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A new class of lasers has recently emerged: biolasers. Biolasers are sources of

stimulated emission suitable for tissue integration. They have begun to captivate

the scientific community due to their potential to harness the amplifying power of

stimulated emission for biosensing, cell tracking and tagging. The main goal of

this thesis is to fabricate a biocompatible random laser, study its properties and

demonstrate a proof of sensing.

Random lasers rely on multiple scattering to provide optical trapping necessary

for lasing. Nanostructuring promotes light confinement while the gain provides

light amplification. The lasing action is independent of the overall shape and in-

stead relies on the device’s internal porosity; it can therefore easily adapt to biolo-

gical media with the ability to withstand stretching, wetness and heat. Firstly we

address how engineering light-matter interaction with a single biocompatible ma-

terial can lead to increased light scattering and increased opaqueness. We demon-

strate simple fabrication techniques which allow the nanostructuring of biomater-

ials. The gain is studied by doping biomaterials such as proteins, polysaccharides

and silica and fabricating doped solid state whispering gallery mode laser. The

threshold is evaluated as well as the biocompatibility. The different fabrication

techniques are complementary and yield the first silk biocompatible random laser,

where the technique is not limited to this material. The lasing output is studied

in detail for different gain molecules. Miniature spherical random lasers are made

and studied in terms of the threshold size dependence. In simultaneous we take

on a different approach and develop macroporous lasers using freeze-drying. As

proof of principle we explore lasing as a mechanism for enhanced sensing, demon-

strating that bio-random lasing acts as a nonlinear sensor that switches off lasing

v



at high pH values, with a sensitivity ~100 times larger than its fluorescent coun-

terpart. Additionally we build a theoretical framework which clarifies the sensing

mechanism.

The combination of a natural biopolymer and random lasing offers the oppor-

tunity for integration of a laser sensor within living tissue, opening a new path at

the interface between nanophotonics and medicine.
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Isaac Newton. Letter from Sir Isaac Newton to Robert Hooke 1675.
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When light interacts with matter it can be scattered and absobed by the materials.

In the absence of absorption the scattering event alters the k of light without chan-

ging the energy, this is called elastic scattering. According to the relative ratio of

the scatterer size and the wavelength of light � there are two scattering regimes we

can discuss when considering elastic scattering. Rayleigh scattering occurs for small

particles whose size is much smaller than the wavelength of light (� � a). The light

is isotopically and elastically scattered and its intensity is inversely proportional to

�4, this is the well known reason for the sky being blue. Sunlight is scattered from

molecules in the atmosphere and given the dependence on � shorter wavelengths

are scattered significantly more, giving the observer the impression that the sky is

blue. Instead, Mie scattering occurs for particles whose size is comparable to the

wavelength of incident light (� � a), such as the scattering which occurs in clouds

and brings about their white and non-transparent traits.
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Figure 1.1: Differential cross-section of a Mie sphere. Logarithmic plot of the scattering
cross-section of a Mie sphere in air of d = 1.28�m and refractive index nsphere =
1.5 in direction �= 0o (blue map) and � = 0o (pink map)

The regime in which light interacts only once with a scatterer is called single scattering. We

will focus on single scattering of light from dielectric spheres where exact solutions have

been obtained. To do so we will base calculations on Mie theory, developed by Gustav Mie

in 1908 [1, 2], derived from Maxwell’s electromagnetic theory.

We calculate the scattering cross section by using Mie theory in the approximation of

independent scatterers. Mie theory as well as the independent scattering approximation has

been used extensively and is described in the following references [2, 3] and developed for

the work of Dr. Michele Gaio [4]. The following scattering map for a spherical particle

of d = 1.28 �m, nsphere = 1.5 and incident wavelength �0 = 532 nm was obtained and is

plotted in Figure 1.1 for � = 0o (blue map) and � = 0o (pink map) in logarithmic scale.

Here � is defined as the angle between x and y axis, while � is the angle between z and y

axis. Due to their size, Mie scattering objects can sustain optical resonances as evidenced

in Figure 1.1. In Mie scattering the polarisability depends on the k -vectors and has a very

complex function, as a result the scattering is more pronounced in the forward direction,

as the forward scattering (0o) is larger than in other directions, this feature increases with

the particles size [2].
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1 Light interaction with matter

ing dielectric function, also called a disordered media, light is scattered multiple times.

Straight or ballistic propagation cannot on their own accurately describe the multiple scat-

tering of light, depicted in Figure 1.3. Instead light propagation is analogous to the Brownian

motion of particles in a liquid [9]. Light undergoes a random walk [10, 11] and can be ac-

curately described as a diffusion process. For example paper is composed of randomly

oriented fibres made of cellulose, these fibres are not completely compact. Due to the re-

fractive index variation the light impinged on the surface is scattered numerous times and

emerges from the material conserving the colour of the incident light, therefore a diffus-

ive medium such as paper appears white in the absence of selective absorption. Recently

white beetles were uncovered to have naturally occurring strongly scattering disordered

structures in their scales to obtain an exceptionally bright whiteness [12, 13]. In fact most

opaque materials owe their colour to multiple light scattering. Unlike structural colour

found in most beetles as seen in reference [14], there is no evidence of periodicity.

Below we will briefly review the standard diffusion model used to quantitatively describe

light transport in an isotropic random dielectric medium.

Figure 1.3: Multiple scattering ray picture. The grey spheroid represent the scatter-
ing centres, the different coloured beams represent different paths light could
travel: multiple scattering of light.

 !"! #$% &'()*'+, -../+0'1-2'+,

The solution to the Maxwell’s equation for multiple scattering of light is very complex due

to the shear number of scatterers. The simplest approach to model light transport, where
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1 Light interaction with matter

multiple scattering occurs, is the diffusion approximation [9, 11, 15]. This is achieved by

imposing light continuity I(r , t) and, as an approximation, disregarding interference ef-

fects. In general, diffusive models are very appropriate for light propagation in clouds,

foams, bones, paint, and the structures discussed here. One of the key parameters is the

scattering mean free path ‘s, which is defined as the average distance between two scatter-

ing events and is given by:

‘s =
1

np�sc

(1.2)

This quantity is related to the probability of a single scattering event, the scattering cross

section: �sc , given by the integral of the differential scattering cross section:

�sc =
�

4�

d�(� , �)
d


d
 (1.3)

The total probability is given by the product of �sc and np; the density of scatterers.

The differential cross section in equation 1.3 is given by:

d�
d


(
!"
k0 , !"�0 ;

!"
k , !"� ) =

a2 Is(
!"
k , !"� )

I0(
!"
k0 , !"�0)

(1.4)

Where !"�0 , !"� and
!"
k0 ,

!"
k , are the polarisation vectors and the wave vectors of the in-

cident and scattered radiation respectively. Mie solution can be calculated explicitly from

equation 1.4 and reduces to the Rayleigh scattering by using the Born approximation in the

limit � � a [2]. The equation 1.4 becomes:

d�
d


(� ) =
k4a6

2
j

�r ! 1

�r + 2
j2 (1 + cos2 � ) (1.5)

Another characteristic length relevant in the multiple scattering regime is the transport

mean free path ‘t which describes non-isotropic scattering such as the one illustrated in

Figure 1.1. ‘t defines the average distance after which the propagation of the photon is

completely randomised, or defined alternatively as when the intensity distribution becomes

isotropic. ‘t is related to ‘s by the following expression:

‘t =
‘s

1 ! g
(1.6)

5



1 Light interaction with matter

where g = hcos � i is the average cosine of the scattering angle. For isotropic scattering the

correction term is g = 0 and ‘t = ‘s. For non-isotropic scattering g > 0 and for a spherical

particle g can be extracted from Mie theory.

The propagation of light in a disordered media is given by the diffusion equation:

S(r , t) +
@ I(r , t)

@ t
= Dr2 I(r , t) ! �vE I(r , t) (1.7)

where I(r , t) is the radiation’s intensity, D is the diffusion constant and is equal to: D = ‘s vE

3 ,

S(r , t) describes the light source � = 1=‘a is the reciprocal of the absorption length. ‘a refers

to the diffusive path length over which the intensity is attenuated by a factor of e and vE

is the energy velocity within the medium [15]. vE is a quantity that describes the light

transport in a diffusive media, in presence of strong resonances the energy velocity can be

drastically altered [15, 16].

The majority of the absorbing materials attenuate light exponentially and satisfy the

Lambert-Beer Law:

I(�) = I0(�)e!�abs(�)C L (1.8)

where �abs is the absorption cross section and can be expressed as in equation (1.2) but now

in function of the number of absorbers and ‘a, C is the concentration of the absorbers, L is

the sample thickness, I0 is the incident light intensity and I is the intensity of transmitted

light both at a given wavelength �. ‘a is defined as [17]:

‘a =

v
t‘t‘i

3
(1.9)

where ‘i is the average distance light propagates ballistically in a homogeneous medium

before it is attenuated by a factor of e.

The diffusion approximation is valid if L � ‘t , where the sample thickness should

be large enough that many scattering events occur before the light exits the sample and

memory of previous scattering events is lost. ‘t is also taken to be larger than �, i.e.

k � ‘s � 1 where k is the light wave vector [16].
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ze ze

zp

z
L0

I(z)

Figure 1.4: Schematic plot of the light intensity vs. distance in a diffusive slab of

photonic glass. Adapted from [16]: The extrapolation length ze and the pen-
etration length zp are shown.

Many of the samples treated in this work have a slab like geometry, which imposes

certain boundary conditions on the diffusion approximation, illustrated in Figure 1.4. The

system is considered infinite in the x and y direction and finite between z = 0 and z = L.

A collimated beam is incident on the diffusive medium from the left, initially the light is

ballistic and is dictated by the Lambert beer equation (1.8) after which the propagation is

diffusive. A common assumption is to place z = 0 at the extrapolation length ze. This is

effectively represented by putting an exponential source or a delta function located at zp,

the penetration depth. The extrapolation length ze, can be understood as the point where

the light intensity is zero for a source inside the system.

The full solution of the stationary diffusion equation is obtained with boundary con-

ditions considered in Figure 1.4. Additionally the light source is approximated by a delta

function light source at zp. The solution is expressed as the total transmission of light,

defined as the total flux at z = L and normalised by the source, as follows:

T (L, �) ’
1

�ze

sinh
�
�

!
zp + ze

��
sinh (�ze)

sinh [� (L + 2ze)]
(1.10)

with:

ze =
1

2�
ln

�
1 + �z0

1 ! �z0

�
(1.11)

and:

z0 =
2
3

‘t(�)
�

1 + R

1 ! R

�
(1.12)
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1 Light interaction with matter

where R is the diffuse reflectivity of the sample. For a diffusive slab with filling fraction 0.55

and made with a typical biopolymer (n � 1.55) [18], R ’ 0.39 when m = npol ymer=nair = 1.29

[11, 19]. Figure 1.5 depicts the variation of the diffusive reflectivity as a function of the

refractive index mismatch. In the shaded region we have depicted the range which include

the polymers we will use throughout this thesis. From the lowest Bovine Serum Albuim

(BSA) n = 1.43 to silk fibroin n~1.55.

m
1 320 4

0.2

0.0

0.4

0.6

0.8

1.0

R

Figure 1.5: Reflectivity R as a function of refractive index mismatch, m = npol ymer=nmedium

where npol ymer is the refractive index of the matrix and nmedium is the refractive
index of the surrounding medium. The shaded region represents the polymers
ranging from refractive indices: 1.45 - 1.6 and filling fraction 0.55. Figure
adapted from [19].

Furthermore, for a slab like geometry, the parameters ze and zp are usually set to be

identical. In absence of absorption the solution can be simplified to:

T (L, �) ’
2z0

L + 2z0
(1.13)

In electronic transport, doubling the thickness of the conductor halves the transmission,

which is the Ohm’s law. Here according to the optical Ohm’s law [10, 20], the light trans-

mission though a diffusive slab is directly proportional to the transport mean free path ‘t ,

and inversely proportional to the slab thickness:

T (�) �
‘t

L
(1.14)

With static experimental measurements of the total light transmission through a given

slab with known thickness it is possible to obtain the absolute value of the transport mean

free path, within the limits where the diffusion approximation is valid [11, 16].
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For the scope of this thesis it is particularly useful to describe the transport of light in the

dilute scattering regime, where the diffusion approximation is no longer valid, L � ‘t [21].

The radiative transfer equation (RTE) applied to light transport is valid spanning over a

wide range of transport regimes, from the ballistic regime to the diffusive regime, while

ignoring the phase of light and interference [22, 23].

The radiative transfer equation (RTE) is a mathematical description of the propagation

of electromagnetic radiation through a medium in terms of the absorption, emission and

scattering [21]. It has been used in many fields including astrophysics [24, 25], nuclear

physics and bioimaging [26].

The basic quantity of RTE is the specific intensity L(r,u,t), from which the photon density

irradiated at point r, propagating along u direction at time t, and describes the evolution

in time and space of the averaged radiance, the energy flowing towards a given direction

and at a given position and time.

In a system which exhibits absorption and scattering the the radiance is given by:

1
c

@ L

@ t
(r,u,t) + u� rL (r,u,t) = !

�
� +

1

‘sc

�
L (r,u,t) +

1
‘sc4�

4��

0

p (u,v) L (r,u,t)d
 (1.15)

where p (u,v) describes the scattering angle. The solution of equation (1.15) describes the

spatial field correlation transport in random media and can be derived from the Maxwell

equations as well as from the Bethe-Salpter equation [27]. The solution converges to the

diffusion approximation when L � ‘t .
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Static measurements of the transport mean free path (‘t), defined in equation (1.6), are an

important measure of the scattering strength of a disordered material and can be estimated

experimentally in various ways. Photonic techniques such as coherent backscattering [28,

29] and total transmission of light [10, 30, 31] are commonly employed. In this thesis

we use an integrating sphere to estimate the ‘t of our samples. An integrating sphere

consists of a hollow cavity, where the interior is coated with a high diffusive material with

9
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no absorption. A white light source (e.g. tungsten lamp) is collimated and directed at

the sample surface at normal incidence. When shining light on a disordered medium, the

spatial in-homogeneity of the refractive index prohibits a straight-line propagation, forcing

the wave instead to scatter in all available directions. The light exiting the sample from the

bottom surface is collected by the integrating sphere.

The radiation introduced into the integrating sphere hits the reflective walls and is mul-

tiply scattered. After a number of reflections the radiation is dispersed uniformly. In this

manner the flux which exits the sample is collected by the detector and the integrated

intensity is proportional to the initial radiation exiting the sample.

SampleL

Spectrometer

Incident white light

Ba!e 

Figure 1.6: Schematic of an integrating sphere. White light is incident on a sample, dif-
fuses within the sample and the light which exits the back of the sample is col-
lected by the integrating sphere. The interior of the integrating sphere allows
light to be scattered with minimal losses until it is directed to the spectrometer
and acquired.

The light is then sent to a fibre which is coupled to a spectrometer. The baffle, illustrated

in Figure 1.6, is coated with the same material as the rest of the sphere and blocks the direct

incident light, preventing it from reaching the detector. The final intensity is normalised

by the intensity in absence of the disordered media and the transmission is extracted for

a given sample thickness and wavelength. The photonic Ohm’s law [10, 20] which is de-

scribed by the change in total transmission (T) as a function of the sample thickness (L),

is obtained via the stationary solution of the diffusion equation, equations 1.10 and 1.13

for transmission with and without absorption respectively [10, 16]. By measuring samples

10
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of different thickness spectrally and fitting the data points to equation 1.10 we can obtain

‘t . The sample is optically thick, therefore it is assumed that only diffusive light enters the

integrating sphere.

 !" #$%&'() *+,()( -**('.%/(* -* *0)$12%& *3-00()/12
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A dielectric sphere with a size comparable to the wavelength of light is a good building

block to create highly scattering systems. This simple polymer beads can self-assemble into

two opposing systems, an ordered arrangement called photonic crystal and a completely

random arrangement called a photonic glass.

5 µm 5 µm

a b

Figure 1.7: Photonic glass a) A photo of a fabricated photonic glass made with polystyrene
spheres. b) the respective SEM of the surface of the photonic glass.

Photonic crystals have a periodically varying dielectric functions �(r) which carry many

interesting properties for photonics, such as a photonic band gap where light of certain

wavelength are forbidden to propagate [32, 33], which are particularly useful for anti re-

flection coatings and waveguiding [34].

Photonic crystals made from monodisperse polymer microspheres can be understood

theoretically as the packing of hard spheres. The packing efficiency can be defined by the

ratio of particle volume with respect to the total volume; this is called the packing fraction

or filling fraction. For photonic crystals the densest regular packing of monodisperse hard

spheres is achieved for a face centred arrangement with a theoretical packing limit of 0.74

and void fraction of 0.26 [35, 36].
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Photonic glasses, on the other hand, have randomly varying �(r). Applications of this

technology range from coherent light backscattering,[28, 37] random lasing [9], strong

light localisation [38] and long-range intensity correlations [39]. The maximum packing

fraction for random hard spheres is theoretically predicted to be 0.64 [40, 41], lower than

that of photonic crystal for equal building blocks. An example of a photonic glass made with

monodisperse microsphere is illustrated in the picture in Figure 1.7a and the corresponding

scanning electron microscope (SEM) image is shown in Figure 1.7b [42].

Both arrangements can be accomplished by self-assembly of a colloidal suspension of

polymer spheres [43]. A colloid is defined as a two phase or more system where one is

composed of small particles, which can be between 1 nm and several microns in size and

are dispersed in a second substance. Their properties differ from bulk materials due to their

large surface to volume ratio. Here we are focusing on the self assembly of monodisperse

polystyrene (PS) beads between 200nm and 2�m, obtained via the Goodwin method [44],

giving rise to a negative surface charge of the particles.

 !"! #$%&'( )*+(+,$' -./00&0

Colloidal stability or lack thereof are the key to obtaining photonic crystals and photonic

glasses respectively. Specifically, vertical deposition method has been widely used to fab-

ricate 3D photonic crystals [45], although other methods yield similar results [46]. In this

technique a clean hydrophilisised microscope slide is placed in a container with the col-

loidal suspension. A meniscus is formed between the solution and the substrate, such that

the spheres are allowed to self assemble. In order to construct photonic glasses the ordered

assembly should be prevented; it is then necessary to force the flocculation of the spheres.

Flocculation is the process where colloids break their colloidal equilibrium and form clusters

of particles. For PS particles, once the cluster is large enough to fight the buoyancy forces

the cluster sediments, settling to the bottom of the container. As mentioned previously, the

spheres are negatively charged and therefore repel each other. Adding positive electrolytes

ensures the instability of the colloid by charge screening, in our case this is achieved by

adding an acid, hydrochloric acid (HCl), which dissociates in solution giving rise to the

charges necessary. The suppression of the repulsion potential leads to attractive van de

Waals forces between spheres [16], this step ensures a random packing of the spheres and

avoids the formation of an opal structure [43]. The typical filling fraction obtained for a

12
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photonic glass is 0.45-0.55 smaller than the theoretical limit of 0.64 [42]. Given the dis-

ordered nature of the photonic glass it appears white as seen in the picture in Figure 1.7.

The fabrication procedure for a photonic glass made with monodisperse polymer beads is

well documented [42, 43].
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Figure 1.8: Transport mean free path of photonic glasses. The photonic glasses are made
with Polystyrene beads of diameter d= 1270 nm. Experimental results obtain
from 5 photonic glasses of different thickness, full blue line. Theoretical cal-
culation of the transport mean free path is depicted by the full pink line, for
spheres of d= 1270 nm and refractive index nps = 1.6 using the single particle
approximation assuming a filling fraction of f = 0.55 assuming a 2% polydis-
persity of the polymer spheres used. In dashed pink is assuming the spheres are
monodisperse.

The transport mean free path of photonic glasses can be determined experimentally, us-

ing the integrating sphere and theoretically via the Mie theory in the independent particle

approximation. The results are plotted in Figure 1.8 where the blue line is the experiment-

ally obtained transport mean free path. The pink lines are the theoretical results, assuming

no polydispersity of the sphere (dashed curve) and assuming a polydispersity of 2% for

d= 1.27 �m (full curve), which is a realistic polydispersity of the colloidal spheres used

throughout this thesis. Since the building blocks are of spherical nature, Mie resonances

at certain wavelengths are observed illustrated in Figure 1.8. The minima in ‘t correspond

to the � of light which are more confined in the photonic glasses. The polydispersity of

microspheres leads to a change and a smearing of the resonances. The mismatch between
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the theoretical and the experimental resonances, is accredited to the independent scatter-

ing approximation. The approximation describes a single sphere in an effective refractive

index, in contrast to the packed photonic glass while also neglecting interference of light.

Additionally, the small underestimation of the transport mean free path is due to an over-

estimation of the thickness as PS spheres left a thin lining on the container after dying.

Similar results can be see in the following reference: [16].

