for shaping soft silk materials that allow high-resolution
patterning which would be impossible using conventional techniques. It was
shown that silk is uniquely suited for light-based processing for biomedical
applications due to its exceptional transparency, strength, and biocompatibility. In Chapter 3, the unexpectedly large multiphoton cross-section of silk
given its amino acid composition was shown. This surprising finding led to
the exploration three-dimensional photopatterning of silk fibroin. The large
multiphoton cross-section of silk enabled 810 nm light with modest peak intensity (∼ 100 MW/cm2 ) to be absorbed up to 1 cm below the surface of the
material and that this absorption of light led to the formation of a void. The
unprecedented depth at which features could be produced allowed large-scale
structures to be formed inside the gel without cumbersome and labor intensive
stacking steps. In Chapter 4, the mechanism by which voids were formed was
investigated. Here, the shape and size of the voids were accurately modeled
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using a finite element approach. Assuming Gaussian focusing and a purely 3photon absorption process, a map of the light intensity in both time and space
was produced, and the amount of energy absorbed during a typical laser exposure could be estimated at each location. A threshold energy absorption was
found such that, if the energy absorbed exceeded it, the location within the
gel would be denatured and become a void. Actual void measurements were
compared with simulated exposures and it was determined that this critical
energy was approximately 60 pJ/molecule. The model was able to accurately
predict void size and shape relying solely on scaling with the cube of intensity, suggesting that multiphoton absorption in silk at NIR wavelengths is a
purely 3-photon process. This finding supported the conclusions drawn in
Chapter 3. The model did not depend on pulse repetition rate implying that
accumulation of heat or other photoproducts were not primary mechanisms of
void formation. This model also proved useful for sweeping through various
parameters in silico and determining the conditions under which material removal was maximized. The most favorable conditions were long duration of
exposure to high energy pulses with the shortest possible pulse width. In the
range of wavelengths tested, 740 nm light was most efficiently absorbed by the
silk. The optimum spot size depended on pulse energy, with larger spots being
capable of removing more material when the pulse energy is high. However,
larger spots also tend to decrease the achievable axial resolution regardless of
pulse energy. In Chapter 5 a method for the formation of complex 3D voids
inside silk gels by translating the sample relative to the focus of the beam was
studied. By mounting the sample on a computer controlled 3-axis translation
stage moving at an average speed of ∼100 µm/s structures up to 400 µm in
diameter could be made in a practical amount of time. These features were
then used to guide cell growth and migration both in vitro and in vivo. It was
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verified that cells embedded within the hydrogel were able to survive irradiation with the ultrashort pulses of light provided they were not in the focal
volume of the beam. No other available modality allows pre-determined voids
to be formed within a solid substrate with such high resolution. This work is
an important first step toward high resolution pre-vascularization of artificial
organ constructs and fills a gap in current biocompatible manufacturing. In
Chapter 6 focus shifts from the paradigm of light being used to alter silk to the
framework of using silk to alter light. The high index of refraction and near
complete transparency of silk make it an attractive material for optical waveguides. By encapsulating a silk film (n≈1.54) inside a silk hydrogel (n≈1.34)
nearly complete confinement of light within the film was achieved. This work
has the potential to deliver high intensity light to targets deep within tissue to
increase the penetration of imaging modalities that rely on ballistically scattered photons such as optical coherence tomography, as well as light-based
therapies such as photodynamic therapy. Finally, Chapter 7 returned to the
theme of light being used to alter the structure of silk and showed how riboflavin could be used as a photoinitiator to crosslink silk via the formation of
dityrosine bonds when exposed to blue or ultraviolet light. It was also shown
how, using riboflavin, silk could be directly adhered to corneal collagen. This
bonding could provide a means to safely augment corneas which have been
affected by disease or injury.