Photonic glass Inverse 
photonic glass

Figure 1.9: Fabrication steps of an inverse photonic glass. The different fabrication
steps, from a conventional photonic glass containing PS beads to the inverse
photonic glass made solely out of polymer.
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Photonic glasses discussed previously rely on simple self-assembly of monodisperse poly-

mer spheres to yield highly scattering bodies with ‘t > 3 �m. The method is very simple

and cheap, but cannot easily be made with many types of biomaterials. To overcome this

bottleneck we use the photonic glasses made with polymer beads as a template to nano-

structure natural polymers. When successful, this leads a nanostructured biopolymer with

disordered air voids as illustrated in Figure 1.9. This assembly has been dubed inverse

photonic glass as what is left is the negative imprint of the photonic glass sphere assembly,

analogous to opals and inverse opals [47, 48]. Here the photonic crystals are infiltrated

with a polymer of choice followed by the selective etching of the monodisperse ordered

spheres. Fabrication of an inverse photonic glasses will be exploited in the next chapter.
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Figure 1.10: Theoretical transport mean free path calculated for air spheres in a poly-

mer matrix npol ymer = 1.6 at a filling fraction of f = 0.55 as a function of
wavelength (full red line) assuming polydispersity of 2% (dashed black line).

An inverse photonic glass containing spherical air voids of lower refractive index than

their surroundings is expected to provide less scattering and therefore a higher ‘t than

its direct counterpart. Employing the same calculation tools used to calculate the ‘t of a

photonic glass, we calculate the ‘t for an inverse photonic glass of an arbitrary polymer with

npol ymer = 1.55, without absorption, assuming a filling fraction of f = 0.55 and taking into

account a polydispersity of 2%. From these parameters we obtain an average ‘t over visible

wavelengths of � 4�m, plotted in Figure 1.10. In an inverse photonic glass assembly where

the interconnected holes have low refractive index and the surrounding refractive index is

higher, Mie resonances are weak and scattering is reduced. Consequently, the resonant

modulation of ‘t is washed out and the average ‘t is larger as seen in Figure 1.10, when

compared to the highly resonant ‘t transport for a photonic glass, Figure 1.8. For equal

filling fraction and refractive index contrast the ‘t increases approximately 2 fold. Another

important parameter which can affect the ‘t is the packing of the spheres, well packed

spheres ( f = 0.55) yields a lower ‘t as illustrated in Figure 1.11. As mentioned before,

from the literature on photonic glasses we can expect a filling fraction f = 0.45!0.55 [42],

in this window the variation of the ‘t for both the direct photonic glass and its inverse is

small. This results from the definition of scattering in equation 1.2 where the density of
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scatterers is inversely proportional to the scattering mean free path.

10 20 30 40 50

�lling fraction (%)

0

5

10

15

20

Tr
an

sp
or

t 
m

ea
n 

fr
ee

 p
at

h 
(µ

m
) Direct

Inverse 

Figure 1.11: Filling fraction and transport properties of direct and inverse photonic

glasses. The relation of the filling fraction and the transport mean free path
for direct photonic glass (Blue line) and the inverse photonic glass (Pink line)
for nmedia = 1.55 , � = 600 nm and size of spheres and voids d = 1.27�m.
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Lasers are devices which generate and amplify light radiation by stimulated emission. Light

originating from a laser has remarkable properties. Generally the beam is directional, has

large spectral purity and high brightness. The first laser cavity was developed in 1960

[49], since then many other types of lasers have emerged, and its technology is still in

development today: nanowire lasers [50, 51], quantum cascade lasers [52], spasers [53,

54, 55] and Biolasers [56] continues to spark interest in the scientific community.

For the scope of this thesis, biolasers are of specific interest. We can define a biolaser as

a laser made from biological materials. They have the potential to produce new coherent

light sources, flexible and compatible with living tissue integration. Biocompatible lasers

are attracting attention for their potential to harness the amplifying power of stimulated

emission for biosensing and cell tagging and tracking [8]. Despite the different geomet-

ries and sizes, to operate effectively any lasers requires three essential elements, i) a laser

medium also known as the gain medium, which range from semiconducting crystals to

gas molecules, ii) a pump, a manner to excite the gain medium and iii) method of optical

trapping that allows the radiation to pass through the laser medium several times.
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Figure 1.12: Chemical structure of gain molecules. From the left, fluorescein, rhodamine
6G and rhodamine B.

Optical gain can be obtained from a variety of sources such as atoms (e.g. HeNe laser),

[57] molecules (e.g. CO2 laser) [58], dielectric solids (e.g. the Nd:YAG laser) [59], semi-

conductor materials such as perovskites [60] and organic molecules [61] such as rhodam-

ines. We focused on organic dyes as a source of gain, due to their compatibility with the

biopolymers used and their relatively low-toxicity.

Organic dyes have been employed as the gain media of dye lasers since their discov-

ery in the 1960s. Typically in liquid form, the laser dye was recirculated, reducing dye

photobleaching when compared to its solid state laser counterpart. Additionally dye lasers

often allowed a wavelength tuning range of 50 -100 nm [62]. Dye lasers have since then

been largely replaced by solid-state lasers, which can be smaller and much easier to operate.

However, recently organic dyes employed as gain have been used for several miniaturised

organic lasers and hold promise in biointegration, sensing, and lab-on-chip applications.

The gain molecules used throughout the scope of this thesis are depicted in Figure 1.12.

Sodium fluorescein, represented in Figure 1.12a, is a biocompatible laser dye used for dia-

gnostic purposes. For example fluorescein angiography is used to diagnose vascular dis-

orders in the human eye [63], for neurosurgery to detect cerebrospinal fluid leaks and to

identify ventricular septal defects in the heart [64]. Additionally in Figure 1.12 b is rhodam-

ine 6G (Rh6G), and in Figure 1.12c, rhodamine B (RhB), both are conventional laser dyes

[61]. RhB has been used to stain cells and used as a mitochondrial membrane potential

probe.

Spontaneous emission is the process in which the system spontaneously decays from

an excited state to a lower energy state by releasing energy in form of a photon [49].
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Fluorescence is a subset of spontaneous emission which stems from the absorption of a

photon to an excited quantum state and subsequent relaxation after a certain time and

emission of a photon. The time-lag between the absorption and emission of a photon is

called fluorescence lifetime (�).

In fluorescence, the spontaneous emission from the ensemble is broad like in spectral

emission and emerges randomly in all directions. Additionally, there is another downward

relaxation mechanism called nonradiative relaxation, whereby the energy is emitted as

phonons or heating rather than as electromagnetic radiation.

The quantum yield of fluorescence, �, is defined as the ratio of the total number of

emitted photons to the number of molecules promoted to the exited state and is given by:

� =
!r

!r + !nr

(1.16)

and fluorescence lifetime is given by:

� = (!r + !nr)
!1. (1.17)

where !r is the radiative decay rate and !nr is the non-radiative decay rate. The lifetime

of a molecule can be estimated from the Strickler-Berg equation found in reference [65].

The lifetime of organic molecules is typically of the order of a few ns, but can be as

short as 0.3 ns for Coumarine 6 and as long as 90 ns for Pyrene [66]. An example of

a fluorescence lifetime decay for a single Rh6G molecule in a polymer film is depicted in

Figure 1.13. This property is intrinsic to the chemical structure of the molecule as well as its

environment and therefore is a important tool to measure properties such as: temperature,

polarity, viscocity, voltage amongst many others [66].

Having introduced spontaneous decay we will now focus on stimulated transition, es-

sential for the function of lasers. Stimulated emission is a process where an incoming

photon interacts with an electron in the excited state, perturbing it and causing it to decay

to a lower energy state through the emission of a photon as illustrated in Figure 1.14. The

emitted photon is identical to the incident photon with respect to the polarisation, phase,

wavelength and direction.
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Figure 1.13: Fluorescence lifetime. Single molecule life-time of rhodamine 6G in a PVA
film.

Spontaneous emission probability is proportional to the population in the excited state

N2, while the probability is not influenced by the population of the lower states (N1 and N0

depicted in Figure 1.14). Conversely, this does not hold for stimulated emission since the

process which interacts with the excited state causing it to relax downwards can equally

cause it to transition upwards from a lower energy state, called stimulated absorption. For

a two-level system the probability of both transitions are identical. In order to have a net

stimulated emission, there has to be a condition of population inversion, in which more

fluorophores are in the excited state than in the ground state. A four-level lasing system

represented in Figure 1.14 is a realistic description of many lasers.

In this model a certain photon density Wp excites the fluorophores into a vibrational

levels of the excited state, where their population is represented by N3 and can accumulate.

They relax down to the lowest vibrational level of the singlet state via internal conversion.

Radiative transitions occur from level 2 to level 1, by spontaneous or stimulated emission

(We) into a upper vibrational state of the lower singlet state, which by internal conversion

can relax to the lowest vibrational state. Stimulated emission provides the gain of a laser, in

other words its ability to amplify light. A laser with molecular transitions can be described

by a simplified 4 level model [49] as follows:

@ N1

@ t
= �aN2Wev ! �eN1Wpv +

N2

�r

(1.18)

where N1 and N2 are the populations of energy levels 1 and 2 respectively, �a is the absorp-

tion cross section at the pump wavelength; �e is the stimulated emission cross section, v is

the velocity of light inside the medium. The gain molecules chosen have a large stimulated
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emission cross sections in the order of 10!22 m!2.
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Figure 1.14: Radiative and non-radiative transitions in a four level system. Straight
black arrows: radiative transitions. Dark blue arrows: incident radiation and
output radiation. Purple bars: population level.
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The optical trapping and consequent recirculation of photons in the gain media ensures that

enough amplification can take place to counter balance the losses incurred by the system.

This is conventionally achieved by cavities such as Fabry-Perot cavity illustrated in Figure

1.15.

 !"#$%&'#() *!+'#

A Fabry-Perot cavity is a resonant cavity for light composed of two planar parallel highly

reflecting mirrors where light bounces back a forth between the mirrors forming a standing

wave. The clearing between the mirrors is the gain region. Here, upon excitation there

is a non-zero probability that a small amount of spontaneous emission starts along the

axis of the device, schematically illustrated in Figure 1.15a. The signal is amplified as

the photons travel towards the mirror where they get reflected back and re-amplified as it

passes back through the gain media towards the second mirror and then again reflected.

When the gain outweighs the cavity losses it will eventually become a coherent oscillation;

this is dubbed the laser threshold. The interplay between the gain spectrum, represented

by the Gaussian profile in Figure 1.15b and the distance between the mirror dictates the

laser output schematically represented in Figure 1.15b in pink, while the reflectivity of the

mirrors impact the width of the peaks.
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where R1 and R2 represent the mirror reflectivities, g is the gain coefficient with dimensions

of inverse length.

One of the most important parameters to describe the performance of a resonator is the

quality factor, commonly know at the Q-factor defined as:

Q = 2�
Stored ener g y

Power loss
(1.23)

The Q-factor is a measure of the characteristic time for the decay of the energy stored in

the resonator in units of 2�, full field oscillations. Another way of writing the Q-factor is

by means of the ratio between the cavity resonant frequency ! and the full width at half

maximum (FWHM) of the peaks �!.

Q =
!

�!
(1.24)

Therefore, for larger Q-factor energy is stored inside the cavity for longer and the modes

sustained are fed with more energy than for an equal pump power.
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a b

Figure 1.16: Wave picture of light confinement in a microsphere resonator. a) Micro-
sphere cross section depicting WGM where high electric field intensity is de-
picted in red. b) Artistic construction of microsphere resonator illustrating
WGMs in orange, courtesy of Shelly James.

Fabry Perot resonators are commonly utilised as laser cavities in commercial lasers. In the

context of biolasers they have been used with cells to do lasing experiments with outlook

for intracellular sensing [67, 68, 69]. They have great potential for in-vitro sensing and
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on-chip sensing. However, for biolasing within the human body Fabry-perot cavities are

far from ideal as they are bulky, require toxic materials or materials which cannot degrade

naturally in tissues and are very susceptible to misalignment.
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Figure 1.17: Transverse electric (TE) and transverse magnetic (TM) polarised modes

in a WGM laser. a) TE and TM modes are identified for a typical laser WGM
laser plot. The free spectral range is shown for TE modes. b) Schematic of the
TE and TM mode in a WGM sphere.

Whispering gallery mode (WGM) lasers are micron-sized resonators with cylindrical

symmetry and optical gain. In this thesis we will address a class of WGM laser, microcavities

based on microspheres. Microsphere lasers benefit from small mode volumes, low losses,

they can be made with less toxic materials while still sustaining lasing at low threshold and

narrow linewidth with high Q-factors [70] without the need for mirrors. In order to achieve

a high light intensity in a cavity, strong confinement is required. In this type of resonator

the light is confined via total internal reflection as illustrated in Figure 1.16, along the

equatorial plane of the microsphere. Light within the microsphere has an evanescent tail

extending into the surrounding media enabling strong interaction between the light and

the objects in the cavity mode volume. For example in the presence of a gold nanorod,

microspheres have been shown to achieve single molecule sensitivity [6, 71]. Therefore,

WGM resonators are very suitable as laser cavities for low threshold lasing. Details of

different fabrication techniques, materials (solid and liquid) and different WGM geometries

is extensively covered in the following reviews[72, 73, 74].

Gain can be introduced in WGM microspheres by adding active materials such as organic
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molecules and Quantum dots in a host material. Polymers as host materials are an attractive

option for biocompatible gain molecules as many can be dissolved in the polymer host or

coated on the surface. Laser emission has been demonstrated in polymer microspheres

[75, 76, 77]. Recently they were engulfed by various types of cells and shown to lase

within a cell opening doors for cell tagging, tracking and inference of cellular internal stress

[8, 78].

Similar to Fabry-Perot cavities, WGM lasers also have resonance conditions instead de-

pending on the microsphere perimeter P and are as follows:

� (!) �
!Pn1

c
(1.25)

!m = m
2�c

Pn1
(1.26)

�! =
2�c

Pn1
(1.27)

A typical lasing spectra obtained from a polymer microsphere is illustrated in Figure 1.17

a. Two distinct polarisations can be supported in spherical resonator, transverse electric

(TE) and transverse magnetic (TM) polarised modes depicted in Figure 1.17 b.

For a given resonator there are several modes accessible. A mode is characterised by

its mode number which is approximately the number of wavelengths within the cavity.

While, for large systems the number of modes is very large, such that counting modes is

cumbersome, for microspheres of �m size instead a countable number of modes exists.

Another important parameter to characterise a microcavity is the Free spectral range

(FSR). FSR is defined as the wavelength or frequency spacing between a mode m and its

neighbouring mode m + 1 [73], exemplified in Figure 1.17a between two TE modes. FSR

is given by:

FSR =
�2

�n1D
(1.28)

where � is the resonant wavelength, n1 is the refractive index of the microsphere and D is

the spherical cavity diameter.

The positions of the microsphere’s resonances (TE and TM modes) can be matched to
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theoretical WGM values using the Lorenz-Mie calculations [79, 80], for a mode order p

which accounts for the number of modes along the radial direction and mode number m to

be:

�!1 =
1

�n1D

2

4m +
1
2

+ 2!1=3�(p)
�

m +
1
2

�1=3

!
L
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n 2
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5 (1.29)

where

L =

8
>>>>><

>>>>>:

nr for TE modes

1=nr for TM modes

and �(p) are the roots of the Airy function and the refractive index mismatch is given

by: nr = n1=nSwith ns denoting the surrounding media of the cavity.
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Figure 1.18: Artist illustration of a random laser. The light is multiple scattered between
the spheres in the gain medium in red. The lasing emission is isotropic.
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Laser emission is not limited to linear or circular resonators. When multiple scattering is

combined with a gain medium it is possible to observe lasing action in a process called ran-

dom lasing. Random lasers are cavity-less lasers, and instead use a disordered gain medium

to trap light and create favourable conditions for lasing, as schematically illustrated in Fig-

ure 1.18. The resulting light emission is isotropic and can fall short of the monochromatic

of high Q-factor lasers, but the threshold behaviour, the photon statistics and relaxation

oscillations are very similar to those of standard lasers [9].

Random lasing was first proposed theoretically in the late 1960s by Letokhov [81] and

then experimentally in 1994 by Lawandy and his colleagues from suspended nanoparticles

in a solution of laser dye [82]. Letokov argued that for diffusion with amplification, the

gain is proportional to the volume (� R3) while the losses related to the escape of photons

is proportional to its surface (�R2). Therefore, there is a critical volume or a critical length

(for a slab geometry) below which the losses exceeds the gain available and the system

cannot lase. The relations are dependent on the scattering and the gain and given by:

Vcr �
�

‘t‘g

3

� 3
2

(1.30)

Lcr = �

v
t‘t‘g

3
(1.31)

where

‘g =
1

np�e

(1.32)

While high-Q cavities favour lasing, their precise geometry limits the applications for

dynamic systems like living tissues. Instead, random lasing is emerging as a simple, robust,

and easy to integrate, source of stimulated radiation. Random lasing can be obtained in a

variety of media [83], including organic materials such as cellulose [84, 85], and biological

tissues [86, 87] and geometries such as: random fibre networks [88, 89, 90] and photonic

glasses [91, 92] as well as many others [93, 94, 95]. Moreover, it is not influenced by

the material’s overall shape but instead relies on its internal heterogeneity, therefore it can

easily adapt to biological media with the ability to withstand stretching, wetness, and heat.

Its form is naturally biocompatible.

Given the diversity of random lasers studied it is important to clarify what constitutes
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1 Light interaction with matter

as a random laser. Firstly, light must be multiply scattered in the random laser as a result of

the randomness of the material and amplified by stimulated emission. Secondly, the output

of the laser is characterised by a threshold owing to the multiple scattering, above which

the gain outweighs the losses [9].

As discussed before, the diffusion approximation is an accurate model for multiple scat-

tering. This approximation holds for diffusion with gain [4, 96, 97]. The diffusion equations

for typical experimental configurations are described in reference [4].

For a system of randomly varying refractive index, the gain is represented by a positive

imaginary part. Deriving from the limitations of the diffusion approximation, the model de-

scribed neglects the fact that for light rays in a random laser, when they undergo a random

walk, are subject to interference effects.

The optical gain is described by the stimulated emission cross-section �e, the absorption

cross-section �a and the excited lifetime �. The pump, Wp brings the gain to the excited

state labelled N1, while the total density of gain molecules is N and the emitted light is

given by W i . The equations are coupled to a four-level system described in equation 1.18.

The set of equations are the following:

@ N1

@ t
= �aWp [N ! N1] v !

X

i

�i
eW

iN1v !
N1

�r

(1.33)

@ Wp

@ t
= D

@ 2Wp

@ x2
! �aWp [N ! N1] v +

Ip

Is

(1.34)

@ W i

@ t
= D

@ 2Wi

@ x2
! �i

eW
iN1v +

� i

�
N1 (1.35)

The emitted light is discritised spectrally by �i . The typical laser output can be seen

in Figure 1.19a and 1.19b which plots the theoretical evolution of both the full width half

maximum (FWHM) and the peak intensity as a function of increased pump power, as well as

the spectral output below and above threshold. At low pump power fluorescence emission

is observed where the spectra is broad ~40 nm (blue open circles) and the peak intensity

grows linearly with increase pump power (dark red circles). At threshold a change in the

linearity of the peak intensity is observed. Above threshold stimulated emission is prevalent

and a subsequent narrowing of the FWHM occurs. The threshold behaviour constitutes and
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1 Light interaction with matter

the narrowing of the linewidth are two important proofs of lasing operation and important

indicators and terms of comparison of lasing efficiency.
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Figure 1.19: Solution of the random laser model. Assuming a solution of TiO2 particles
in ethanol with 1mM of RhB with ‘t = 1.5 �m and a pump duration of 6 ns.
a) The blue open circles represent the collapse of the FWHM from � 40 nm to
� 1 nm. The dark red full circles represent the evolution of the peak intensity
with increasing pump power. b) The spectra in below threshold (dark) and
above threshold (light) is depicted.

Given that the modes of a random laser are given by multiple scattering of light in a

random media, a diffusive random laser is spectrally distinct from a resonant cavity spectra

observed in Figure 1.15b.

For the quasi ballistic regime, where L � ‘t the transport of light cannot be described by

the diffusion equation, which diverges from the correct solution. Instead the transport of

light described by RTE holds valid. The RTE for random lasers is described in the following

reference [98]. We will use the solution for a 3D sphere one obtain the critical radius for the

laser threshold to describe the limiting volume of a spherical random laser [22, 99, 100].

For parameters ‘sc and ‘g the critical radius of a sphere can be calculated by solving:

tan (qRcr) =
2qRcr

2 ! q2Rcr‘g

(1.36)
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with

q2 =
3
‘g

�
1

‘sc

!
1
‘g

�
(1.37)

In Figure 1.20 shows the divergence of the diffusion solution from the RTE approxima-

tion, where lg is plotted as a function of lsc normalised by the critical radius for a spherical

particle.
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Figure 1.20: Comparison of the thresholds computed from different models. The blue
line is the diffusive threshold computed from equation (1.31). The red line is
the RTE threshold computed from equations (1.37)
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Lasing experiments are performed with the setup described in Figure 1.21 unless stated

otherwise. The main property of the setup is the excitation, which is a high energy density,

reaching powers up to few �J=mm2 per pulse (depending on the excitation area), required

to achieve population inversion and subsequently lasing.

Individual samples, in most cases microspheres, are pumped by the second harmonic of

a pulsed microchip Nd:YAG laser with excitation wavelength at 532 nm. The pulse time

width reported is 500 ps with a measured average energy per pulse of � 3.4 �J . Due

to the laser fluctuation coupled to fluctuations of the lasing process, particularly around

threshold, measurements are typically single pulse. The excitation energy is controlled via

an acousto-optic modulator (AOM) represented in Figure 1.21 in red. The AOM comprises

of a crystal where sound waves travelling through the crystal effectively create a grating of

refractive indices. The sound waves are voltage controlled (0 - 5V) and are generated by a

29



1 Light interaction with matter

 Laser 

AOM

Sample

Dichroic

Spectrometer 

objective

 L1

Figure 1.21: Custom built optical setup. Key elements of the setup are presented on the
schematic. The negative lens L1 is mounted on a rail and XY stage, allowing
the tuning of the spot size at the objective.

radio frequency given by the AOM driver. In practice this configurations allows us to achieve

up to 3 orders of magnitude control in energy density, further improved by either changing

the spot size to change the energy density, or decrease it by utilising neutral density filters.

Unlike a conventional microscope configuration, where the light is focused on the sample,

here the light exits the objective collimated with spot size ranging from 50 �m ! 170 �m in

diameter with the 40X air objective and 10X air objective respectively.

Collection takes place in reflection through the same objective used for excitation. Due

to the Stokes shift of the emission with respect to the excitation, a dichroic beam splitter

separates the pump from the emission. Furthermore, long-pass filters remove any residual

excitation light. The emission is directed to a low noise, high resolution spectrometer. A

Princeton Instruments Isoplane 320 spectrograph is employed, which supports 3 turrets

containing a mirror, a high resolution grating (small wavelength span) and low-resolution

grating (high wavelength span). The signal is collected on to a low noise CCD array. This

system allows the distinction of narrow lasing peaks, broad emitters as well as real plane

imaging and Fourier imaging. The maximum spectral resolution is 0.03 nm around 600 nm

for a slit width of 10 �m.
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Figure 1.22: Chemical structure of biomaterials: BSA, Cellulose and Pectin.

Biopolymers are promising building blocks for new generation devices with a huge variety

on offer. This class of polymers is produced by living organisms, from chitin in butterfly

wings [101] and arthropods exoskeletons, [102] to the collagen in lens arrays or in dermal

iridescences, to the keratin in bird claws, [103] among many others. Much effort is direc-

ted to re-engineering these green, readily available materials into technological platforms.

[48, 104, 105, 106] Our reasoning is to exploit a few of each class with intent to identify

which could pose as the best matrix for our gain molecules and the best structure over-

all. Our long term goal is to implant our optical devices in the human body. There are

many candidates available which can potentially reside in the human body or in contact

with tissue for the duration of the measurement and with low degrees of inflammatory

response, we will consider there polymers to be biocompatible, however studies into the

specific target areas of our optical devices have not been studied and true biocompatibility

is not accessed in this thesis. We exploited two classes of biopolymers: i) proteins and ii)

polysaccharides.

Proteins consist of a chain of amino acid residues, and they perform many biological

functions. There are two types of proteins, globular and fibrous. Globular proteins are

spherical in shape, and are mainly responsible for transport of vital nutrients. An example

of such a protein in Bovine Serum albumin (BSA) which is responsible for the transport

of biomolecular species such as lipids, hormones, metal cations and therapeutic drugs in

the blood stream and for the osmotic pressure maintenance in blood plasma [107]. The

structure is illustrated in Figure 1.22. A fibrous protein exploited was fibroin derived from

silk. Silks are synthesised by a variety of organisms, silkworms, spiders, scorpions, flies

and others, we use silk woven by the worm Bombyx Mori. Fibroin is a fully biocompatible
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protein and has many medical applications such as silk sutures [108] and silk screws [109]

for wound and bone healing [110, 111]. Silk is transparent at visible wavelengths and has

exceptional mechanical properties, in fact has been used extensively in photonics: holo-

graphic gratings [18], waveguides [112] and DFB lasers [113] have been obtained. The

advantage of using a protein such as silk, is that it can incorporate both organic and inor-

ganic compounds while maintaining their functionalities ranging from enzymes, antibodies

to quantum dots and dye molecules [114].

Polysaccharides instead consist of a repeating sugar units and most commonly they have

structural and storage functions. We exploited three polysaccharides: cellulose, pectin and

chitosan. Cellulose is one of the biomaterials we will exploit and is the most abundant bi-

opolymer on earth. Moreover, cellulose is a biodegradable, biocompatible, and renewable

natural polymer and hence it is considered an alternate to non-degradable fossil fuel-based

polymers. Cellulose is most commonly found in lignocellulosic materials in forest, where

wood pulp, illustrated in Figure 1.23a, is currently the most prevalent source [115]. How-

ever, a rich source of living organisms can synthesize cellulose, including Tunicates [116],

certain bacteria such as Komagataeibacter xylinus, [117] and algae [118]. Naturally cel-

lulose is synthesised in individual molecules, illustrated in Figure 1.23d, and individual

cellulose molecules are assembled into elementary fibrils. Packed together the fibrils make

up microfibrils, which in turn assemble in to cellulose fibres, such as the ones depicted in

Figure 1.23b.

~10 µm~100 µm ~100 nm sub-nm

Paper �bersWood pulp Nanocrystals Polymer chain

Figure 1.23: Cellulose from wood pulp to polymer chains. Size comparison between
the different forms that cellulose can adopt, from the wood pulp to molecular
cellulose.

Fibrils are composed of crystalline portions, where the atoms are in structural order,
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and amorphous sections. The crystalline elements can be isolated via acid hydrolysis. They

are called cellulose nanocrystals (CNCs) illustrated in Figure 1.23c, can be extracted and

suspended in water [119]. Chitosan is the most abundant derivative of Chitin, obtained

by the deacetylation of chitin in alkaline conditions. Chitin is the supporting material of

crustaceans and insects, like cellulose it is a structural polysaccharide [120]. Chitosan

has excellent properties such as biocompatibility, biodegradability and non-toxicity. [121]

Chitosan has antibacterial properties [122] and has been developed commercially for the

healing and treatment of wounds [123, 124, 125]. Pectin instead, is contained in the plant

cell walls of plants and is a gelling agent used in jams. Pectin is an important cell wall

polysaccharide that allows primary cell wall extension and plant growth.

All of the biomaterials mentioned are readily available and sourced naturally, they can

be solution processed and yield solid and transparent films. Therefore, they are good can-

didates for optical devices and lasers.
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• Chapter 2 exploits a co-deposition technique to obtain nanostructured biocompat-

ible materials, specifically cellulose nanocrystals. The light transport properties of

structured materials are studied in this chapter and compared to that of conventional

paper.

• Chapter 3 shows a technique to obtain solid state microsphere laser of various mate-

rials. In this chapter lasing emission from the micropsheres is obtained and charac-

terised. Additionally the microspheres are studied in biological media and cultured

with cells.

• In chapter 4 a biocompatible silk random laser is obtained. Lasing emission from silk

is achieved and characterised. The fabrication method is applied to other materials

and the random laser is made smaller. The size and threshold dependence of the

random lasers is studied. Lastly foams with gain are studied and characterised.

• Finally in chapter 5 sensing with silk random laser is shown, the sensing mechanism

is explained and the response is theoretically predicted.
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Cellulose fibres, such as the one extracted from cotton or wood-pulp, have been used

by humankind for hundreds of years to make textiles and paper. Cellulose is the most

abundant biopolymer on Earth, an almost inexhaustible material and a source of a

range of sustainable derivatives, such as cellulose nanocrystals.

Here we show how, by engineering light= matter interaction, we can optimise light

scattering using exclusively cellulose nanocrystals. The produced material is sustain-

able, biocompatible, and when compared to ordinary microfibre-based paper, it shows

enhanced scattering strength (×4), yielding a transport mean free path as low as

3.5  m in the visible light range. The experimental transport studies are in a good

agreement with the theoretical predictions obtained with a diffusive model for light

propagation. Furthermore we predict theoretically the conditions for maximal scat-

tering. I envisage an increase in contrast for paper based sensors as well as specialised

functionalisation not possible for non-crystalline cellulose; opening doors for sensor

improvement and development.
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Maximal scattering gives rise to a smaller transport mean free path (‘t) and more opacity

for a given L. In the context of random lasers this is equates to a smaller random laser

for a fixed gain length (‘g). Miniaturisation is essential for integration into cells and living

tissue. In this chapter we explore the structuring of cellulose in the absence of gain into an

inverse photonic glass paper and theoretically explore the optimum void size for increased

scattering.

With the term “paper” we include a large variety of cellulose-based composite materials

that find use in everyday life such as in packaging and printing. Recently, paper-based tech-

nologies have captivated increasing interest not only due to their applications in sensing

[126, 127, 128] and lasing [84], but also in 3D-cell scaffolding [129]. Cellulose can be

easily functionalised to produce materials with enhanced mechanical, optical, and chemi-

cal properties due to its intrinsic fibrillary morphology and consequent porosity. These new

materials are particularly attractive from an industrial point of view thanks to their low

production costs [130]. The main components of paper are cellulose fibres [131]. Natural

cellulose can be extracted from different sources: ranging from plants (such as wood pulp

or cotton) to bacteria, to invertebrates and some marine animals [119], nonetheless it is

consistently found to have fibrillar nature [132]. In paper-manufacturing process, moist

cellulose fibres extracted from natural sources are compressed together and dried. Printing

paper is opaque and white, where the thicknesses of the fibres and their packing density

determines the optical properties of the material and consequently its appearance [131].

Conventional fibres in paper are several tens of microns in diameter, and therefore, they

are not ideal to produce a strong scattering response. Visible light is more effectively scat-

tered in the condition where the particles are of the order of the wavelength (�) rather

than nanometer scale. To achieve this we use a smaller component of cellulose, cellulose

nanocrystals depicted in Figure 2.1, typically of the order of 100 nm in length and a few

nm in diameter. Due to their rigid nature, high aspect ratio and stiffness, highly porous

networks have only recently demonstrated in the form of foams [133, 134, 135] by freeze

drying (technique covered in section 4.4.1).

Here we show the first inverse photonic glass made soley of CNCs which enhanced the

scattering strength of the material. We aim to reduce packaging costs, eliminate the need
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for special coatings and bleaching as well as increase contrast in sensors, whist maintaining

the robustness and controllable surface chemistry [119, 136, 137].

 ! "#$%&'#(&)*

40 µm

400 nm

Figure 2.1: Diagram of the structure of a cellulose fibre. Cellulose fibre is composed
of fibrils (orange cylinder) with alternating crystalline (dark green rods) and
amorphous (light green spheres) sections. On the top, cellulose fibres used to
fabricate white paper is shown on the top SEM image. The bottom SEM image
shows the isolated crystalline portion of the cellulose fibril, cellulose nanocrys-
tals.

Bulk cellulose, as many other natural polymers, is transparent to visible wavelengths of light

[138], in the absence of absorption and dispersion the transport properties are dictated

by the shape of the interfaces. By creating a disordered structure of cellulose in air it

can become opaque. Nature cellulose does not occur as an isolated individual polymer

chain element, instead they can be found as fibrous units. An individual cellulose fibre,

illustrated in Figure 2.1 in beige and in the scanning electron microscope (SEM) image

on the right, is composed of fibrils, represented in orange in Figure 2.1. Subsequently

fibrils are made up of alternating crystalline and amorphous sections, dark green rods and

light green spheres respectively. The ordered regions, called cellulose nanocrystals (CNCs),

result from a tight packing of cellulose chains. Individual CNCs have needle/whisker like

geometries evidence in the bottom SEM in Figure2.1. Due to their appealing properties,
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2 Nanostructured Biomaterials for Scattering

such as nanoscale dimensions, high surface area and mechanical strength, amongst others,

CNCs are a promising material for reinforcing agents in nanocomposites [139] and our

material of choice to construct cellulose paper with improved light-matter interaction.
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The CNCs used throughout the thesis are commercially available from Forest Product Lab-

oratory Canada in powder form. These specific CNCs are extracted from wood-pulp via a

sulphuric acid treatment, leaving negative charged sulfate half-esters which are neutralised

with Na+ ions. The dimension of these crystals are around 5 nm in diameter and ranges

from 150 to 200 nm in length, but this can very according to the fabrication technique

used. The pH of the suspension is neutral, whereas the surface change is 278 ± 1 mmol/kg

estimated by conductometric titration [140].
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Figure 2.2: Transmission through an inverse photonic glass made of CNCs immersed

in toluene. Initially the beads and the cellulose are close to index matched,
the transmission decreases as the toluene dissolves the polystyrene beads and
leaves an increasing void of solution of lower refractive index. Once most of
the PS is dissolved the transmission flattens out.

Photonic glasses can be used as a template to implement disorder in a film of CNCs, similar

to fabrication procedures for inverse opals [47, 48]. Conventional methods are conducted

with the infiltration of the photonic glass with the polymer used. However, we find that a
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co-deposition of PS beads and CNCs in solution is successful and simpler. Given the size

of the individual CNCs with length up to 200 nm, infiltration would be difficult to achieve.

Lack of compactness of the CNCs would yield a brittle sample, as the hydrogen bonds

between CNCs would be weaker. At high filling fraction of the PS beads the gaps between

the spheres can be as small as tens of nm comparable to the CNCs building blocks used.

20 µm
2 µm

Figure 2.3: Cellulose inverse photonic glass morphology. SEM images of cellulose in-
verse photonic glass. On the left a large field of view highlights the randomness
of the packing and homogeneity of the sample. On the right a close up of the
sample which shows the interconnected voids.

A cellulose inverse photonic glass is fabricated using a templating technique that con-

sists in the co-deposition of monodisperse PS spheres and CNCs and subsequent chemical

etching of the PS spheres. Powdered CNCs are dissolved in deionised water using ultra-

sonication at room temperature to yield a 4 %wt CNC aqueous solution. The solution is

mixed with colloidal monodisperse polystyrene (PS) spheres of diameter d = 1.27�m (Mi-

cro particles GmbH), such that the dry weight ratio between CNCs and PS spheres is 2:3

respectively. This ensures a close and homogeneous packed system. The obtained suspen-

sion is then cast into a hollow Teflon cylinder attached to a glass substrate with PS. Prior

to this, the Teflon cylinder is immersed in a NaOH bath to improve the hydrophilicity of its

surfaces, while the glass is coated with PS to stabilize the film (to avoid cracking during

drying). The samples are kept in partially sealed containers and dried for 1-2 weeks in

a quasi-saturated water vapour atmosphere kept at a constant temperature (30oC). Such
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conditions allow a slow evaporation rate of the water in solution, this further improved the

film quality by avoiding cracking and de-lamination.

Once the sample is dry, the PS spheres are selectively etched in a bath of toluene for

approximately 3-9 hours, depending on the sample thickness (50 ! 500 �m). Toluene also

removes the PS coating from the glass substrate and separates the Teflon cylinder from

the glass; this facilitates the detachment of the sample, yielding a free-standing cellulose

inverse photonic glass, a nanostructured paper. The CNCs properties are unaffected by

the toluene bath [141, 142], as confirmed by the transmission experiments conducted for a

time span of over hours 10h, illustrated in Figure 2.2. No significant change in transmission

through the sample immersed in toluene is observed after the initial etching, over all visible

wavelengths. In the eventuality of damage to the cellulose, the scattering is expected to

decrease resulting in an increase in transmission, which is not observed in the etching

timescales.

1 cm1 cm

Micro��ber paper CNC paper
a b

Figure 2.4: Comparison of the opaqueness of conventional filter paper with CNC paper.

A microfiber paper 180 �m thickness is more translucid than a CNC inverse
photonic glass 100 �m thick.

After the drying process and etching, a cellulose inverse photonic glass is obtained, the

sample is placed in a fumehood overnight to ensure complete evaporation of toluene before

it is used for any experiments. SEM inspection reveals a random close-pack arrangement

of air voids in an CNC matrix, shown in Figure 2.3 made evident by the interconnected

voids of around 1.3 �m in diameter. Throughout the thesis samples imaged by SEM are

uncoated, unless stated otherwise. Optically there is lack of iridescence and enhanced

normal reflection made evident by Figure 2.4b.

The only observable change in the sample’s appearance is a minor reflection from the
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surface in contact with the glass i.e. where the cellulose layer is more compact. This

geometry is particularly convenient to optimise light-matter interaction because it provides

the right to balance between the size of the scattering elements (at the edge of the spherical

voids), and a high filling fraction. In addition, a photograph of one of the samples fabricated

is shown in Figure 2.4b (approximately 1.5cm in diameter and 100�m thick): the increased

opaqueness of the photonic glass paper is visible even by the naked eye, when compared

to conventional paper of similar thickness in in Figure 2.4a.

A close up of the a broken section of the sample is sputter coated with Au-Pd in illustrated

in Figure 2.5. The figure reveals the packing of CNCs within the inverse photonic glass.

Au-Pd prevents charging and allows high magnification imaging. The needle like geometry

of the CNCs is apparent, furthermore they tend to align surrounding where the polymer

spheres once were, analogous to the alignment of matches in a box which tend to align

parallel to each other when shaken. We hypothesise that the interaction between the CNCs

at high concentrations given the repulsion between CNCs is outweighed by the charges of

the polymer spheres deterring the transition to an aligned nematic phase as observed with

pure CNC films [143, 144, 145].

400 nm

1 µm

Figure 2.5: High magnification SEM image of the cellulose photonic glass. The whisker
like geometry of the CNCs which arrange in close-packing is visible. The sample
was sputter coated with a few nm of Au/Pd to prevent charging.
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The transport mean free path ‘t is a measure of the scattering within a diffusive media,

simultaneously it gives us an estimate of the minimum dimensions required for complete

scrambling of the light propagation and consequently the opaqueness of the media. In

the subsequent sections we will measure ‘t for both conventional filter paper and for the

inverse photonic glass paper obtained. Experiments will use an integrating sphere, method

described in the introduction.
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Figure 2.6: Transport mean free path of paper. a) Experimental results obtained from
1-10 stacked sheets of filter paper b) Example of the fit for � = 600 nm. In
red the fitted curve and in blue circles the effective thickness. c) an SEM of the
surface of the filter paper, depicting the disordered interwoven cellulose fibres.

The ‘t of conventional paper is typically of the order of � 20 �m measured in reference:

[12]. Here we characterise Whatman® filter paper, Grade 1 with a reported thickness of

180 �m confirmed by SEM inspection. To measure transmission for different paper thick-

ness, multiple sheets of paper were compressed together increasing the effective thickness.

The transmission spectra of cellulose fibre paper, averaged over 10 measurements, was fit-

ted with equation 1.10 for each wavelength, an example fit at � = 600 nm is shown in

Figure 2.6b. Each blue circle in is the transmission of n layers of filter paper at � = 600nm.
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For increasing thickness the effect of absorption induces an exponential dependence of the

inverse transmission T!1 on the slab thickness L, i.e.: T� e!‘a L in contrast to a linear de-

pendence of T� L!1 in absence of absorption. The exponential dependence follows the

Lambert-beer law in equation 1.8. In dark red is the result of the fit of equation 1.10 with

two free parameters: ‘t and ‘a.

We have used a multi-step fitting routine:

1. ‘t (�) and ‘a (�) were taken to be free parameters of the fit. Approximate value of

both for each wavelength were obtained;

2. We fix one of the parameters, for example ‘a (�), and allow the other, for example

‘t (�) to be the free parameter of the fit. This is done interchangeably until conver-

gence is achieved (after 4 iterations);

Additionally, to avoid the effect of stochastic noise and improve the convergence, the

fitted value from each wavelength was used the previous fitted value for �i(z0) as the

starting point of the next fit �i+1(z0). The measured ‘t ranges between 15 and 22 �m in

the visible spectra as depicted in Figure 2.6a, while ‘a is of the order of a millimetre. The

measured ‘t is an underestimation of the actual value. There are two competing effects:

the air gaps between the sheets and the reflection at the interface of each sheet. The air

gaps between the sheets are expected to increase the apparent ‘t , as the presence of the

air gaps increases the effective sample thickness, however the air gaps are estimated to be

less than 10% of the sample thickness. The reflection at each interface (about 40% for each

sheet), has a more pronounced effect on ‘t . It increases the total reflectivity thus lowering

the transmission and the measured ‘t . The error bars of the fit are represented by the

shaded regions in the plots.
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The measurement of ‘t in the case of the photonic glass paper was performed by compar-

ing six samples with different thicknesses in the range 100–400 �m. The thicknesses are

estimated by SEM inspection averaged over different points on the sample, to account for

possible variability of the thickness within the sample. An error of the mean was found to

be around 5%. The transmission spectra of the cellulose photonic glass was also averaged
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over different regions of the sample and a dispersion less than 5% is measured. Using the

same procedure depicted above, the data was fitted with Equation 1.13. As ‘a � L, lossless

Ohm’s law is valid, as shown in Figure 2.7b a typical fit at � = 600 nm, where the sample

transmission dependence on the slab thickness is linear, unlike for fibre paper. Therefore,

for simplicity and stability of the fit, we have chosen � = 0.
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Figure 2.7: Transport mean free path of CNC inverse photonic glass. a) Experimental results
obtained from 6 inverse photonic glasses of different thickness. b) Example of
the fit for � = 600 nm. In red the fitted curve and in blue circles the samples
each of a single thickness. c) a diagram of the structure measured.