8.1

Future Directions

In many instances, the work presented here is still in its infancy, with only
proof-of-concept of results shown. To translate these findings to clinical or
industrial use, further work must be undertaken. The ability to deterministi-
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cally pattern 3D voids within the hydrogel has implications for the creation of
artificial blood vessels. Future work will attempt to integrate these structures
with conventional microfluidic devices constructed from polydimethylsiloxane
(PDMS) or molded silk hydrogels [1]. In silk hydrogel microfluidics, laser micromachining could be used to add additional high resolution branches to the
structure to improve diffusion into the gel. It has already been shown that the
laser machining process is compatible with cell-laden hydrogels so this would
be an attractive application to increase the concentration of oxygen and nutrients available for encapsulated cells. The ability to use these structures in
artificial organ application also depends on the thrombogenic properties of the
material. Work towards epithelializing the laser produced channels would reduce the risk of clot and enable faster translation to the clinic. The ability to
pattern voids at the microscale fills a currently missing niche in 3D patterning of biomaterials. There are numerous techniques for generating large-scale
(∼5 mm) tubular structures, and using sacrificial substrates, random interconnected voids on the nano-scale can be produced. There is no other technique,
however, that can be used to create deterministic voids with resolutions approaching 1 micron within a large volume.
One of the main challenges of multiphoton processing is the cost of the
equipment. In order for multiphoton micromachining to be widely adopted by
the biomedical community it must be translated from the optical table to the
wet lab. To do so, the large solid-state laser used here must be replaced with a
small form factor fiber laser that won’t require regular alignment and tuning.
Current femtosecond fiber laser technology is available in the required wavelength range, pulse energy, and pulse width to achieve rapid micromachining
of silk hydrogels. Based on the laser and the lenses required, a reasonable
estimate for the cost of purchasing a system to be approximately $100,000.