Figure 2.7a shows the result of the fitting routine, ‘t obtained as a function of wave-

length. The statistical error of the fit is accredited to minor sample-to-sample variation and

is estimated to be less than 10%. The measured ‘t is in the range ‘t � 3 ! 7 �m for the

visible range of light, with very shallow resonances. The lack of resonances is expected,

as air voids in a higher refractive index matrix are poor resonators, in contrast with high

refractive index spheres which show appreciably stronger resonances [16].

The ‘t dependence on wavelength is corroborated by Mie theory, where confinement

increases towards shorter wavelengths, shown in Figure 2.8. The theoretical calculations

plotted are performed via Mie theory and independent scattering approximation of a sphere

of air in a cellulose matrix for d = 1.27 �m. Comparing to previous works [43] we expect
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2 Nanostructured Biomaterials for Scattering

the photonic glass paper to have a filling fraction around f = 50-55%, smaller than the

theoretical limit for hard-sphere random packing [10]. We take into account polydisper-

sity of 0%, 2% and 25% [2, 4], where 2% corresponds to the realistic polydispersity of

the PS spheres used and 25% corresponds to the effect of using a cheaper building block,

polydisperse spheres. Since the resonances are weak, they are unaffected by the small

polydispersity. For a 25% polydispersity we observe a complete flattening out of the al-

ready weak resonances. In the condition where the average sphere size is d = 1.27 �m we

do not expect a large change in the overall scattering of the device.

By characterising the scattering response of the CNC-based photonic glass we obtain a

scattering more than 400% stronger than for standard cellulose fibre paper. The experi-

mental results compare well with a diffusive model, as seen in Figure 2.8.
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Figure 2.8: Modelling experimental transport results for an inverse photonic glass.

Theoretical transport mean free path calculated for air spheres in cellulose
matrix ncel lulose = 1.55 at with filling fraction of f = 0.55 as a function of
wavelength (full red line) assuming polydispersity of 2% (dashed red line) and
assuming a polydispersity of 25% (dashed black line).
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We investigate the optimum void diameter for maximal scattering using the model de-

scribed in the introduction. Figure 2.9 plots ‘t for different void diameters (at � = 600nm),

both in the absence of polydispersity, at 2% polydispersity and with 25% polydispersity.

At small sphere size an abrupt increase of ‘t is observed. The polymer microspheres are
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2 Nanostructured Biomaterials for Scattering

less than half of the wavelength and therefore the scattering is much weaker, dictated by

Rayleigh scattering. At d = 250 nm, ‘t is at its lowest value, around ‘t � 1.3 �m. For

increasing diameter ‘t increases. PS spheres are cheaper and easier to produce than its

monodisperse counterpart, therefore we explore here the effect of polydispersity in the

templating matrix. Our calculations show that even for large polydispersity, as high as

25%, the average value of ‘t is unaffected, only the resonances are damped, as shown by

the dotted black line in figure 2.8 and 2.9. This of course requires the average size of the

spheres to be d = 1.27 �m.
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Figure 2.9: Theoretical scattering strength with different void diameter. Theoreti-
cal transport mean free path calculated for air spheres in cellulose matrix
ncel lulose = 1.55 and with a filling fraction of f = 0.55, as a function of dif-
ferent void diameters at � = 600 nm.

Although scattering may be increased by using smaller PS sphere to nanostructure the

CNCs, smaller CNCs than the ones used here are required to ensure maximal close-packing

of the sphere.
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Here we presented a highly scattering nanostructured CNCs paper with ‘t � 3 ! 7 �m.

The inverse photonic glass made of CNC scatters 4 times more than standard cellulose fi-

bre paper. By post-treatment of the film, or by adding other materials in suspension, the

properties of the produced photonic glass can be further improved in terms of mechani-
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cal properties and moisture resistance [146, 147, 148, 149]. Increased scattering implies

that the same visual contrast and whiteness can be achieved in a thinner sample. With

a simple theoretical model, we identify the optimum sphere diameter of about half the

light wavelength, for which the scattering strength can be maximized. Large scattering

strength allows for larger contrast in sensors, thinner paper, which would reduce coating

and packaging. Furthermore, nanophotonic enhanced paper offers the additional benefit of

large porosity together with increased light= matter interaction. This work builds towards

improving scattering in polymeric systems which can host dyes and lead to low threshold

random lasers.

Chitosan D��Glucose

Pectin

3
3

Pectin PVA

Figure 2.10: Inverse photonic glass of different biomaterials. Scanning electron images
of nanostructured Chitosan, D-Glucose, Pectin and PVA.

Future work on this material will require the fabrication of CNC inverse photonic glasses

using different PS sphere sizes to nanostructure the CNCs and obtain maximal scattering

given the large size of the CNCs. Chemical functionalisation of the CNCs is required to

make the paper more water resistant and more or less flexible considering the possible

applications.

This chapter presents a method to add and increase scattering to a transparent poly-
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mer with the intent of creating a platform for multiple scattering for random lasing. The

nanostructuring is not limited to CNCs and has been accomplished to date with many other

materials such as: Pectin, D-Glucose, chitosan, PVA, BSA, silk and silica. The prerequisite

for this fabrication method is that the biomaterial be water soluble and once dry be resis-

tant to the etching solvent, toluene. For example, cellulose in its molecular form was used

as a building block, and we found that selective etching of the spheres was not possible, as

molecular cellulose would dissolve at similar rates to the PS beads.

The inverse photonic glass structure of Pectin, D-Glucose, chitosan and PVA is depicted

in Figure 2.10, the other mentioned materials will be discussed in chapter 4.
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Biolasers obtained from biomaterials are attracting a wealth of interest for their

potential as future biosensors with enhanced sensitivity and advanced cell tracking.

Here, miniature biolasers are reported, which are formed by bovine serum albumin

(BSA) protein and biosourced polysaccharides derived from land plants such as cellu-

lose and pectin. Using a green processing route aided by simple emulsions, solid-state

microspheres with diameters of 5–300 µm are fabricated and utilised as whispering

gallery mode lasers with thresholds of a few �J=mm2 and quality (Q) factors of up

to 3000. Furthermore, BSA microlasers are found to be compatible with cell growth

and resistant to the aqueous environment of cell culture media. This environmentally

friendly and biocompatible design shows promise for future implantable biosensing

devices opening a path between laser science and medicine.
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Lasing in biocompatible materials has taken on many conventional lasing geometries. The

simplest form is the living cell laser where the gain, mutant Green fluorescent protein

(eGFP), was expressed by a living cell which was placed into a conventional high-Q mi-

crocavity. Other geometries have been used such as, distributed feedback gratings [113,

150, 151]; optofluidic lasers [152, 153]; microspheres [75]; microdisks [154] and in ran-

dom lasing in human tissue [86, 87, 155] as well as in other biomaterials [85]. Specifi-

cally, whispering galley mode (WGM) microsphere lasers have grown in significance to the

biosensing community since their integration into living cells [8, 78]. The microspheres

were employed as intracellular sensors, and cell tagging and tracking agents. The addition

of sodium chloride caused a wavelength shift by a change in refractive index of the cell’s

interior. Furthermore, the spectrum fluctuations spanning from the distortion of the cavity

are a measure of the internal stress of a cell [8]. Due to their intrinsically high quality fac-

tor and small mode volume, [156] there lies a great potential for the development of low

threshold microlasers and sensors [70, 72, 157].

In this chapter we will focus on the fabrication and characterisation of solid state WGM

microspheres. High Q-factor WGM lasers are made with versatile and simple fabrication

techniques. We will show that the technique is applicable to a variety of materials and

micron sizes (5 ! 300 �m) and uses inexpensive tools.

 !, -./&+*.%+'$ '0 123 4.56&5

Microspheres lasers made of biologically produced materials are of interest for implantable

biosensors as they are expected to offer excellent biocompatibility in medical applications

[85]. Here I will first address different classes of materials for biocompatible WGM lasers

addressing a simple multi-material fabrication technique, which yields high lasing quality

factors.

There are an abundant number of biomaterials which meet our immediate requirements

to constitute a spherical dielectric cavity capable of sustaining lasing. A few predicaments

are transparency, biocompatibility, stability during measurement but degradability over

time in biological media and facile fabrication. We chose a protein, Bovine serum albu-
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min (BSA), and two readily available polysaccharides, cellulose and pectin, all of which

are biocompatible and biodegradable materials. Their chemical structure can be found in

the first chapter in Figure 1.22. Specifically, these polysaccharides have recently picked up

considerable attention for the elaboration of a wide range of biomaterials and biocompati-

ble devices [158, 159, 160, 145] .

Here, we demonstrate a novel method for fabricating solid microresonators using bio-

material aqueous solutions.

 !"!# $%&'(%)*&+,'-,./ ),012+34%1% '21)56,2.

A substantial effort has been directed at minimising the laser size and developing fabrica-

tion techniques which use all-biocompatible materials. Liquid droplets, formed by surface

tension where first used an optical resonantor in 1977 [161]. Lasing was observed later in

fluid microdroplets with observed in organic dyes [162, 163, 164, 165, 80], quantum dots

[166] and nematic crystals [7, 167] and was recently acheived in a biocompatible setting

with cavities smaller than 40 �m [75]. Instead, solid-state all-biomaterial lasers have so

far been limited to millimetre-scale size, which is too large for practical integration with

living tissues and cells [78]. Here we will address a novel simple, yet versatile, technique

to produce miniature solid-state biolasers.

The fabrication of solid dye-doped biopolymer microspheres was developed in our group

by Duong Ta and myself. It is schematically shown in Figure 3.1. The biopolymers are

dissolved in deionised water with a lasing dye, rhodamine B (RhB) or sodium fluorescein.

The doped biopolymer solutions are aspirated into a micropipette which is then immersed

in a clean glass recipient containing uncured Polydimethylsiloxane (PDMS) resin (Base

of Sylgard 184 Silicon Elastomer, Dow Corning). PDMS is a very viscous material; it is

an inert, non-toxic, hydrophobic silicon-based organic polymer and immiscible with water

based solutions. PDMS sees applications ranging from contact lenses to medical devices

[168, 169]. By emulsion processing similar to previous work [77], the doped polymer

solution is dispersed in uncured PDMS. An emulsion implies the mixture of two or more

immiscible liquids, like water and oil, whereby if the solution is stabilised, it results in

the formation of droplets. Other examples of emulsions are milk and mayonnaise, which

gain their white colour from multiple scattering of suspended particles. They tend to need

emulsifiers, a stabilising agent, such as a surfactant. In this procedure, surfactants are
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3 Whispering gallery mode microsphere lasers

not necessary and the spheres are formed by a process called spontaneous emulsion. The

micropipette is dragged and a fibre like structure is drawn within the PDMS, illustrated in

Figure 3.1a. Water is a polar molecule with a partial positive and partial negative charge

which leads to high cohesive forces between its molecules in liquid state. It is responsible

for surface tension; the tendency of the surface to resist rupture [170], which is the reason

that insects such as the water strider have the ability to stay afloat on the surface of the

water.

Solvent
in

Mixture
out

Self-assembling Solidi cation

Etching

Drawing

PDMS

Ethyl!
acetate

DryingCleaning

a b c

d e f

Figure 3.1: Schematic diagram shows fabrication process of biomaterial microspheres.
a) A sharp tip containing doped polymer solution is immersed and subsequently
dragged in PDMS solution b) The fibre spontaneously splits into microspheres
of solution c) The PDMS is heated and the water evaporates, solidifying the
spheres d) The PDMS is removed by washing the spheres in ethyl acetate e)
The spheres are submerged in ethyl acetate to remove the PDMS entirely f) The
ethyl acetate is allowed to evaporate, leaving polymer microspheres.

The fibre breaks into smaller portions in order to minimise the surface area, seen in

Figure 3.1b. After less than a minute the droplets become spherical, an emulsion. The size

of the spheres can be reduced further by mechanically disrupting the aqueous biopolymer-

rich domains using a sharp needle, allowing for a wide range of sphere size, as illustrated in

Figure 3.2. Once the emulsion process stabilises, the droplets are stagnant over the duration

of the experiment and hover in the PDMS solution where no creaming or flocculation is

observed.
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The droplets were subsequently annealed on a hot plate at 100oC to induce dehydration

and subsequent solidification of the droplets; this is facilitated by the permeability of PDMS

to water vapour, which is accelerated at high temperature [169]. The annealing time was

tuned for each material and was found to be 10, 60, 90 min for complete solidification for

BSA, pectin, cellulose spheres respectively. The times were kept to a minimum to avoid

damaging the doping agents.

200 µm

200 µm

200 µm

Figure 3.2: Liquid doped biomaterial droplets in PDMS. Sizes range from 100 �m (top
figure) to 30 �m in diameter (bottom figure).

Finally, the obtained microspheres were separated from PDMS by washing in a relatively

green solvent: ethyl acetate. The spheres were irrigated in ethyl acetate several times until

the PDMS was visibly removed, subsequently they were left in ethyl acetate with manual

agitation to ensure the PDMS was completely removed, as illustrated in Figure 3.1d and

3.1e. As PDMS base resin is well dissolved in ethyl acetate [169] the solid spheres can be

easily separated from the liquid phase. Ethyl acetate has a relatively high vapour pressure

at ambient temperature; as a result, the evaporation of the remaining solvent was left to

proceed at room temperature for several hours in a fume hood prior to characterisation. It

is important to note that the PDMS not only helps to produce liquid droplets, but also allows

the formation of solid spheres. Generally, water droplets can be made using common oils,

but in that case it is very hard to evaporate the water and solidify the droplets to obtain solid

spheres; in contrast PDMS is water vapour permeable. The fabrication technique is flexible

and a variety of microspheres of different sizes can be produced by changing the droplet
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volume and density. To illustrate the flexibility of the fabrication, Figure 3.3c plots the size

distribution of 80 BSA spheres. The broad cavity size dispersion from 10 to 120 �m is a

result of the manual fabrication process. To extend the size variability of the process, the

concentrations of biopolymer in the solution can be increased or decreased beyond what is

reported. The resulting BSA microresonators are shown in Figures 3.3b and 3.3c illustrating

optical and scanning electron microscope (SEM) images of dye doped BSA microspheres

with different sizes.
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Figure 3.3: BSA Microspheres a) Size-distribution histogram of 80 BSA microspheres. b,c)
Optical and SEM images of dye doped BSA microresonators, respectively.
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For sensing purposes, one might see the advantage of mass producing WGM microsphere

lasers with a fixed size with relative ease and speed. A direct writing process is a possible
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approach. Inkjet printers are a cheap and powerful writing tools for highly controlled cavity

size [171, 172, 173]. Duong Van Ta and myself have begun working on an ink-jet printer.

This device uses an inkjet printing piezoactuator to dispense droplets on demand from an

inkjet printing tip, illustrated in Figure 3.4. The droplets detach from the tip and land on

a glass coverslip covered in PDMS. The glass is moved manually such that the droplets do

not overlap. Currently the manual processing limits the fabrication to 5-10 microspheres

per second; larger dispensing speeds lead to many instances of merging droplets. The

implementation of a mechanical motor stage could lead to a larger dispensing frequency.

The process is versatile and there are a few ways of tuning the microsphere size:

1. Concentration of the polymer in aqueous solution;

2. Change the inkjet printer tip size;

3. Changing the voltage on the piezoactuator, this will result in different volumes being

dispensed.

Figure 3.4: Schematic of the inkjet printing. The tip dispenses a fixed volume of doped
polymer on to a glass substrate covered in PDMS. The substrate moves ensuring
no more than one droplet falls in a single location. The substrate is heated to
evaporate the water and solidify the doped polymer into a spherical geometry.

Due to the probability of clogging the tip with dried polymer, and to avoid multiple

droplets being dispensed, we have kept the voltage high and constant and chosen the two

other options as varying parameters. For the concentration of the polymer, we are typically
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limited by the solubility of the polymer and dye in water, as well as the increase in likelihood

of clogging the tip. To create larger droplets, we can use the mechanical stage previously

suggested to produce multiple droplets in the same spot, causing them to merge to create

a larger one. Lastly, the size of the tip dictates the volume dispensed, in our case we have

purchased different diameters: 80 �m , 60 �m and 30 �m.
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Figure 3.5: Size distribution of PVA doped microspheres created by inkjet printing of
PVA solution of 3% wt and utilising an 80 �m diameter tip. a) Optical image
of an inkjet printed WGM resonator b) Histogram with the size distribution of
the microresonator diameter, revealing a mean size of 13.4�m

Preliminary tests have been conducted with doped polyvinyl alcohol (PVA); the con-

centration used was 3 %wt in deionised water: the tip used was the 80 �m. The size

distribution of the diameter of 35 spheres is depicted in Figure 3.5b where the mean diam-

eter was found to be 13.4 �m �0.3�m. An optical image of one of the spheres obtained is

depicted in Figure 3.5a. The sample size is not large enough to retrieve the Gaussian-like

distribution expected. Additionally, a second distribution can be identified around D = 17

�m, volume calculations reveal that the diameter corresponds to roughly twice the volume

of the 13 �m sphere and is thought to extend from a double droplet.
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The lasing emission of the doped microspheres is characterised in the following section. The

majority of the measurements reported here are performed in air unless stated otherwise

and with an excitation � = 532 nm and 500 ps pulse duration. The cavity loop is expected
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to form in the region with lowest losses of the sphere. The emission can couple out of the

sphere by scattering, which is subsequently collected by the microscope and measured by

the spectrometer.
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Figure 3.6: Lasing emission of a biocompatible BSA microsphere laser. a) The lasing
spectra obtained from a fluorescein doped BSA sphere as function of pumping
energy density. b) The corresponding integrated fluorescence intensity versus
excited fluence. c) Presents fluorescence images of the studied sphere that is
below and above lasing threshold. The bright ring observed above the threshold
shows the evidence of WGMs. All scale bars are 30  m.
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The fluorescence-to-lasing transition is best observed in the power dependent spectra as

shown in Figure 3.6a. We experimentally observe WGM lasing from the fabricated dye

doped microspheres upon pumping with a high-energy laser, as shown in Figures 3.6 and

3.7.

Firstly we evaluate microsphere lasing using fluorescein sodium salt as gain and BSA

as the host material. BSA was dissolved in deionized water with concentration of 1g/1mL

by leaving the mixture in a fridge (~4 °C) for about 24 hours. after complete dissolution

a thick tubid solution is obtained and the relevant dye is added in aqueous solution. The

mass of fluorescien added compared with the mass of the polymer is 0.8%wt. Fluoresceins

as a class of dyes are efficient laser dyes, however are considered to be of low toxicity,

instead for Rhodamines there is evidence of carcinogenicity in animals [174]. The absorp-

tion maximum for sodium fluorescein is � 490 nm depending on the solvent [175]. This

is highly mismatched with the excitation wavelength. In practice this signifies that the
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�a(�ex) is lower and a larger photon density is required to achieve lasing. Unexpectedly,

we find that fluorescein has sufficient gain at the excitation wavelength (�ex = 532 nm)

given the limited energy density. A clear threshold behaviour is observed, as seen in Figure

3.6b. Under low pumping density (< 20 �J=mm2), the spectrum exhibits a spontaneous

emission characterised broad linewidth as seen in Figure 3.6a in lighter pink. The emission

from the sphere is uniform as observed in a camera image, depicted in the top image in

Figure 3.6c. When the excitation density reaches 27�J=mm2, sharp peaks with wavelength

from 560 nm to 580 nm start to appear, seen in dark pink in Figure 3.6a. Additionally, the

WGM emission above threshold is evidenced by the bottom image in Figure 3.6c, where a

yellow emission ring is visible above the laser scattering. As the pumping density increases,

the output energy increases rapidly. The integrated fluorescence intensity shows a nonlin-

ear increase versus excitation density (Figure 3.6b), indicating a distinct lasing threshold,

which is about 20 �J=mm2.

In the second case, the gain media selected was RhB, which matches our pump with

an absorption maximum around 555 nm [176]. We fabricate RhB doped microspheres

with BSA, cellulose and pectin where the ratio of dye weight to polymer is 0.33%, 2% and

1% respectively. The quantities are optimised for sphere formation (due to surface ten-

sion), dissolution of the dye and maximal gain. In the condition where distance between

dye molecules is short, dimer are formed and excitation can migrate to neigbouring dye

molecules, self-quenching the emission. This is the reason why not many rhodamine or flu-

orescein derivatives can be loaded on a single protein as they become non-fluorescent [177].

Dimer formation differs between different chemical envioroments, for example Rh6G in wa-

ter exists as the monomer in concentrations below � 8�10!7M , however in ethanol Rh6G

is in monomeric form for concentrations in the range of 1 � 10!4 ! 1 � 10!5 [178].

The typical lasing spectra are plotted in figure 3.7a, b and c respectively, where the

lasing modes are well recognised above the fluorescence background. With regards to the

lasing threshold for spheres of similar sizes, the cellulose sphere has the highest value of

24 �J=mm2, while the pectin and BSA spheres are considerably lower, around 5 �J=mm2

and 1 �J=mm2 respectively (Figure 3.7d-f). As expected, the threshold is greatly reduced

when comparing RhB doped BSA and fluorescein doped BSA. For similar sizes of spheres

the threshold for RhB doped BSA is more than an order of magnitude lower. The threshold

is comparable to previous works on solid state lasers reported such as: intracellular droplet
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lasers based on polystyrene cavities [8, 78], polymer ring resonator lasers [179], and per-

forms better than the starch solid state lasers [180]. Since for consistency we choose to

pump the full microsphere rather than the focus the laser light on the spheres edge we

cannot do a full extensive comparison with further works.
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Figure 3.7: Lasing emission and threshold of RhB doped biomaterials. a - c Lasing spec-
tra from typical RhB doped BSA, cellulose and pectin spheres respectively. The
inset presents fluorescence images of the studied sphere above lasing threshold.
All scale bars are 30 �m d-f Integrated fluorescence intensity versus pumping
density for a typical BSA, cellulose and pectin microsphere respectively.

Generally, the lasing threshold increases with decreasing sphere size. As a result, the

smallest lasing spheres would depend on the maximal allowed pumping energy. Given

the maximum pump energy used for this experiments was� 100 �J=mm2; the smallest

spheres to lase are 20 �m in diameter for BSA and 40 �m for pectin and cellulose. SEM

inspection indicates that irrespective of the material used, the obtained microspheres have

round shapes and diameters in the range of D = 10 ! 100 �m, evidenced by Figure 3.8.

The high threshold obtained from the cellulose sphere is attributed to a high optical loss

due to scattering of the sphere, which appears to be rougher at SEM image, seen in Figure
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3.8c and f. The BSA spheres look very smooth in the SEM image in Figure 3.8a and d

and exhibit the clearest mode spacing, which is convenient for investigation of the lasing

mechanism. Cellulose exhibits the largest roughness as seen in Figure 3.8c, that said it is

expected to have the largest losses and in consequence the largest threshold. On the other

hand the pectin laser in Figure 3.8b and e is not as smooth as spheres made of BSA, yet

the thresholds are very similar, this can be due to the higher concentration of dye present,

although the confinement losses are larger, the gain is also larger.

2 µm 2 µm2 µm

100 µm 100 µm50 µm

a b c

d e f

Figure 3.8: SEM inspection of RhB doped biomaterial lasers. a) - c) SEM images of
dye doped BSA, pectin and cellulose microspheres respectively. d) - f) High
magnification SEM images of BSA, pectin and cellulose spheres respectively the
spheres were coated with a thin gold layer by means of thermal evaporation
prior to SEM analysis.
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The quality of the WGM lasers can be inspected further by characterising the mode spac-

ing. Given that RhB doped BSA yields the lowest threshold and clearest mode spacing, we

evaluated a typical lasing spectrum from a 32 �m diameter RhB doped BSA microsphere

seen in Figure 3.9.

The spectrum exhibits two separate envelopes with different intensity. The lasing en-

velope and mode position can be well explained by WGM theory. It is well known that
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3 Whispering gallery mode microsphere lasers

WGMs can be characterised by radial mode r, angular or azimuthal mode m and its po-

larisation, either transverse electric (TE) or transverse magnetic (TM) modes [79]. For a

spherical cavity, TE modes are generally expected to have higher Q-factor than TM modes

[181]. With this assumption, the lasing envelope with higher intensity is referred to TE

modes while the other are referred to as TM modes. Consequently, lasing frequencies can

be well-fitted by the asymptotic solutions of Mie scattering formalism [79].
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Figure 3.9: Spectra characterisation of RhB doped BSA microlasers a) Matching be-
tween experimental observation of lasing wavelengths and calculated lasing
modes. b) FSR as a function of sphere diameters. The insets show spectra of
two typical spheres with diameter of D = 23 �m (A) and D = 38 �m (B).

The TE modes are well matched with mode numbers of 211 to 218 and TM modes are

indexed as 211 to 216 (all modes are first radial modes r = 1 as they have the highest Q

value) assuming diameter of the sphere is D = 31.53 �m, refractive index of the sphere

n1 = 1.42 and surrounding medium is n2 = 1. The spectral linewidth, ��, of the lasing

modes is as small as 0.2 nm, limited by the resolution of the spectrometer. The correspond-

ing Q-factor, defined in the equation (1.24), is approximately 3 � 103. This Q-factor is � 3

times higher than a recently reported solid-state protein ring laser [182]. In order to better

verify the WGM mechanism, the free spectral range (FSR) defined in equation (1.28), of

microlasers with different sizes was investigated. Considering the resonant wavelength � is

about 625 nm. Using equation (1.28) the FSR of two WGM lasers of diameters: D = 23�m

and D = 38 �m is calculated to be 3.8 nm and 2.3 nm respectively. The spectra of each
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3 Whispering gallery mode microsphere lasers

sphere is seen in the inset of Figure 3.9b A and B, from which the FSR is determined to be

3.9 nm and 2.4 nm. The result shows an agreement between the theory and experimental

observation, further verifying the WGM mechanism. Furthermore, as � is similar for differ-

ent spheres, the FSR of spheres of different size should follow a �=D function, where � is a

constant. This is clearly seen in Figure 3.9b where the FSR as a function of sphere diameter

is well-fitted by the function 89.2=D with � = 89.2.

 ! ! "#$%$&'()*#+,- .%/0+(. $1 ) 234 5+*6$.7#(6( ').(6

0 5 10 15 20 25 30 35
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

is
ed

 la
si

ng
 in

te
ns

ity

Number of pumping pulses ( x 103)
590 600 610 620

In
te

ns
ity

 (
a.

 u
.)

Wavelength (nm)

2.1x 104

1.05 x 104

150

Pulse #

a b

Figure 3.10: Bleaching of RhB doped BSA micro laser. a) Integrated lasing intensity from
a typical RhB doped BSA sphere as function of pumping pulse operated in
ambient conditions. b) Lasing spectra after a number of excited pulses.

To evaluate the lasing operation of RhB doped BSA spheres in air, a photobleaching study

was conducted. Figure 3.10a shows the intensity degradation of a BSA sphere pumped

sequentially with pump power 5 times greater than the threshold. The sphere continues

lasing for as many as � 3 � 104 excitation pulses. The laser lifetime is defined as the

number of pulses by which the laser intensity decreases to 1=e of the original value; the

intensity degradation decreases exponentially with the number of pumping pulses and has

been fitted to Figure 3.10a. From the fit we obtained that 1=e � 104 pulses. In Figure 3.10b

the spectra sees a dramatic total intensity reduction between excitation number 150 and

2.1 � 104. Moreover, the maxima of the spectra is blue-shifted, thought to be due to the
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3 Whispering gallery mode microsphere lasers

oxidation of the laser dye, although the peak positions remain the same. Total intensity and

peak spacing are both realiable sensing transducers in this configuration, due to the blue

shift of the spectra single peaks could not be used as indicatores. Although here we aim to

demonstrate stability over high energy pumping of BSA sphere lasers, one could consider

to reduce the pump to lower a lower energy still above threshold to improve the stability

and blue shift.

Overall we have shown that RhB doped BSA microsphere laser are very stable in ambi-

ent conditions and can be pumped hundreds of times without a significant change in the

spectral output. For potential application in the medical field, stability and durability are

essential traits which our BSA microspheres possess.

580 600 620 640
0

1

2

N
or

m
al

is
ed

 in
te

ns
ity

Wavelength (nm)

22 h
3 h

Time in water

Figure 3.11: Lasing spectra from a typical RhB doped BSA sphere operated in water

versus time. The spectra of a single BSA microsphere laser (D ~ 30 �m) is
compared after 3h (magenta) and 22h (pink) in deionised water. The spec-
trum is vertically shifted for clarification. Little variation is observed after a
timelapse of almost 20 h.

It is paramount for a potentially implantable device to be able to operate under biological

conditions: in liquid, as well as to have low levels of toxicity. In this section we will evaluate

the laser operation in water and the biocompatibility of the device in a very simple manner

by putting a laser in cell culture and qualitatively observing the effect on the cells.
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A BSA laser (D � 30�m) is placed in deionised water and lasing experiments are conducted

with a pump power of � 100 �J=mm2. We use the degradation of the modes as a measure

of the stability of the laser. The spectra after 3h and 22h in water is plotted in Figure 3.11,

correspondingly on the bottom and top of the figure. The lasing mode and intensity of an

individual sphere only changes slightly (0.1 nm ! 0.2 nm) after immersion in water for 22

hours, this is consistent with a slight swelling of the BSA sphere. In contrast, cellulose and

pectin spheres tend to hydrate, swell and dissolve in water after several hours in the case

of cellulose and a week for pectin. Consequently, we did not observe lasing from those

spheres when they were in water.
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To qualitatively assess the biocompatibility of our lasers, a simple experiment was carried

out based on the replication rate of a human cell line, HeLa, when incubated in presence

of biolaser microparticles. At least 50 spheres per culture well were immersed in culture

medium with HeLa cells and incubated for up to 4 days. All optical characterisation of cell-

containing samples were conducted under ambient conditions for no longer than 1h after

removal from the incubator to minimise cell damage. The presence of BSA spheres did not

prevent cell growth or division. Additionally, no inhibition area was observed surrounding

the laser particles. When compared to a control sample without spheres, the cells were

found to split at similar rates and reached confluence after 4 days. In addition, during the

4 days of measurement, BSA spheres continued to lase in the culture medium with only a

minor decrease in the lasing intensity. While this is an indication of biocompatibility, a full

cytotoxicity study should be conducted once a specific cell type of interest is identified for

a specific biomedical applications. Furthermore, BSA spheres kept in culture conditions for

more than a month continued to lase with a minor degradation of the threshold. Figure

3.12 shows a BSA sphere microlaser surrounded by many HeLa cells after 3 days of incuba-

tion. Here, the cells have been fixed and stained for 3D confocal imaging. The cells were

incubated with 5% Formaldehyde for 10 min, washed several times with phosphate buffer

solution (PBS) and subsequently stained with Alexa Flour 488 for 10 min, and washed re-

peatedly with PBS; this process fixes the cells and stains the cellar membrane green. Images

64



3 Whispering gallery mode microsphere lasers

of each channel were captured with a Nikon Eclipse Ti-E Inverted microscope using a 40X

Plan Apo objective. The green channel represents 488 nm excitation and 525 nm emission,

while the red channel represents 562 nm excitation and 595 nm emission. The leaked

RhB from the microspheres is thought to permeate the cellular membrane and as a result

stains the mitochondria of the cell, giving the cell a red colour. Images were processed with

NIS-Elements.

50 µm

Figure 3.12: HeLa cells cultured with RhB doped BSA lasers. Confocal 3D scan (top
view) of a biocompatible microlaser made of a RhB doped BSA microsphere
(in orange) surrounded by HeLa cells after 3 days of incubation. The cells
were fixed with 5% formaldehyde and the cellular membrane was stained with
Alexa Fluor 488.
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Several biocompatible materials were exploited for WGM lasing, namely fibroin protein

from silk and Silica.

Fibroin was mixed in solution with RhB and the solution was drawn in PDMS following

the procedure illustrated in Figure 3.1. Initial results lead to deformed microspheres like

the one seen in Figure 3.13a. A zoomed in image of the surface is depicted in Figure 3.13b,
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3 Whispering gallery mode microsphere lasers

showing a very uneven surface with a roughness on the �m scale. The surface tension

between the water and the silk was greatly reduced when compared to other materials

described, the assembly of fibres into microspheres took several minutes, forming non-

spherical objects. It is thought that the sensitivity of amorphous silk to external stimuli

(e.g. heating and stirring) may be causing gelation, followed by wrinkles formed during

evaporation of water. The formation of smooth spherical lasers is essential for high Q-factor

WGM lasing with low threshold.

5 µm200 µm

a b

Figure 3.13: RhB doped silk microsphere. a) SEM of a silk microsphere. b) Surface of a
silk microsphere.

Silica is doped with RhB and processed using methods described above. In contrast to

silk, silica yields smooth spheres with good properties, as illustrated in Figure 3.14. Silica

is a biocompatible material, which can be obtained through the hydration of tetraethyl

orthosilicate (TEOS). Hydrochloric acid (HCl) is added and serves as a catalyst, increasing

the rate of reaction. Initially the compounds do not mix, and stirring is required. Once the

solution is homogeneous dye is added.

The lasing properties of a small D = 8 �m is evaluated as seen in the top inset of Figure

3.14a. The lasing spectra yields four very sharp peaks, with an estimated Q ~ 3 � 104,

an order of magnitude larger than that for the BSA lasers. The modes spacing matches

the theoretically predicted by equation for a sphere of such size. Furthermore, preliminary

studies indicate that silica WGM lasers operate in aqueous environment.
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Figure 3.14: RhB doped silica WGM laser. a) Spectra of an 8 �m silica microsphere with
pump energy 140 �J=mm2, integrated over 4 pulses using a X20 objective. In
the inset is an optical image of the sphere in question. b) SEM of the silica
WGM lasers, imaged in low vacuum and in absence of coating. The micro-
spheres appear very smooth.
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In conclusion, we have demonstrated solid-state miniature biolasers based on natural pro-

teins and polysaccharides. Laser size ranges from 10 to 100 µm. The lasing mechanism is

attributed to WGMs. Owing to low optical loss, the lasing threshold is only a few �J=mm2,

which similar to other solid state lasers reported such as: intracellular droplet lasers based

on polystyrene cavities [8, 78], polymer ring resonator lasers [179], and performs better

than the starch solid state lasers[180]. With Q factors of lasing modes as high as Q � 3�103,

BSA microlasers were found to be resistant to the aqueous environment and cell culture me-

dia, and biocompatible to cell growth. Stability in biological condition could be improved

using a specific coating, for example in the form of a silica layer. The fabrication pro-

cess relies on aqueous solutions, thus it is flexible and compatible with other biomaterials

and other biocompatible gain media like vitamins [75] or Green Fluorescent Protein (GFP)

[183], enabling different kinds of all-biomaterial solid-state microlasers.

Silica WGM lasers as small as D � 8 �m show lasing behaviour, opening doors for pos-

sible integration into living cells. At the moment the largest microspheres to be engulfed

by a microphages and non-phagocytic cells (such as HeLa cells) are placed at � 20 �m [8].

Due to the simplicity of operation and ease of fabrication, WGM biolasers are promising

67



3 Whispering gallery mode microsphere lasers

for future biosensing applications. These lasers have potential for future ultrahigh-sensitive

sensors, and could allow scientists to monitor biological interactions in real time.
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Lasers made from disordered biological materials have the potential to produce new

coherent light sources, flexible and compatible for living tissue integration [56] . Ad-

ditionally, biolasers have the ability to harness the power of stimulated emission for

biosensing and cell tagging and tracking [78] . So far all-biological lasers have been

devised using conventional lasing schemes, such as spherical microresonators [75] ,

microcavities [151] and recently even implanted into live cells [8, 78] . While high-Q

cavities favour lasing, their requirement for precise geometry limits the applications

for dynamic systems like living tissues. Instead, random lasing is emerging as a sim-

ple, robust, and easy to integrate, source of stimulated radiation, relying on disorder

and multiple scattering to fold the optical paths inside the gain medium to trigger

lasing [9, 184] . Moreover, it is not influenced by the material’s overall shape but in-

stead it relies on its internal heterogeneity, therefore it can easily adapt to biological

media with the ability to withstand stretching, wetness, and heat: its form is naturally

biocompatible.
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4 Biocompatible Random lasing
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In recent years random lasing with biocompatible materials has been a growing interest

for photonic applications. Random lasing has been observed from a multitude of different

biomaterials such as: DNA [92, 185], starch [186], cellulose [84, 85, 187] and in biological

tissues [87, 86].

This chapter focuses on different strategies for fabrication of biocompatible random

lasers, their optical characterisation and their operation in biological media.
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Silk fibroin is a very versatile protein, it is biocompatible and biodegradable, and has out-

standing mechanical properties [110, 188]. In particular, silk lasers with conventional ge-

ometries have been reported [150, 189]. In this section, building upon fabrication strate-

gies discussed in previous chapters, we will discuss the fabrication of the highly scattering

fibroin incorporated with gain, the first fibroin random laser. Additionally, its optical prop-

erties will be examined in both air and liquid.

Dye Silk •broin Photonic Glass 
Assembly

nanometer micrometer macroscale

DeviceIntermolecular
interaction

Figure 4.1: Material multi-scale integration from the nanoscale to the macroscale. The
dye, fluorescein sodium salt is interfaced with silk fibroin. As the water is evapo-
rating from the solution the molecule assembles into a pseudo-crystalline struc-
ture. The inverse photonic glass is made with this solution. The final device is
illustrated on the right hand side of the figure.

Bulk silk is obtained from Bombyx Mori silk worm. The silk cocoons are boiled and

purified. Glycoproteins which provoke an immunogenetic response in humans are removed

such that a pure solution of silk fibroin is remaining. Details on the purifying procedure

are reported in reference [110].
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Silk films, fabricated by casting the aqueous solution on to a substrate and dried or

by spin coating, are transparent and very flat, making them interesting for photonic ap-

plications. Here, using fabrication methods described in chapter 2, silk films are cast and

nanostructured giving rise to a white and opaque slab of silk. Gain, paramount to lasing,

is obtained from laser dyes and incorporated by intermolecular interactions into the silk

matrix before the drying process. Fibroin is especially suited to interface with organic and

inorganic molecules in its matrix without affecting its emission [114]. Therefore, many

sources of gain could in principal be used and interface with silk. Here we use two organic

molecules: sodium fluorescein and rhodamine 6G (Rh6G), with low toxicity they could be

well suited for future implantation in the human body [63].

The fabrication schematic is shown step by step in Figure 4.1 which describes the multi-

scale integration of the various components. Gain molecules, fluorescein, depicted in Figure

4.1, or Rh6G, are dissolved in deionised water and subsequently added to an aqueous

solution of silk (3 ! 7%wt), such that the dry ratio is 99.5 %wt of fibroin and 0.5 %wt

of dye. Polystyrene spheres (PS) of diameter d = 1.27 �m and silk are mixed together

directly, as the protein destabilises the colloidal suspension, forcing the flocculation of the

PS spheres, analogous to what was observed for cellulose nanocrystals in chapter 2. The

dye molecules are encapsulated in the silk during the drying process, through hydrophobic

interactions established with the protein, denominated in the Figure 4.1 as the stage of

intermolecular assembly. The silk scaffolding is expected to provide thermal dissipation

and decrease intermolecular quenching, similar to that reported for DNA matrices [92].

The films are dried in an oven at constant temperature (300C) to avoid cracking. Once

dry, the samples where chemically etched in a 99% toluene bath for 72 h, in order to se-

lectively dissolve the PS sphere. A small fraction of the dye was released in the toluene

solution during the etching process. There is no evidence to suggest that the toluene dis-

rupts the secondary or tertiary structure of the silk protein. At the macroscale the pore

size is consistent with the PS beads used and the transport properties evaluated in the next

section are consistent with those measured for CNCs inverse photonic glass. Denaturing of

the protein is not directly investigated in this thesis, nevertheless we are able to form an

insoluble matrix of silk consistent with a high degree of crystallisation of the protein [190],

which suggests a the fibroin does not suffer a high degree of denaturing.

The result is a disordered fibroin matrix with connected spherical pores, in other words
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a 3D inverse photonic glass structure. The spheres arrange in a solid packing, with a final

filling fraction of � 45%–55% estimated by volume measurements via electron microscopy.

A scanning electron microscope image (SEM) in Figure 4.2 presents the nanostructured

silk structure. In addition, the silk nanostructured material can be made free-standing with

no loss of functionalities, by simply growing the material over a PS film cast on the glass

substrate, film which was then dissolved during the same sphere etching process, similar

to the procedure described for cellulose.

Fibroin naturally crystallises during the drying process, however it can be influenced by

external factors such as humidity and temperature and in consequence the speed at which

is dries. For reproducible conditions, more sample stability in water and slower degrad-

ability, a high degree of crystallisation, than that accomplished in ambient conditions, was

achieved by exposing it to water vapour for 12 h in a vacuum desiccator at 70oC [191].

This technique could be utilised further for control of the mechanical strength, degradation

rate and cell response [191].

Whereas in the absence of dyes the silk sample is white and opaque, when doped with

fluorescein it takes on a yellowish colour as illustrated in the photo in the last step of Figure

4.1. For Rh6G doping the sample takes on a bright pink colour.

5 µm

Figure 4.2: A scanning electron microscopy image of the final structure, highlighting
the pores and the silk structure.