151

CHAPTER 8. CONCLUSION & FUTURE DIRECTIONS

As technology improves, the peak intensities available will rise even as costs
fall. This trend will enable the production of multiphoton micromachining
workstations at a reasonable cost to labs around the world.
The speed of fabrication is also a major challenge. The work presented in
Chapter 4 described how the laser parameters could be tuned to maximize light
absorption, but adjustments to the optomechanical setup could also be made
to speed up the process. Depending on the resolution required, the XYZtranslation stage could be replaced with compact, high-speed galvanometer
driven mirrors. Scanning galvanometers allow for a relatively wide area to be
rapidly addressed, but the spot size is limited. For high-resolution applications
the use of a piezoelectric stage and an immersion objective would be ideal.
Although the depth of penetration would be limited in this case, it should
allow the production of 3D nanometer scale features. Nanostructured silk
hydrogels could be used to produce photonic crystals with point defects for
use as sensors or waveguides.
The final hurdle in the widespread use of multiphoton micromachining is
that relatively few labs have expertise in using silk. The discovery that tryptophan is responsible for the ease of multiphoton processing in silk fibroin
(Chapter 3) hints that the technique of multiphoton micromachining may be
extensible to other biocompatible materials. Keratin, a structural protein
like silk, contains tryptophan natively and is a promising target for multiphoton structuring. Other commonly used biomaterials (collagen, alginate,
poly(vinyl)-alcohol, etc.) have the potential to be chemically modified to include tryptophan to increase their multiphoton absorption cross-section. It
is likely that the addition of tryptophan would increase the ability of these
materials to be patterned using ultrashort pulses of light. Preliminary work
has already shown that alginate gels soaked in a tryptophan solution is much
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more amenable to laser modification than alginate soaked in water. The use of
tryptophan as a photoinitiator is almost surely safer than other photoinitiators
on the market enabling the use of photomodification in experiments that are
highly sensitive to toxins.
Using silk to alter the path of light through the body has tremendous implications for imaging and therapy of deep targets. Silk is excellent at stabilizing
labile compounds such as dyes, antibodies, and enzymes, all of which could
be easily incorporated into the silk optical waveguides. One possible avenue
of research would be to include carriers that release drugs when exposed to
certain wavelengths of light. A silk optical waveguide could be left behind
after surgery and used to watch for infection. If detected, a second wavelength of light could be used to release high concentration of antibiotics or
anti-inflammatory drugs directly to the site of the problem. Once healed, the
waveguide could be left behind to degrade naturally. In this case, the biggest
challenge is to reduce the amount of light lost in the waveguide. Currently,
much of the lost light appears to exit from the rough edges of the film. The
edges are rough because the PDMS mold used to create the waveguide was
not perfectly smooth. Using a smoother substrate would allow the silk films to
form without a jagged edge and should help keep the light confined to the film
until reaching the output facet. For in vivo use, the dimensions of the fiber
would ideally to be reduced to the smallest practical diameter. Silk has an
advantage over other polymers because even at very small diameters it remains
mechanically robust. Initial work casting the silk onto a Fresnel lens with ∼0.5
mm grooves yielded thin films capable of guiding light, but repeatability was a
challenge. As the dimensions are reduced, creation of a single mode waveguide
becomes a possibility. With a single mode guide, biocompatible fiber imaging bundles could be produced which would allow multichannel imaging and
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sensing, vastly increasing the waveguides’ utility.
Using riboflavin to photocrosslink silk also has potential for tissue engineering and other applications. As was shown in Chapter 7, the photoinitiator
can be used to adhere silk tightly to corneal collagen. This work has the potential to allow for low-cost, and nearly risk-free laser vision correction surgery.
Due to silk’s transparency, this adherence could also find application in a wide
variety of ophthalmologic scenarios. One potential application is in the treatment of corneal wounds. Current techniques involve the use of cyanoacrylate
glues [2]. However, these glues must be kept dry in order to cure requiring
the eye to be kept dry for an uncomfortably long 2-4 minutes. In addition,
cyanoacrylate glues are impermeable to fluids which can result in conjunctivitis [3]. The most commonly used alternative to cyanoacrylate is fibrin glues
which are derived from human blood. These glues provide a more permeable,
biocompatible seal but put patients at increased risk of transmission of viruses
from the blood donor. Fibrin glues are also weaker than cyanoacrylates. [4]
Adhesion of silk to the corneal surface with riboflavin and visible light could
provide a viable alternative to both cyanoacrylate and fibrin glues.
The two hurdles to implementation of silk/riboflavin gels in these applications are the speed of crosslinking, and the strength of the gel itself. To
improve the speed, silk films could be made with riboflavin, horseradish peroxidase (HRP), and superoxide dismutase (SOD). When applied to the eye a
dilute solution of hydrogen peroxide (H2 O2 ) could be dripped on top of the
film and simultaneously exposed to light. The riboflavin will help the silk
react with the collagen, forming a tight bond, and the HRP/H2 O2 could help
the silk crosslink to itself improving the strength of the material. Additional
research would need to be done to ensure that the low concentrations of peroxide needed to crosslink the gel are tolerated by the corneal epithelium. Since
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the mechanism for forming HRP gels and silk/riboflavin gels is essentially
the same, it should be possible to achieve gel strengths comparable to the
pure HRP gels which are strong enough to support native corneal pressure.
To further improve the speed of crosslinking, additional concentrations and
combinations of enzymes could be tested. In the work presented here only a
single concentration of SOD and HRP were used. It is possible that varying
the concentrations and ratios of these enzymes could yield faster crosslinking rates. The other way to improve the crosslinking speed is to increase the
amount of light incident on the gel. The use of a laser at a raking angle to the
cornea could provide required amount of light in a matter of seconds without
damaging the retina.
Another intriguing possibility for silk/riboflavin crosslinking is to use multiphoton absorption to drive the reaction. In Chapter 7 we showed how 2D
patterns could be generated using a photomask, but the confinement of light
absorption to the focal volume would allow the generation of 3D patterns
as well. Preliminary results suggest that multiphoton photocrosslinking is
possible (Figure 8.1). The use of riboflavin as a photoinitiator means that
only benign, biocompatible chemicals would be used in this technique making
it suitable for biomedical applications. Multiphoton photocrosslinking could
also be combined with multiphoton micromachining in which riboflavin gels
could be cross-linked and ablated with the same laser. The major hurdles
that would need to be overcome for this technique to be practical are the adherence of the silk to the substrate and the speed of the reaction. In early
trials it was difficult to reliably adhere the crosslinked silk to the substrate.
Careful choice of substrate materials and possibly chemical modifications to
the substrate might be necessary. To increase the speed of the reaction higher
light intensities could be used. One way this could be accomplished would be
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to use amplified femtosecond pulses. This would potentially allow single-shot
crosslinking near the surface, but issues of self-focusing would arise at greater
crosslinking depths. If these issues could be overcome the use of riboflavin
as a photoinitiator to crosslink silk could provide a biocompatible, mask-free,
rapid prototyping system with very high resolution and extreme flexibility.

Figure 8.1: Fluorescence image of riboflavin photocrosslinked with ultrashort
pulses of NIR light. Bright dots indicate the presence of riboflavin only in the
regions exposed to light.
Light is a unique tool for the structuring of materials. Given sufficient
intensity, nearly all materials can be affected by light making it extremely versatile. It is also relatively easy to control with the wide availability of turnkey
laser systems and diffraction-limited lenses. Light offers extremely high spatial resolution. Whether utilizing deep UV lithography for patterning silicon
wafers on the nanometer scale, or taking advantage of nonlinear optical effects
to reduce the volume of light/matter interaction, the precision with which
light can be controlled is unparalleled. Processing via light is also very gentle
typically requiring no physical contact. This allows even soft, fragile materials
to be patterned or shaped using light without collateral damage. As discussed
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in Chapter 1, the use of light for processing materials in biomedicine is gaining
popularity with dozens of new applications and technologies appearing each
year.
As noted throughout this dissertation, silk fibroin is a fantastic material for
biomedical applications, and it particularly well suited to light-driven processing: it is exceptionally transparent, extremely strong, can support cell growth,
and is uniquely amenable to multiphoton absorption. The use of light to modify silk, and silk to modify light, hold great promise for the future diagnosis
and treatment of disease.
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Appendix A
Model feature
getFeature3s = function(Pow,repRate,pWidth, sSize,
lambda,conc,mu,d,time,r,z,Ec,shape=’sech2’){
#Function to calculate void location at all points in space

#Pow is power in Watts
#repRate is the pulse repetition frequency in Hz
#pWidth is pulse FWHM in femtoseconds
#sSize is the FWHM spot size in microns
#lambda is the wavelength in nanometers
#mu is the depth dependent exponential coefficient (1/mm)
#d is the depth in mm
#r is the mesh of radial points in microns
#z is the mesh of axial points in microns
#NB: Mesh is assumed to include only positive values for r and z due to
symmetry

require(reshape2)

dz = z[2]-z[1] #Resolution in z-direction
dr= r[2]-r[1] #Resolution in r direction
fw1em = 1.699 * sSize #Conversion of FWHM to FW(1/e^2)M
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w0 = .5* fw1em #Beam radius HW(1/e^2)M (micron)
zR = (pi*w0^2)/(lambda/1000) #Rayleigh range (micron)
Ep = Pow/repRate #J Energy of the pulse
pWidths=pWidth*1e-15 #Converting fs to seconds

#For gaussian pulse shape
if (shape==’gaussian’){
a= .94*(Ep/pWidths) #Peak power (W)
c= pWidths/(2*sqrt(2*log(2))) #The standard deviation of the Gaussian
#P(t) = a*exp((t^2)/(c^2))
tDep=a^3*c*sqrt((2*pi)/3) #Integral of P(t)^3 from -infty to infty
(gaussian)
}
#For sech^2 pulse shape
else if (shape == ’sech2’){
a= .88*(Ep/pWidths) #Peak power (W) also the height of the simulated
pulse
b= 1.76/pWidths #The width term of the sech^2
#P(t) = a * sech^2(b*t)
tDep=a^3*16/(15*b) #Integral of P(t)^3 from -infty to infty (sech^2)
}
else{
stop(’Pulse shape not recognized.’)
}

wz = w0*sqrt(1+(z/zR)^2) #Beam width as a function of z

voxVolume = 2*pi*r*dr*dz #Volume of a voxel (um^3)
voxMass = voxVolume * 1e-12 * conc/100 #Mass of a voxel (g)(1 cubic
micron is 1e-12 mL)
sfMass = 55000 #Molar mass of 60mb silk (Wray2011) g/mole
molPerMole = 6.02e23 #molecules/mole Avagadro’s number
massPerMolecule = sfMass/molPerMole #g/molecule
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molPerVox = voxMass/massPerMolecule #molecules/voxel
molPerum3 = molPerVox/voxVolume #molecule/um^3

ener = matrix(0,length(z), length(r)) #Pre-allocating space for
intensity map
sig=8.6e-77 *1e24#um^6s^2/ph^2 Molecular 3PA cross-section of 60 mb silk
(Applegate2013)
sp_l = 3e8 #m/s speed of light
h=6.63e-34 #W s^2 Planck’s constant