The final amount of dye in the samples discussed is < 0.3 mg, which corresponds to�

10 ng for a 100 × 100 × 100 �m sample; less than 0.1 mg=mL which is considered a non-
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toxic amount of fluorescein. It is important to note that the silk in solution is sensitive to

pH changes and an abrupt change can lead to instantaneous gelation of the silk. Gelation

of fibroin is accompanied by a structural transition from random coil to � -sheets in solution

and the formation of hydrogen bonds between the fibroin molecules into a gel network. To

avoid this the dyes were added in dilute concentrations (< 0.1% of the dye in deionised

water).
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Figure 4.3: Transport mean free path of an inverse photonic glass made entirely of silk.
In blue is the experimental result, while the theoretical result for nsilk = 1.6 and
f = 0.5 is plotted in pink

In the following section the light transport properties of a silk inverse photonic glass in the

absence of gain will be investigated. The total transmission through undoped nanostruc-

tured silk is measured using a integrating sphere for films of different thickness. A more

complete description of the experimental method can be found in the introduction. The

optical Ohm’s law in equation (1.13) is used to fit the transmission as a function of slab

thickness and the light wavelength. The silk inverted photonic glass is characterised in

Figure 4.3. The measured transport mean free path ‘t is in the range ‘t � 3 ! 7 �m (blue

line), with minor resonant modulations due to collective Mie scattering resonances, which

can be engineered either by changing the diameter of the air voids or their refractive index.

The thickness of the inverse silk photonic glass has been measured via scanning electron

microscopy images, with an error smaller than 10% (statistical error from repeated mea-
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surements). The theoretical calculation of ‘t (pink line) puts it between ‘t � 4 ! 5 �m.

Although, a qualitative agreement between theory and experiment is evident, the shift in

the resonances and intensity discrepancy are attributed to the limited validity of the inde-

pendent scattering approximation for a closed-packed system such as the one investigated

here.
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Figure 4.4: Lasing plots from Silk doped inverse photonic glass. a) Typical lasing plot
for silk doped with Sodium fluorescein. The laser peak intensity (purple cir-
cles) and the evolution of the emission line (blue circles) are both plotted as a
function of pump power. The red rectangle illustrates the lasing region above
threshold P = 380 �J=mm2. b) Comparison of fluorescence spectra and the
lasing spectra above threshold. c) Typical lasing plot for silk doped with Rh6G.
The laser peak intensity (purple circles) and the evolution of the emission line
(blue circles) are both plotted as a function of pump power. The red rectangle
illustrates the lasing region above threshold P = 70 �J=mm2. d) Compari-
son between the fluorescence spectra and the lasing spectra above threshold of
Rh6G doped silk.
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The emission properties of the silk random lasers are evaluated in this section. The pump

used was a second harmonic of an Nd:YAG Q-switched pulsed laser. Single excitation pulses

were used at 532 nm wavelength, 6 ns pulse duration with a pump diameter of � 2 mm.

The detection software registers single pulse energy and emission spectra for each pulse.

The large energy range of 5–6 orders of magnitude is achieved by a combination of neutral

density filters for the coarse control and a half-waveplate and a polariser for the fine control.

The crossover from fluorescent to lasing emission can be observed by recording the emission

spectrum while increasing the exciting laser power.

The silk random laser proves to be a very efficient lasing system as illustrated in Figures

4.4a and b and Figures 4.4c and d for fluorescein and Rh6G as doping agents respectively. At

low pump power the sample is limited to spontaneous emission, also known as fluorescence.

Fluorescence is characterised by the broad emission, seen in Figure 4.4b and 4.4d in dark

blue for fluorescein (270�J=mm2) and Rh6G respectively (40�J=mm2). A sudden increase

in the emitted light intensity (purple circles) and sudden spectral narrowing (blue circles)

is observed when the pump power reaches a critical value, i.e., the lasing threshold. The

threshold occurs at 380�J=mm2 of pump energy for fluorescein and 70�J=mm2 for Rh6G,

which compares favourably to similar systems in other material hosts [91, 192].

After the threshold, stimulated emission becomes the dominant emission process and

random lasing action occurs. The spectral linewidth above threshold is plotted in Figure

4.4b in blue for the sodium fluorescein random laser, at 1000 �J=mm2 pump power, in

orange. For the Rh6G doped inverse photonic glass, the spectra, for a pump well into the

lasing regime (pump power of 1600 �J=mm2) is plotted Figure 4.4d in red. The smallest

linewidth observed for both dyes was around 8 nm. The threshold is conventionally de-

fined as the point of inflection in the emission plot in Figure 4.4. Given this definition, the

threshold is clearly identifiable in the Rh6G plot, in Figure 4.4c, seen in logarithmic scale

as a shift in the y-axis. Due to the noise and non-linearity of the lasing system it is not clear

in the case of fluorescein. Here, we have defined the threshold as the point where the full

width half maximum (FWHM) reaches a mid point between the fluorescence and lasing

FWHM.

A small frequency shift of the emission upon increasing pumping energy is observed,

from 559 nm to 552 nm for fluorescein, and from 578 nm to589 nm for Rh6G, typical for

random lasing, as the lasing frequency depends on the interplay of scattering and net gain

75



4 Biocompatible Random lasing

[91, 192]. The emission spectra are smooth curves as one would expect for diffusive or

incoherent random lasing with non-resonant feedback [9, 184].

The silk fibroin lasers are capable of lasing even after being stored for one year. Addition-

ally the lasers prove to be stable over many excitation cycles and no significant difference

is observed in the lasing output besides a small dye bleaching. The bleaching statistics are

shown in Figure 4.5, the intensity decay follows an exponential curve. The samples were

excited with single pulse around P = 325 �J=mm2 � 33 �J=mm2, in both cases well above

threshold. Measurements were taken every few minutes for almost an hour in the case of

fibroin doped random laser. By fitting the curve we obtained that e!1 � 2400 pulses for

sodium fluorescein doped inverse photonic glass and e!1 � 13600 pulses for Rh6G doped

inverse photonic glass. Results indicate that Rh6G doped silk is more resilient than silk

doped with fluorescein. This is probably due to the dye interaction with the fibroin, as fur-

ther supported by the more significant leaching of fluorescein when the sample is placed in

water.
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Figure 4.5: Bleaching of the inverse photonic glass random lasers. In blue circles is
the intensity attenuation as a function of the number of pulses for the sodium
fluorescein doped random laser in blue circles and in pink circles and for Rh6G
doped random laser. The blue and pink line represent the exponential fit for
the sodium fluorescein and rhodamine laser respectively.
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The body is largely made up of water, therefore operation under biological conditions are

paramount for the application in the human body. In this section we present the operation

of silk random lasers in aqueous environment. Additionally we will study how the transport

and lasing properties both theoretically and experimentally.

When the random laser is operated in an aqueous environment such as a biological

media, the scattering strength is reduced as compared to air operation. For a fixed sample

size L the threshold will increase, given a smaller refractive index contrast between the silk

matrix and the voids.
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Figure 4.6: Theoretical calculation of the modified scattering and laser properties

when in water. a) Shows the predicted transport mean free path length of
the inverted silk photonic glass structure obtained from Mie theory and inde-
pendent scattering approximation. The purple line is the inverse structure when
in air composed of air voids in silk while the blue dashed line is the calculation
in water. The transport mean free path increases by a factor of 3-4 from � 4�m

to � 14 �m. b) Shows the predicted random lasing action with the parameters
L = 100�m, but with different scattering length (full line air-operation, dashed
line water-operation) which results in an increased threshold from 50 �J=mm2

to 70 �J=mm2 .

The change in the transport and lasing dynamics can be calculated using theoretical

models expressed in the introductory chapter 1. ‘t is calculated in Figure 4.6a where ‘t

increases from � 4 �m to � 14 �m. For a Rh6G doped inverse photonic glass the increase

of a factor of 3 ! 4 times in ‘t , leads to a theoretical increase of threshold of 30% from

50 �J=mm2 to 70 �J=mm2 as seen in Figure 4.6b for a sample L = 100�m. Experimentally,

we evaluate the spectra as a function of pump power for the sample in the dry state and in
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the wet state, as seen in Figure 4.7. The threshold suffers a 50% increase when the device

is immersed in water, from 150�J=mm2 to 290�J=mm2. Lasing operation is still achieved

with low thresholds, this is due to the small active length compared to the L. When the

‘t increases in water, the diffusive volume also increases and the increased gain available

partially compensates for the loss of light confinement. Despite the increase in threshold,

random lasing action can be achieved experimentally, albeit in practice the laser threshold

increases by 50% as shown in Figure 4.7.

We can calculate the critical length of our slab random laser, that is the minimum thick-

ness below which lasing cannot be achieved. Given that ‘g � 5 �m that leads to a critical

length Lcr � 10 �m in air and Lcr � 20 �m in water. Given the limit on the pump power

available the practical limiting thickness is expected to be much greater.

2 30

In water 
Dry 

Figure 4.7: Experimental laser properties when in water. Lasing action for rhodamine-
doped silk random laser in air (dark blue and purple circles) and water (light
blue and pink circles). The blue open and full circles are the FWHM plotted
versus pump power, while the purple and pink circles are the peak intensity.
When the device is immersed in water the lasing threshold is shifted toward
larger values (�50% increase).

Lasers are widely employed in biomedical applications, including imaging, therapeutical

treatments, and diagnostics. The ability to implant miniaturised lasers, smaller than a few

microns is promising and may lead to new opportunities in medicine. For example, they

have the potential to be implanted and offer access to a spatial map of the compound we aim
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to probe, while offering very close interaction with the target tissue. Micron sized lasers

have been achieved using biocompatible materials, reliant on WGM microsphere lasers

such as the ones we have presented before. There are still vast opportunities to exploit

both for materials and geometry, with downfalls related to each. Semiconductor materials

of certain types such as ZnO [193], perovkites [60] and GaAs [50] have intrinsic gain and

high refractive index and therefore can be easily sub-micron in size, however biointegration

is a challenge [78].

Miniaturisation of random lasers is a key aspect to address for to in body implantation,

on tissue and in cell sensing. Thus far we have produced a sample of 1.5 cm in diame-

ter and 100 �m in thickness. In this section we will focus on a technique developed for

the miniaturisation of biocompatible random laser. The most straight forward method is

derived from fabrication techniques discussed previously.
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Figure 4.8: Schematic diagram shows fabrication process of porous microspheres. a)
A sharp tip containing doped polymer solution with immiscible PS beads is im-
mersed in PDMS solution. The tip is dragged in PDMS. b) The line sponta-
neously splits in to spherical droplets of solution c) The PDMS is heated and
the spheres solidify with the PS spheres d) The PDMS is removed by washing in
ethyl acetate e) The spheres are submerged in ethyl acetate to remove the PDMS
entirely as well as the PS beads f) The ethyl acetate is allowed to evaporate and
the porous spheres are annealed.
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Figure 4.9: Sketch of the direct and inverse structure. On the left is an spherical matrix
of disordered monodisperse polymer spheres infiltrated with doped polymer
(red). On the right is the resulting spherical inverse photonic glass, once the
polymer beads are etched.

A self-assembled spherical random laser is obtained using the fabrication methods em-

ployed for the formation of WGM lasers detailed in chapter 3. In this case we start from a

solution containing the doped biocompatible polymer mixed with polystyrene (PS) beads

in suspension. Similarly to previously reported, the solution is aspirated into a pipette. A

micropipette tip immersed in PDMS draws the solution and the surface tension leads to the

separation and formation of spherical droplets. The microspheres of biocompatible poly-

mer and PS are formed as exemplified by the 3D rendered image in Figure 4.9. Similar to

the procedure described previously, the water is evaporated from the solution by placing it

on a hot plate at T < 70oC well below the glass transition for PS (T � 100oC) [194].
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Figure 4.10: Size distribution histogram of 111 PVA porous spheres. The histogram is
fitted with a normal distribution which is plotted in purple. The mean of the
distribution is Dmean � 53.9 �m

When the hot plate is placed at too high temperature a deformation of the spherical

voids is observed. The solvent ethyl acetate is used to wash the PDMS and dissolve the PS

beads, toluene had been used previously for inverse photonic glass slabs, however ethyl

acetate is a less harmful solvent and dissolves both PDMS and PS, with similar results for
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both compounds when compared to toluene [169, 195]. The washing process removes the

PDMS and the PS spheres. Subsequently the porous spheres are annealed on a hot plate.

The resulting structure is depicted on the right hand side of Figure 4.9.

20 µm 3 µm

100 µm

a

b c

Figure 4.11: A scanning electron microscopy image of PVA porous spheres. The sam-
ples have been coated with a thin layer of gold to reduce charging and improve
imaging qualities. a) Overview of many spherical particles, highlighting the
homogeneity of the spherical shape and internal structure. b) A single sphere
of D � 50�m showing the porous nature of the structure. c) Shows a zoom in
of the red square in figure b) highlighting the disordered nature of the struc-
ture, showing the small holes originating from touching.

Initial studies were conducted with PVA. Many spheres can be obtained in one sitting.

There is however a lack of control of the sizes of the individual spheres. To evaluate the

distribution of spheres obtained, over 100 arbitrary spheres diameters are measured in SEM

configuration. The resulting distribution is plotted in Figure 4.10, which is quite similar to

that obtained for BSA WGM shown in chapter 3. The size varies from 10 �m ! 100 �m

and the histogram arising follows a normal distribution, fitted to the figure in purple, with

a mean value of Dmean � 53.9 �m and a standard deviation of � f i t = 20.5 �m. As future

work the inkjet printer will be employed to obtain random lasers. Initially experiments are

promising showing that we can indeed print many random lasers of similar sizes.
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In Figures 4.11a-c are a few examples of the porous random lasers obtained out of PVA.

An overview of the porous spheres formed is found in Figure 4.11a showing the homogene-

ity of the spheres, both in terms of their spherical shape, as well as their porous nature. In

Figure 4.11b is a single porous laser with D � 50�m; the disordered nature is very obvious

and further evidenced by a zoom image of the red square, in Figure 4.11c.

 !"!# $%&'&()*'+,&)+-. -/ )%* 0&,+.1 /'-2 ,3%*'+(&0 '&.4-2 0&,*',

In this section the lasing output of RhB doped PVA porous spheres will be characterised.

A typical lasing plot from a porous microsphere D � 90 �m can be seen in Figure 4.12a

and b. In the top right corner of Figure 4.12b is an optical image of the measured porous

sphere. The roughness due to the nanostructuring of PVA is evident. At low excitation

power the spectral shape is due to fluorescence of RhB. The fluorescence is broad with

FWHM� 35 nm as seen in Figure 4.12b in the lightest shade of pink. Stimulated emission

of the dye narrows the emission with increasing power and the minimum FWHM� 5 nm.

The narrowing is seen in dark red dots in Figure 4.12a, while the evolution of the peak

intensity as a function of power is observed in the same figure in dark blue. The threshold

of this particular disordered microsphere is Pthres � 50 �J=mm2, comparable to the silk

slab of similar geometries discussed previously.
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Figure 4.12: Lasing from a RhB doped PVA porous sphere of D � 90 �m. a) Typical
lasing plot, in Purple is the evolution of the FWHM with pump power while
in dark blue is the evolution of the peak intensity. At low power the FWHM
is broad, and the intensity low at threshold Pthres � 50 �J=mm2 the peak
intensity increases abruptly and the FWHM narrows. The narrowing of the
emission is seen in the normalised spectral plot in b).
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PVA random lasers exhibit a good morphology and low threshold lasing. However, when

in contact with water the spheres swell and almost instantaneously lose the ability to lase.

For the application we propose, in body sensing, the PVA random lasers do not meet the

requirements. Therefore, a different material is necessary. Previous results for BSA-doped

WGM laser were very promising showing a stable operation in aqueous media and cell

culture media even after several weeks. Porous BSA spheres were made using the fabri-

cation procedure described above. An example of a sphere obtained with BSA is depicted

in the SEM image in Figure 4.13a, a close up of the internal structure is illustrated in Fig-

ure 4.13b. The structure appears to be disordered, however the packing fraction is visibly

lower than that obtained for PVA spheres and the walls of BSA thicker. This is accredited

to the dynamic properties of BSA, since as a hydrated protein it has the ability to undergo

changes in its conformation [196]. Specifically, the surfactants present on the PS beads to

stabilise the suspension, are thought to interact with the BSA causing it to form hydropho-

bic aggregates [197]. Further tweaking is required to obtain optimised nanostructuring,

nevertheless lasing properties are observed. However, lasing in water is difficult to obtain.

Lasing was observed only for large particles in water. For a BSA spherical random laser of

D � 500 �m a threshold of Pth � 600 �J=mm2 was obtained, a few times larger than the

threshold obtain for a silk random laser reported in Figure 4.7. The smaller BSA spheres

measured did not lase with the laser energy available, therefore, an alternative material

will be exploited.

50 µm 5 µm

a b

Figure 4.13: BSA Microsphere random laser. a) A scanning electron microscopy image of
a BSA porous sphere of D � 100 �m
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Figure 4.14: Scanning electron images of silica microsphere random lasers. a)
Overview of a collection of silica microspheres of different sizes. b) Exam-
ple of a D � 20 �m silica random laser. c) The internal structure of a silica
random laser. d) A close up of the interconnected voids, highlighting the 3D
disorder. e) A D � 8�m silica microsphere. All particles are imaged at low kV
and in absence of any conductive coating.

Amorphous silica is a biocompatible material and has been used extensively for diagno-

sis and drug delivery [198]. Amorphous silica can be obtained through the hydration of

tetraethyl orthosilicate (TEOS). Dilute hydrochloric acid (HCl) is added and serves as a

catalyst, increasing the rate of reaction. Initially the compounds do not mix and stirring

at room temperature is required. Once the solution is homogeneous, dye is added. The

remainder of the procedure is similar to that of PVA or BSA, where the mixture is drawn

in PDMS and heated to evaporate the water and solidify the microspheres. Silica requires

a longer washing process in ethyl acetate with solvent replacement required and typically

lasts 4 days to remove all the PS beads. The resulting microspheres are depicted in Figures

4.14a-e. The surface structure varies from bead to bead within the same batch, varying

from very little voids on the surface and to structures similar to Figure 4.11b. However,

observations of cracked microspheres as well as absence of WGMs lead us to believe that

the inside of the particles is made up of disordered voids. The packing fraction for silica
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porous beads is estimated from SEM images to vary between f = 0.4!0.5 where according

to Figure 1.11 from the introductory chapter, the transport mean free path is not expected

to vary much.

In order to ascertain and confirm that the silica random lasers could preserve their las-

ing abilities in biological environments, we have submerged the particles in water and

measured the spectra as a function of pump energy. Initially the prepared silica random

lasers are hydrophobic and are buoyant in water. To promote hydrophilicity the silica par-

ticles were plasma etched for 30s in an oxygen environment. This process is expected to

deteriorate the dye and therefore was as short as possible. Compared to a silica particle of

a similar size sphere the threshold is almost 50% larger increasing from P = 90�J=mm2 to

P = 139 �J=mm2 after plasma etching.

In Figure 4.15 is the lasing curve of a single silica particle of diameter D � 95 �m in air

(full circles) and submerged in water (open circles). The threshold of this particle increases

from P = 139 �J=mm2 in air to P = 199 �J=mm2 in water, which corresponds to roughly

40% increase of the threshold.
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Figure 4.15: Experimental validation of the silica spherical random lasers in water.
Lasing action for RhB-doped silica random laser in air (blue and purple full
circles) and in water (light blue and pink open circles). The blue open and full
circles are the FWHM plotted versus pump power, while the purple and pink
circles are the peak intensity. When the random laser is immersed in water
the lasing threshold is shifted toward larger values (�40% increase).
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Figure 4.16: Threshold fits for different sizes of PVA microsphere random lasers. a), b),
c) and d) Present optical image of a microsphere of Da � 30 �m, Db � 50 �m,
DC � 90 �m and Dd � 160 �m and below the corresponding fitted threshold,
respectively.

To understand the practical limitations of our particles, in the following section we will

study how the threshold of the spherical random lasers vary with the dimensions of the

particles. As discussed previously due to the multiple scattering in a random laser there

is a certain particle size below which the losses outweigh the gain available, called the

critical volume or critical length. Using a solution of the radiative transfer equation (RTE)

for a spherical random laser, discussed in equation 1.15, the critical diameter Dcr can be

calculated. For sample parameters ‘g � 5 �m and ‘t � 4 �m, the critical diameter for a

spherical configuration is Dcr � 4 �m and Dcr � 7 �m in water.

To study the size dependence characteristics of the micro random lasers we have eval-

uated the threshold of 40 spheres of different sizes. The sizes where estimated optically,

and the excitation was fulfilled with a collimated beam from an objective. The spot size

was regulated by changing the objective, where the beams had FWHMX10 � 165 �m and

FWHMX20 � 80 �m for the X10 and X20 respectively. The spectra was collected from the

same objective and was evaluated as a function of power for each porous sphere. The

power was calculated from the integrated energy for the spheres diameter approximating

the beam profile to a Gaussian of the widths described above. In Figure 4.16 a, b, c and
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d are four examples of the fit for different sizes of spheres, Da � 30 �m, Db � 50 �m,

Dc � 90 �m and Dd � 160 �m respectively, where a and b were measured with the X20

objective and c and d with the X10.
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Figure 4.17: Size dependent random laser threshold. In red is the threshold of the
spheres of sizes between 80 - 200 �m measured with the X10 objective. In
blue is the spherical random lasers measured with the X20 objective. The
black line depicts the threshold as a function of size using the diffusion ap-
proximation.

The energy fluctuation of the laser pulse to pulse is > 5% measured with an energy

meter over a span of 1000 pulses, therefore the error bars are too small to display in Figure

4.16. The corresponding optical images for each of the microspheres is seen in the top half

of Figure 4.16, the scale bar is 50�m for all images. Below the optical images is the plot of

the total energy in function of peak intensity for each of the respective spheres in blue. This

gives rise to two differing portions of data which each can be fitted linearly. The threshold

is extracted from the intersection as seen in bottom half of Figure 4.16, similarly to the

threshold estimation for the WGM lasers. The threshold of the microspheres expressed as an

energy density decreases with increasing diameter of the sphere from a-d. The full trend can

be seen in Figure 4.17. Instead at large diameters the threshold is approximately unchanged

with size. As discussed previously, this is accredited to the fact that the pump is completely

absorbed in the first few 10s of �m and is similar to measurements in bulk. When the
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particle is smaller than the excited volume in bulk the threshold increases. A larger photon

flux compensates for the reduced gain, leading to an increase of the particles’ threshold.

Theoretically the smallest lasing particle would be around D � 7 �m. However, given the

limited energy available, experimentally, the smallest lasing particle is Dmin = 30 �m.

Given the change in energy density with each objective a border or a narrower Gaussian

distribution, there is a mismatch between the thresholds of particles of similar sizes excited

with different objectives. This effect is heightened by the fact that the transition between

the X10 and the X20 occurs when the threshold is increasing rapidly with decreasing particle

size as evidence in Figure 4.17. For the same particle the threshold is 30% lower for the

X10 than with the X20. However, this does not effect the trend or the study of the lasing

properties as a function of size as the intrinsic variations from particle to particle are of the

same order of magnitude.
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Figure 4.18: Experimental variation of the lasing wavelength and the FWHM as a func-

tion of size. a) The lasing wavelength as a function of size increases with in-
creasing random laser diameter. b) The minimum FWHM is smaller for smaller
particles varying from 3 nm to 6.5 nm.

We evaluated other spectra properties as a function of size, namely the peak wavelength

plotted and the minimum FW HM observed. The peak wavelength dependence �lasing is
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illustrated in Figure 4.17b. As the random laser increases in diameter a shift in the peak

wavelength is observed, from �lasing = 588.5 nm for D = 30 �m to �lasing = 601.2 nm

for a particle D = 198 �m. The red shift is accredited to the reabsorption of the lasing

emission by the dye. The likelihood of reabsorption is increased for larger diffusion path

travelled and translates to a increase in the wavelength of the emission. This occurs be-

cause there is a overlap between the fluorescence/lasing and the absorption spectra of the

dye. To discredited any power dependent effects on the emission wavelength four differ-

ent sized random lasers were measured. The power dependence of the peak emission for

four different sized random lasers was investigated in Figure 4.19. The wavelength depen-

dence is present even below threshold and no significant variation of the peak wavelength

is observed at increasing powers.

The FWHM is evaluated for particles which are above threshold and where the spectra

is independent of the power. In other words the FWHM plateaus, effect observed in Fig-

ure 4.12. Other spheres were not considered for this study. Reabsorption of the emission

increases the FWHM of the emission as illustrated in Figure 4.17c. An increase of the min-

imum FWHM with diameter is observed with the smallest narrowing of FWHM = 3 nm for

a size of D � 50 �m noted. The broadest FWHM = 6.5 nm for a particle of D � 135 �m.
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Figure 4.19: Peak wavelength variation as a function of pump power for different sized

random lasers. The peak wavelength is fairly constant at increasing power,
but is larger for larger particles.
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In the previous section we have shown how random lasers can be made with nanostructured

biomaterials were maximal scattering is desired. Ministration of random lasers with the

ability to operate in water opens new doors for body sensing. Here we present a different

fabrication approach and a completely different morphology, larger porous. By using a

larger system with larger pores there is the possibility of growing cells inside a random

laser rather than placing the lasers inside the cells.

 ! !" #$%&'($)'*+ *, -*./0$((1$&'23 ,*$40

Foams by definition consist of spherical or elongated pores, have isotropic properties and

small filling fraction. Freeze casting, an ice templating technique, is a widely know tech-

nique and is described in detail in the following reference: [199]. Freeze casting has gained

popularity to obtain foams made from biomaterials, due to the control over the material’s

porosity, including size, directionality and overall geometry of the pores. Moreover, it is an

easy fabrication route based on biocompatible solvents, such as water [199].

T  = 20 oC T  = -60 oC

IC
E

IC
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a b

Figure 4.20: Schematic of freeze casting of polymers. Freeze casting is a procedure based
on oriented growth of ice crystals and can be applied to the elaboration of
control macroporous materials a) A solution of 4wt% polysaccharide (green
chains) is placed in the PTFE mold. b) The crystallisation of water generates
a phase segregation, which leads to the formation of polysaccharide rich do-
mains confined by vertical ice columns.

The unidirectional freeze casting of foams was conducted by Sarah Christoph and Fran-

cisco Fernandes in UPMC (Paris) using a home-built setup. In a typical experiment a few mL

of polysaccharide solution at 4%wt with 0.5% of laser dye typically Rh6G or RhB is used. A

mould typically made of polytetrafluorethylene, known as PTFE, is place on a sealed copper
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plate in contact with a nitrogen bath. The top of the mould is open to air, allowing for a

temperature gradient [200]. A dedicated heating element controls the temperature of the

solution, when the solution is lower than the solidification temperature a freezing front

is formed and travels upwards. Ice crystals grow with lamellar microstructure, after the

freezing the sample is placed at -20oC before freeze drying. Ice sublimation, removal of

ice, was conducted in a freeze dryer and left to proceed for 24h. The typical structures ob-

tained are seen in Figure 4.21a-d, the optical image in Figure 4.21a and the corresponding

SEM seen in Figure 4.21b highlight the macroporous nature of the foams. The pore size are

anisotropic. The average distance length of the pore are estimated to be � 90 �m � 6 �m .

While the distance between the walls is estimated to be � 14�m �0.5�m. These estimates

are obtained from the mean of 50 pores of a confocal scan such as the one in Figure 4.21b

using ImageJ.

100 µm 300 µm

ba c

d

Figure 4.21: Freeze casting of Pectin and Chitosan yields macroporous foams. a) Camera
image of a RhB doped pectin foam. b) Confocal scan of a RhB doped pectin
foam. c) Rh6G doped foam and d) RhB doped foam.

The measurement of ‘t was performed by comparing 7 undoped pectin foams of different

thickness in the range of 350 �m ! 1200 �m. The different thickness were obtained by

cutting the foams, in the direction of the ice growth, with a diamond saw, such that thin

and even slices were obtained with minimal damage, confirmed by SEM images of the cut

surface. The thickness were estimated by optical measurements in cross section and the

total transmission measurements were conducted with an integrating sphere. Each foam

sample was measured in three different regions. The average of these 3 measurements was

fitted with equation 1.10 for each wavelength as shown in Figure 4.21b. Each blue point
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in Figure 4.21b. is the transmission of the foam of a certain thickness at � = 600 nm. For

an increasing thickness the absorption induces an exponential dependence of T!1 on the

thickness L. In dark red the result of the fit of the parameters ‘a and ‘t . The fit is conducted

by using a multi-step routine used for determination of the transport mean free path for

cellulose paper in chapter 2 :

1. ‘t (�) and ‘a (�) were taken to be free parameters of the fit. Approximate value of

both for each wavelength were obtained;

2. We fix one of the parameters, for example ‘a (�), and allow the other, for example

‘t (�) to be the free parameter of the fit. This is done interchangeably until conver-

gence is achieved (after 4 iterations);
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Figure 4.22: Transport mean free path of a Pectin Foam. a) Experimental results obtained
from 7 foams. b) Example of the fit for � = 600 nm. In red the fitted curve
and in blue circles the samples each of a single thickness. c) an SEM of the
structure measured.

From the elliptical shapes of the foams the scattering is expected to be anisotropic, in

other words to be stronger in one direction, in the growth direction. To characterise this,

white light, (spot diameter � 250 �m) was sent through a � 1.5 mm thick sample cut in

the direction of the ice growth and the transmission profile after the sample was collected

on to a camera. The resulting image is plotted in Figure 4.23. The image represents the
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4 Biocompatible Random lasing

intensity profile where in yellow is the larger intensity and in green followed by blue the

lower intensities. If the scattering were isotropic the spot would appear round, instead the

spot is elliptical. To clarify this the plots directly above and to the right represent the cross-

section through the centre of mass in x and in y respectively. The normalised superposition

is seen in the top right, where a difference is clearly visible, the width of the Gaussian is

20% smaller in the x direction than in the y.
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Figure 4.23: Intensity profile of light through a foam. The cross section of the intensity
profile are plotted for the x-axis in red and for the y-axis in blue. The su-
perimposed cross-section are plotted in the top right corner, highlighting the
difference in the transport.
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A solution of 4%wt of pectin, chitosan and sodium alginate doped with either Rh6G and RhB

were used freeze cast and dried to obtain macroporous foams. The lasing of these foams

was evaluated with single pulses of the second harmonic of an Nd:YAG Q-switched pulsed

laser, at 532 nm wavelength, 10 Hz repetition rate, and 6 ns pulse duration. The pump

diameter is � 2 mm, well above the ‘t and the critical length estimated to be Lcr � 100�m

(we are in the diffusive regime of the sample). Due to the anisotropy of the foams this

value can be slightly higher. From the spectral evolution of the emission one can extract

the relevant lasing parameters such as the lasing threshold. The threshold for a random
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lasing foam is defined as the power for which the spectral width reduces to half than its

low-pump power value. The lasing curves for pectin foam doped with Rh6G Figure 4.24a

and a pectin foam doped with RhB is illustrated in Figure 4.24c. The lasing thresholds are

PRh6G = 230 �J=mm2 for Rh6G and for PRhB = 150 �J=mm2 denoted by the dashed black

line. The FWHM in both cases plateaus at around 10 nm. The spectra below and above

thresholds are plotted in Figure 4.24b and c in dark blue and dashed lines respectively.
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Figure 4.24: Typical lasing plot for a pectin foam doped with Rh6G and RhB. a,c) Il-
lustrated are the laser peak intensity as a function of pump power (full blue
circles) and evolution of emission linewidth with pump power (empty pur-
ple circles). The red rectangles illustrate the lasing region above threshold
(Prh6G = 230 �J=mm2 for Rh6G and for PrhB = 150 �J=mm2 for RhB). b,d)
Comparison of spectra above threshold and in fluorescence

The fluorescence peaks at � f lu = 575 nm with a FWHM � 43.7 nm for Rh6G doped

pectin and at � f lu = 607 nm with a much larger FWHM � 66 nm for RhB doped pectin.

The lasing at threshold peaks at �las = 575 nm for increasing power once the minimum
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FWHM is reach the peak wavelength of the lasing is red shifted to �las = 575 nm and

�las = 617 nm for P = 2200 �J=mm2 for Rh6G and RhB doped pectin respectively, this

is due to gain saturation in the active volume, the photons are no longer absorbed by the

already excited molecules and therefore a larger probability of reabsorption and a red shift

of the emission.

The same morphology was attempted with chitosan, another biocompatible polysaccha-

ride. The lasing plot for RhB doped chitosan is depicted in Figure 4.25a and b. The plot is

similar to reported above with a threshold of PrhB = 100 �J=mm2. The spectra below and

above threshold is plotted in Figure 4.25b in dark blue and dashed purple lines respectively.

Here the fluorescence peaks at � f lu = 595 nm with a FWHM � 64 nm.

The third attempt with sodium alginate was unsuccessful despite the satisfactory foam

morphology and very pink appearance of the rhodamine doped samples. Both the RhB and

Rh6G doped foams presented very broad fluorescence spectra of � 65 nm for Rh6G doping

and � 80 nm for RhB doping and spectral narrowing was not observed, contrary to this the

spectral broadness increased with pump power. When a bulk doped sodium alginate was

pumped the fluorescence spectra was much narrower � 40 nm. The interaction of the dye

with sodium alginate is not fully understood, furthermore we cannot hypothesis why the

dye degrades after the freeze drying process when in contact with sodium alginate.
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Figure 4.25: Typical lasing plot of RhB doped Chitosan foam a) Illustrated are the laser
peak intensity as a function of pump power (full blue circles) and evolution
of emission linewidth with pump power ( purple circles). The red rectangles
illustrate the lasing region above threshold (Prhb = 90 �J=mm2). b) Com-
parison of spectra above threshold and in fluorescence at 2200 �J=mm2 and
0.7 �J=mm2 respectively.

95



4 Biocompatible Random lasing

 ! !"!# $%&'() '( *%+,- %(. &'/'0% 01%+'()

For potential applications for biosensing it is essential that the foams maintain their lasing

function with minimal degradation while in liquid media. The foams morphology, large

pores with low filling fraction makes them easy and quick to dissolve in water. To over-

come this limitation, the RhB doped pectin foams were coated with silica, to improve water

stability. Although this prevented the dissolution of pectin the dye leaching was substan-

tial ailed with the decrease of refractive index contrast, lasing could not be achieved at

the pump powers available. For dye protection a dye was grafted on Pectin a derivative of

rhodamine, Rhodamine B isothiocyanate (RITC). The chemical structure of the derivative

is designed so that a functional group allows it to be covalently attached to many organic

compounds such as BSA [201]. However, the covalent attachment affected the dyes gain

and lasing was again not possible to achieve.
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In this section we summarise all the materials and dyes worked with in the various ge-

ometries of which a few of which have been discussed in detail in previous sections and

chapters. A multitude of different materials were explored ranging from polysaccharides,

proteins and polymers.

Photonic glass structures were successfully obtained with Silk detailed in chapter 4,

CNCs , Pectin, Chitosan, Glucose and PVA all shown in chapter 2. BSA being a protein was

found to form a gel in the presence of PS bead, while Hydroxypropyl cellulose (HPC) was

dissolved by toluene, acetone and ethyl acetate such that the beads could not be successfully

removed.

Whispering gallery mode microspheres were obtained with Pectin and Silica with Rho-

damine Isothiocyanate (RITC), Rhodamine 6G (Rh6G), Rhodamine B (RhB) as gain media.

Bovine serum albumin (BSA), PVA and PVP microsphere laser were successfully obtained

with RhB and in the case of BSA lasing was also obtained with fluorescein.

Slab random lasers were the first random lasers fabricated using the photonic glass

architecture and adding gain to the system. This geometry was accomplished with silk,
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pectin and PVA. The fabrication was expanded to spherical microsphere random lasers with

silica and PVA, however, it was unsuccesful will silk, BSA and pectin.

Lastly foams, were fabricated with pectin, chitosan and sodium alginate. Sodium algi-

nate yielded a good foam structure, nevertheless it did not lase with either RhB and Rh6G.

Biomaterial
Photonic

glass
Dye WGM

Slab
Random

laser

Spherical
Random

laser
Foams

Rh6G

Fluorescein

FITC

Fluorescein

G��FITC

HPC Cellulose

RITC

Rh6G

RhB

RH6G

RhB

D��Glucose RhB

RhB

Rh6G

RITC

Fluorescein

Fluorescein

RhB

PVA RhB

PVP RhB

Agar

Chitosan

Silica

BSA

Silk

CNCs

Pectin

Table 4.1: Biomaterials nanostructured and lasing. This table presents the different ma-
terials tested and the dyes used, where G-FITC stands for grafted FITC. The
red represents the experiments attempted but unsuccesful, the green repre-
sents the succesful experiments and the yellow the experiments which were not
attempted.
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Here we presented the first biocompatible silk random laser. The fabrication technique

used is versatile and the procedure can be tailored not only to different gain molecules, but

also different biocompatible materials, including: BSA, pectin, silica amongst others. The

doped inverse photonic structure obtained is highly scattering with a transport mean free

path of ‘t � 4 ! 7 �m. We develop a technique to miniaturise random lasers and study
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their lasing properties with varying size. The smallest random laser obtained was a silica

laser with D � 28 �m. Further investigation is required to understand the size dependent

lasing output. The spectra obtained is composed of spikes and is not smooth as observed in

Figure. However, the resolution does not permit to observe the individual peaks. Further

study is required to understand if the peaks are also size dependent. Initial observation

suggest that the output is composed of peaks and as the size of the particle increases they

begin to smear out and smooth out the spectra.
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Figure 4.26: High resolution spectra of a small random laser. The spectra of a D � 30�m

silica laser is depicted spatially in the top figure. The modes are present on the
full extension of the laser as evidenced in the figure on the right which shows
the integration of the intensity. The bottom figure depicts the modal output of
the particle.
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Biocompatible lasers are promising for sensing applications. Here we show how a

biocompatible random laser can be an efficient pH sensor. Furthermore we inves-

tigate the mechanism of a random-lasing-based sensor which shows pH sensitivity

exceeding by 2 orders of magnitude that of a conventional fluorescence sensor. We

explain the sensing mechanism as related to gain modifications and lasing-threshold

nonlinearities. A dispersive diffusive lasing theory matches the experimental results

well, and it allows the prediction of the optimal sensing conditions and a maximal

sensitivity as large as 200 times that of an identical fluorescence-based sensor. The

lack of complex alignment and the high sensitivity make this mechanism promising

for future biosensing applications.
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Lasing has thus far been largely overlooked as a sensing transducer owing to the geometri-

cal complexity of conventional lasing architecture. Instead, fluorescence-based sensing ex-

ploiting spontaneous emission is among the most widespread mechanisms for bio-chemical

detection [202, 203]. A chemical interaction typically leads to a change in intensity, spectra

or lifetime, giving rise to a sensing signal, in some cases this signal is weak and the spectral

change is not very pronounced. Lasing has the potential to outperform fluorescence due to

the inherent signal amplification, increased signal to noise dynamics, the narrowed emis-

sion and non-linear dynamics [56]. To date several laser based sensors have been shown

for interleukin sensing [152], explosives [204] and remote sensing of hazardous chemicals

[205].

Biolasers, lasers made of biocompatible materials have the potential to produce new

coherent light sources, flexible and compatible for tissue integration. Biolasers hold the

potential to harness the amplifying power of stimulated emission for biosensing and cell

tracking [56, 78].

Sensing with WGM lasers relies on changes in the resonance of the cavity, accomplished

for example by a change in refractive index of the surrounding media or by deforming

the cavity itself. The ability to detect small geometrical changes has been used to detect

dynamical changes in the interior of cells with liquid WGM lasers [8].

Another sensing strategy is to use the gain molecule as the sensing transducer and the

geometry as the amplifier of the molecular response to changes in the chemical environ-

ment. While high Q-value cavities lead to low-threshold and high sensitivity readings,

their precise geometries can limit their application. For example dynamical living tissue

may cause physical changes to the cavity. The system is therefore, unreliable to any real

changes in the environment and instead becomes a reporter of geometrical changes. Large

deformations can affect the output drastically and may even destroy their lasing abilities.

In contrast random lasing occurs in disordered systems with optical gain [9]. The lack of

an optical cavity gives this random lasers the resilience against deformation and makes it

appealing for implantation in biological media.

Sensing in random lasers has been limited to the detection of changes in the scattering

strength by a refractive index change [87, 206] and temperature variation [207] and is on
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5 Sensing with lasing

its own less sensitive than WGM lasers. Instead, we aim to use random lasing sensing in

a similar scheme to conventional fluorescence sensing, a targeted sensing via biochemical

interaction at the emitting molecule level. In other words a sensing scheme that affects the

gain available to the lasing process and in consequence the amplification process.

pH 7 pH 13

Figure 5.1: Sensing scheme where by in the presence of large pH the emission is sup-

pressed. On the left the laser operation at neutral pH is strong, when the pH
of the solution is increased beyond pH 13 the lasing is completely suppressed
as illustrated by the image on the left.

As proof of concept we explore sensing in the silk random laser introduced in the pre-

vious chapter whose gain medium is Rhodamine 6G (Rh6G). The absorption spectra of

Rh6G in aqueous solution is affected by dye concentration, pH and temperature [208].

The increase of the pH of the solution with RH6G is known to decrease the fluorescence

emission and therefore will also affect the lasing [208]. The sensing scheme proposed is

an on-off scheme where at low pH the lasing is on, and at high pH the lasing switches off

as schematically demonstrated in Figure 5.1.