Eph = (h*sp_l)/(lambda*1e-9) #Photon Energy J/photon
sig_W = sig / Eph^2 #Conversion of Photon^2 to W^2 (um^6/W^2)

############Scales sigma based on wavelength (empirically
derived)####################
lams=c(740,750,770,780,790,800,810,820,830,840,860,880) #Wavlengths
measured
vols=c(4.15, 4.2, 1.55, .9, 0.72, 0.45, 1.00, .95, .38, .45,
.37, .3) #Volumes measured at the various wavelengths normalized
to the value at 810 nm
thisLam = as.numeric(approx(lams,vols,xout=lambda,rule=2)$y) #Estimate
the absorption of this sample
###################################################

#Calculate the amount of absorbed energy at each location
for (thisR in seq(1:length(r))) { #Iterate over r-locations
ener[,thisR] = 8/(wz^6*pi^3)*exp((-6*r[thisR]^2)/(wz^2))* #Space
dependent intensity^3 (vector)
exp(-3*mu*d)* #Reduced intensity due to depth below surface cubed
(number)
tDep* #Integral of P(t)^3 (number)
sig_W*mean(molPerum3,na.rm=T)*thisLam*2*pi*r[thisR]*dr*dz* #Energy
absorbed/pulse around the whole ring
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time*repRate #number of pulses
}
#Reshape the matrix for easier plotting and calculations
ener=t(ener)
#Set r and z locations as columns instead of indices
longEner=melt(ener,id.vars=c("r","z"))
names(longEner)=c(’r’,’z’,’Energy’)
#Calculate threshold value (molPerVox is a vector that repeats as needed)
longEner$Threshold = Ec*molPerVox
#Test whether critical energy is exceeded
longEner$Void = longEner$Energy > longEner$Threshold
#Recast r and z as indices
fMap=acast(longEner,r~z,value.var="Void") #Map of void region

#Calculate the volume of the feature -- assumes no holes in feature
fCoords=which(fMap==1, arr.ind=T) #Indicies of array
if (dim(fCoords)[1] != 0){
fdf = data.frame(rows=fCoords[,1],cols=fCoords[,2])
wfdf = dcast(fdf,cols ~ rows,value.var="cols") #Wide feature data frame
wfdf = !is.na(wfdf) #Binarize
#At each R location, sum the total number of void pixels -- this is the
radius of the void
rvec = (apply(wfdf, 1, sum)-2)*dr #micron

fvol=sum(pi*rvec^2*dz) #Numerical integration of stacked cylinders to
calculate volume
}
#If no void is produced
else{rvec = 0
fvol = 0
}
#Return stuff you might need
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getFeature3s =
list("Volume"=fvol*2,"energyMap"=ener,"featureMap"=fMap,"rLoc"=r,"zLoc"=z)

}
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Appendix B
ImageJ Macro
//Macro to automatically estimate the volume
//of removed material from yz phase contrast images
//First open the file you’d like to analyze

run("Set Scale...","distance=5.9 known=1 unit=um"); //For the 20x objective
run("Set Measurements...","area mean fit redirect=None decimal=3")

fTimes = 1.111 //Features are 11% brighter than background.
dir=getDirectory("image"); //Returns directory of current image
im=getTitle(); //Returns title of current image
short_name=split(im,’.’); //Strips the ’.tiff’ off the image name

//Mouse click flags
lmb_clicked=0;
lmb_released=0;

run("Smooth"); //Smooth the image

print("Select rectangle containing only background")
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setTool("rectangle");
run("Select None");

//Wait for user to select background area
while (lmb_clicked == 0 || lmb_released==0){
getCursorLoc(x,y,z,flags);
if(flags &16 != 0) {
lmb_clicked=1;
}
if(lmb_clicked == 1&&flags==0){
lmb_released=1;
}
wait(10);
}

\\Measure average background value
run("Measure");
mVal=round(getResult("Mean",(nResults-1)));

tVal = round(mVal*fTimes); \\Threshold must be integer

print(tVal); \\Output value (for debugging)

run("Rotate 90 Degrees Left"); \\Rotate image

setThreshold(tVal,4095); //Sets threshold

run("Convert to Mask"); //Make the image binary

//Analyze the particles in the image (only with low circularity) and add
to manager
run("Analyze Particles...", "size=25-Infinity circularity=0.00-.2
show=Outlines display");
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