 !" #$%$&'()$ *+ ,- .$(./(0 +*1 2/*%*0/)'% 3*(/4*1/(0

The detection of pH is critical in a wide range of industries including pharmaceutical and

biotechnology, food and beverage, agriculture, water and waste water treatment and en-

vironmental control. Specifically for biological monitoring, variations of pH, beyond the

norm, can be associated with disease. Cell survival is dependent on favourable acid-base

balance and regulate their ion channels to maintain the cytosolic pH within a narrow range:

7.1-7.2. In the early stages of solid tumours the extracellular pH can be as low as 6.5 [209].
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5 Sensing with lasing

In contrast the pH environment of chronic wounds such as ulcers is found to be in the range

7.15-8.9. The rates of healing of a wound is also associated to its pH levels. Elevated levels

of alkalinity translate to higher recovery time when compared to closer to pH neutral levels

[210].
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Figure 5.2: Spectral changes as a function of pH. a) Average of 10 spectra of silk random
laser submerged in solution of different pH and excited at P = 600 �J=mm2.
The highest intensity corresponds to the lowest pH. The lasing is subsequently
suppressed with increasing pH. The lasing is completely suppressed from pH 12
to pH 13 reverting to the characteristic broad fluorescence spectra. b) Plot of
the FWHM of the spectra as a function of increasing pH. The error bars come
as a result of the averaging of 10 spectra and is due to both the fluctuation in
the pump power as well as the non-linearity of the lasing process.The FWHM
changes significantly with pH, at pH 7 it is 10 nm, the FWHM increased slowly
with increasing pH reaching 25 nm at pH 10. After which there is an abrupt
change from pH 11 - 13.

In the previous chapter we studied the lasing characteristics of an inverse photonic glass

made solely of doped silk and showed that it can operate in water, essential for biological

sensing. Here we change the pH of the water by increasing the concentration of sodium

hydroxide (NaOH) from pH 7 to pH 14. The assumption is that NaOH is completely disso-
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ciated in solution. All pH measurements were rectified with a pH strips.

Sensing is experimentally achieved in aqueous media, to resemble biological conditions.

The porous structure of the inverse photonic glass and the permeability of silk [18, 114,

211] allow for the molecules to be responsive to chemical changed in the solution. The

sample was placed in a custom holder, submerged in solution and excited with a �ex =

532 nm and � 2 mm diameter spot. The spectral change was evaluated at a fixed power of

P = 600 �J=mm2, subsequently changing the pH solution starting at pH 7. At increasing

pH the lasing properties of Rh6G are degraded. The spectra changes from pH 7 - 11.5 are

small, changing from FWHM ~10 nm - 25 nm. By contrast beyond pH 12 the emission

change is significant and the lasing is completely suppressed. There is no lasing and the

emission is broad (55 nm), illustrated in Figure 5.2a and b.

The change in the lasing spectra is accredited to a change in the gain molecule in the

presence of high pH. Rhodamines have a non-stratified COOH group which can be reversibly

deprotonated in the presence of alkaline solutions. The deprotonation is thought to inter-

rupt the � system of the molecule changing among other properties its absorption cross

section (�abs).
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Figure 5.3: Total transmission studies at neutral and high pH. a) Transmission varia-
tion from neutral pH to high pH ( pH = 13 ) and b) the SEM scan after the
submersion in high pH.

To rule out the possibility of a structural or refractive index modification and degradation
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of the sensor at high pH, the total transmission of silk inverse photonic glass was evaluated

in high pH solution in absence of dye. A silk inverse photonic glass was placed in a neutral

and pH 13 solution on top of an integrating sphere. Collimated white light was directed

to its surface and the spectrum was recorded, normalised by the spectra of the white light.

The transmission spectra profile is maintained upon the addition of NaOH and only a shift

in transmission is observed as illustrated in Figure 5.3a , indicating a small decrease of the

scattering strength ( >10%), when compared to the transmission at neutral pH. The small

transport change alone would affect the threshold by not more than a few percent, and

is due to the slight swelling of the silk matrix, evidenced in Figure 5.3b. The unfamiliar

transmission profile as a function of wavelength presented in Figure 5.3a is due to the

absorption peaks of H2O at � = 730 nm and � = 875 nm [212].
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Figure 5.4: Lasing recovery a) Compares the spectra at 600 �J=mm2 at different stages,
in dashed blue line the spectra at pH 7 and in dashed pink is the spectra at
pH 14. To show the recovery of the lasing there is a full dark pink line after 5
min of irrigation and in full purple line is the spectra after 60 min of irrigation,
illustrating the recovery of the lasing. b) The Full threshold curve, showing the
FWHM evolution as a function of power in purple from 54 nm to 15 nm and in
blue circles the peak intensity as a function of pump power.

The lasing switches off at large pH. When maximum power is used (1100 �J=mm2) no

spectral narrowing is observed. The spectra is plotted in Figure 5.4a in the dashed pink

line. However, this is a reversible sensor and when the pH is restored to neutral the lasing

dynamics are recovered. The random laser is irrigated with deionised water to lower the

pH. After 5 min of submergence and irrigation the spectra is almost unaltered as illustrated
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in red in the plot in Figure 5.4a. After 60 min instead the spectra plotted in purple in Figure

5.4a obtained after pumping with P =600 �J=mm2 is narrower with FWHM ~ 35 nm.

Nevertheless, full reversal is not achieved, which can be seen by comparing the results to

the original spectra (dashed blue line in Figure 5.4a) This signifies that the lasing threshold

has increased, in Figure 5.4b is typical lasing curve as were FWHM and the peak intensity

are evaluated as a function of power. From the plot the lasing threshold is determined to

be Pth � 370 �J=mm2 greater than the lasing threshold in water (Pth � 140 �J=mm2).
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Qualitatively, we can understand the lasing suppression as a reduction of the optical ampli-

fication which increases the gain length, ‘g . As previously discussed ‘t is unaffected by pH,

whereas ‘g is pH sensitive. When the critical lasing size, Lcr �
˘

‘t‘g required for lasing

becomes larger than the sample size, the laser switches off.
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Figure 5.5: Absorption and emission spectra of Rh6G with varying pH. Relative absorp-
tion spectra on the left as a function of pH and on the right the emission spectra
as a function of pH. The trends shows that the emission and absorption de-
creases with increasing pH of the environment.

To understand the mechanism behind the lasing we will measure and estimate the

change observed in fluorescence parameters such as: �a, fluorescence emission,� and �.

Firstly we evaluate the absorption and emission spectra of Rh6G in a solution with vary-

ing pH. The absorption of the Rh6G is evaluated with an absorption spectrometer, which
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sweeps over different wavelengths (400 nm - 650 nm). The light is transmitted through a

cuvette with solution of 0.05 mM of Rh6G at a given pH. The concentration is optimised

to allow for light to be transmitted through the solution as well as prevent the quenching

of Rh6G by dimer formation [176, 213]. The incident light is transmitted following Beer-

Lambert law expressed in equation(1.8) and gives rise to a parameter called the absorption

coefficient. Here, we are interested in the relative absorption between different pH. The

absorption spectra as a function of pH is plotted in Figure 5.5 on the left. For pH 7 - pH

10 there is only a slight decrease in the absorption maximum. At pH 11 the absorption

maximum shifts to shorter wavelengths with the second absorption peak emerging at 480

nm, followed by a dramatic absorption decrease at from pH 11 to pH 12, which continues

until pH 14.
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Figure 5.6: Rhodamine 6G properties as a function of pH. The relative absorption cross
section (�a), quantum efficiency (�), and excited-state lifetimes (�) measured
as a function of pH. All quantities decrease for pH values larger than ÷ 10.

The absorption spectra at pH 14 is a magnitude less than that at pH 7. These results

are an indication of the relative absorption cross section of the molecule in the presence

of pH and from the absorption spectra we can deduce the quantity �a. It is important to

note that the result is in solution, where molecules can form aggregates. It isn’t obvious

106
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that this should be the case in a biomaterial matrix. Nevertheless, there is a decrease in

emission of the lasing. The relative absorption cross section obtained as a function of pH is

plotted in Figure 5.6a. The emission of Rh6G now in a silk matrix is also evaluated, with

a fixed wavelength of � =532 nm at powers well bellow threshold. The resulting spectra

as a function of pH is plotted on the right hand side of Figure 5.5. The emission follows

the absorption trend and is maximum at pH 7 decreasing progressively as the pH of the

solution increases.Although the absorption between pH 7 to pH 10 is almost unchanged

the emission spectra decreases significantly in this range and sees a dramatic decrease in

the emission intensity between pH 12 and pH 13.

The absorption and emission spectra are used to determine the quantum yield � of

Rh6G. The result is also determined with the variation of the transmitted laser light (pi-

cosecond pulsed excitation  = 532 nm, 40 MHz) and fluorescence intensity when recording

the light escaping from the silk inverse photonic glass with an integrating sphere. Although

the first method relied on the absorption measurements in solution, � calculated is consis-

tent for both methods. Given this result, we are confident that the absorption of Rh6G in

solution is a good indication of the absorption of the molecule in a silk. The relative � at

varying pH is plotted in Figure 5.6b.

Another parameter to model the lasing behaviour is the life-time � of Rh6G in silk. Using

fluorescence lifetime spectroscopy by time correlated single-photon counting and using a

picosecond pulsed excitation ( = 532 nm, 40 MHz) source � is determined as a function

of pH and plotted in Figure 5.6c. � is constant until pH 10, beyond which it decrease from

�pH 10 = 2.6 ns at pH 10 to �pH 13 = 2.0 ns at pH 13 above which is plateaus. With respect

to the �a using the Stickler-Berg relation the parameter is consistent with both the � and

� measured [65].

Overall the dye properties are unaffected in the pH range 7–10. Starting at pH ÷ 10,

we observe a pronounced decrease of absorption and lifetime, and, from pH÷ 11, a similar

decrease of the quantum efficiency.
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Random lasing can be by a dispersive diffusive model, built on light diffusion coupled to the

classical molecular rate equations that includes spectra mode competition [4]. This leads
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5 Sensing with lasing

to three coupled rate equations that can be solved numerically for slab geometry, expressed

in equations (1.18). This model has no free parameters— it describes the realistic sample

characteristics given the scattering and gain properties of the medium either measured or

taken from the literature. Albeit being a simplified model of the lasing process, the coupled

rate equation model compares well to the measured data, as depicted in Figure 5.7 (code

courtesy of Dr. Michele Gaio).

Pump (   J/mm²)µ

Figure 5.7: Comparison of the experimental data with the prediction of the diffusive

model. The full circle represent the experimental data while the lines are the
theoretical calculations for a slab thickness 100 �m, ‘t = 4 �m and � = 2.5 ns.
The experimental fluorescent spectrum of our dye was used together with typ-
ical values of rhodamine 6G absorption and stimulated emission cross-section.
The model gives a theoretical threshold Pth = 50�J=mm2 which compares well
with the experimental value Pex p = 70 �J=mm2. The theoretical line-width
above threshold is underestimated, as it is limited only by gain saturation.

The colour squares in Figure 5.7 correspond tot he respective colour plotted in Figure

5.8. The spectral narrowing is also consistent with the experimental result, below threshold

in blue the line width is broad ~ 54 nm, as the pump power increases the spectra narrows.

The theoretical linewidth above threshold is underestimated as it is limited only by gain

saturation, while homogeneous and inhomogeneous broadening is neglected [4].
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Figure 5.8: Theoretical spectra narrowing at different pump powers. The squares of
different colours correspond to the spectra at different powers depicted in the
previous figure.

 ! "#$%&&'() *+($#, &+-'() -%(-'()

The sensing dynamics can be predicted using the model used above. The parameters re-

quired to model the random laser are taken from literature or measured. A change in any of

the molecular parameters would modify the lasing threshold and be detectable by the las-

ing sensor. More quantitatively, in the approximation of a stationary and uniform system,

the lasing threshold can be expressed as:

T � [(N�c v�e ! 1)�r��a]!1 (5.1)

where N is the molecule’s density, v the speed of light in the medium, �c is the Thou-

less time (the typical time it takes for a photon to escape the disordered medium) which

accounts for the losses at the surface, and the relevant properties of the molecules provid-

ing optical gain are modelled with the stimulated emission cross-section �e, the absorption

cross section �a at the pump wavelength, the radiative lifetime of the excited state �r ,

and the quantum efficiency �. The latter two are related via the non radiative decay rate

! nr = 1=�nr , as � = !r=(!r +!nr). We evaluate these parameters to investigate how a change
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in the fluorescence properties translates into a change in the lasing.
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Figure 5.9: Sensing of pH: a comparison of experiments and theory. (a) The random-
lasing system is pumped above the lasing threshold (P = 840 �J=mm2) and the
emission characteristics as a function of the pH of the solution are recorded. The
lasing is suppressed at large pH values (pH > 13), corresponding to a strong
decrease of the peak intensity (the blue circles) and a sharp increase of the
FWHM of the emission (the red square). (b) Theoretical prediction of the lasing
response upon pH variation, which shows a similar behaviour.

Since the refractive index contrast is decreased due to the increase from air to water, an

increase by a factor of 3 - 4 in the scattering strength is observed, where in air the transport

is ‘air = 4 �m and is ‘water = 14 �m. The sample (L = 100 �m) is excited at a fixed power

P = 840 �J=mm2 which is well above lasing threshold (P = 80 �J=mm2 ). The result is

shown in Figure 5.9a , similar to the results depicted in Figure 5.2, however at larger power.

A progressive decrease in peak intensity (the blue circles) is observed for an increasing pH:

110



5 Sensing with lasing

beyond the value pH 13, the lasing action is switched off. The peak intensity shows an

overall approximately 100-fold intensity decrease, and the FWHM (the red squares) instead

increases smoothly from 14 nm at pH 7, corresponding to the above-threshold line width

(shown in Figure 5.9(a), to pH 13, where it sharply reaches 54 nm, which is the FWHM of

the fluorescence spectrum. This result indicates a shift of the threshold to a larger pump

intensity. The error bars are calculated as the standard deviation of the average of ten

repeated measurements, each by pumping with a single laser pulse. It is evident when

comparing Figures 5.9 and 5.6 that the changes in the molecular properties are amplified

by the lasing system, and this amplification results in a large intensity variation with a sharp

transition of the lasing emission, which offers an opportunity for efficient sensing

The theoretical dependence on the sensing parameter is calculated including all mea-

sured molecular parameters, �, �, �awhile the gain cross-section (�e) is inferred by as-

suming that it scales with the absorption (�a) [214]. The resulting theoretical predictions

are shown in Figure 5.9 b and are in very good agreement with the experimental data. As

expected, the predicted lasing linewidth is underestimated, as, in the model, the narrowing

is limited only by the gain saturation.
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Before we describe the sensing mechanism from a theoretical perspective, it is important

to address the challenges and limitations of a random laser sensor, such as the one we have

just described.

Biosensing relates to the detection of biologically relevant activity, this has been exten-

sively accomplished with fluorescent probes in many configurations described in detail in

the following reference [177]. However, biosensing with lasers is a field still in its infancy

[56]. In the context of cavity-less lasers challenges remain in finding probes which are not

only good detection targets but also have the ability to constitute a low threshold laser. In

contrast, WGM laser and other cavity geometries make use of changes and deformations to

the cavity or its surroundings as probes of the biological environment and therefore have

more freedom when employing a dye. This added freedom also comes with a setback, for

example in a cell it is becomes difficult to decouple the output from complex biological

interaction that take place in the human body.

For biosensing in-vivo and in-vitro a certain level of biocompatibility is required. A mea-
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5 Sensing with lasing

sure of biocompatibility of laser sensors has yet to be extensively evaluated this is partially

due to the distance from real applications. For perspective the field has gone as far as im-

planting lasers into cells and tissue [215, 8, 78] With biocompatibility and degradability

also comes the challenge of long term stability of the lasing output. When using materials

such as the ones we have explored in this thesis (polysaccharides, proteins and synthetic

polymer), they tend to swell and disintegrate in biological media over time to the point

where the devices stop lasing. Equally it can be problematic to decouple the change to

the sensing probe from the degradation of laser. Random lasers are very robust to small

changes in ‘t . If the device is large enough the laser can compensate by increasing the

active volume as address in chapter 4.

Overall further studies on biolasers are essential to evaluate draw backs and bottleneck

of the material, geometry and gain media.
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The sensitivity and limitation of random laser sensing can be predicted by calculating the

affects of the dye parameters on the lasing threshold exploited in equation (5.1). Although

these parameters are coupled in real dyes, we will consider them independently to isolate

their role. We have chosen as a figure of merit the peak intensity (I) relative sensitivity,

defined as:

S� =
�
�
�
�

dI=I

d�=�

�
�
�
� (5.2)

where � is the parameter examined. The linear response, S� = 1 , is typical of the fluores-

cence regime. In Figure 5.6 we compute S�for various molecular parameters (� =�a, � ,

�, �e=�0) at different pump power. The colourmap highlights regions with linear response

(white) for S� = 1 and highly nonlinear response above S� � 1 (red). The blue regions

correspond to regions with negligible effect on the measured intensity. The dashed black

lines are the calculated threshold, i.e.: the boundary between the fluorescence (below) and

the lasing (above) regimes.

Figure 5.10 can be understood when considering the individual role of the different

parameters on the lasing process. �a describes the absorption of the pump and therefore is

directly related to the excitation probability of the dye molecules. In fluorescence sensing,
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the absorption is a property typically exploited and induces a variation of the measured

light intensity. Counter intuitively for lasing �a is a parameter of minor importance. In

the regime where the size of the random laser exceeds the penetration depth of the pump,

a change in the absorption can be compensated by the increase of the active area within

the system. In other words, the available gain is constant, this is apparent in Figure 5.10a

on the right hand side where the random laser is insensitive to changes in �a. For lower

absorption values, left hand side of Figure 5.10a, where the absorption length is comparable

to the system size, the absorbed and the emission intensity are linearly related to �a both

for fluorescence and lasing regimes (white areas). The threshold is seen to increase slightly,

Figure 5.10a dashed black line, as expected. Around the lasing threshold a twofold increase

in the sensitivity is predicted where: S��
= 2.2 (light red).

A similar behaviour is observed for parameter � which describes the lifetime of the

population in the excited states and therefore is related to the ease of inducing popula-

tion inversion in the system. As depicted in Figure 5.10b the recorded intensity is largely

insensitive to the change in �, for both fluorescence and lasing regimes. Instead, a life-

time decrease induces a mild shift of the lasing threshold towards higher pump intensities

resulting in a roughly linear sensitivity, with S� = 0.9.

The quantum efficiency � is another quantity often exploited in fluorescence sensing

techniques, as it is related directly to the emitted intensity. The wide linear region (white)

below the lasing threshold, Figure 5.10c dashed line, is the linear sensitivity of the fluo-

rescence regime. The lasing emission well above lasing threshold is marginally affected by

the quantum efficiency, this is because the non-radiative decay processes are slower than

the stimulated emission and therefore become irrelevant above threshold. Instead, around

threshold the sensitivity peaks as shown by the red region of the plot. This can be due

to the emission increasing rapidly as stimulated emission (unaffected by the parameter �)

takes over spontaneous emission (affected by parameter �) The maximum sensitivity is:

S� = 201.

The most direct way of tuning the lasing threshold is by controlling the gain value, i.e.:

altering �e as shown in Figure 5.10d. This parameter is unique to lasing and has no effect

on fluorescence. As expected, the calculated fluorescence sensitivity has no dependence on

�e. The largest response is found around the lasing threshold. In this case a decrease of �e

of 10% of the original value equates to a complete suppression of the lasing, independent

113



5 Sensing with lasing

of the pump power. In this condition, high sensitivity S�e
= 186 is reached.

The highest sensitivities are found around the fluorescence-lasing transition, with max-

imum values S�a
= 2.2 , S� = 0.9 , S� = 201 and S�e

= 186.
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Figure 5.10: Sensitivity analysis. The relative sensitivity defined is calculated for the same
system parameters, when varying the values of �a, � , � and �e=�0, a, b, c,
d respectively and for different pump intensities. The black dashed lines are
the lasing threshold marking the boundary between the fluorescence and the
lasing regime. The blue areas correspond to no sensitivity ( S� � 1 ), the white
areas correspond to linear sensitivity (S� = 1 ), and the red areas correspond
to increased sensitivity ( S� � 1 ). Each coloured bar on top of the plots
indicates the measured range of variation of the corresponding parameter, as
reported in Figure 5.6

We can now discuss the experimental sensing profile reported in Figure 5.9. The bars at

the top of each plot in Figure 5.10 identify the measured parameter variation illustrated in

Figure 5.6. Since they are coupled parameters, a response to pH variation is not surprising.

Showing to be more prevalent in terms of the quantum efficiency as well as the gain. The

resulting experimental sensitivity extracted from the experimental data is SpH = 200 � 50
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at pH = 13, which is larger than the theoretical prediction of SpH ö 60. Finally, in the

range pH = 12-13 we can estimate a limit of detection (LOD) of LODpH ÷ 0.03, defined as

3 times the signal to noise ratio.

Stimulated emission can therefore boost the sensitivity of a fluorescence sensor as well

as provide an additional sensing parameter, i.e., �e. These advantages come at the ex-

pense of additional complexity. Lasing requires a nanophotonic architecture to promote

stimulated emission, a disordered medium for random lasing, and a dye capable of pro-

viding net optical gain. The critical length limits the miniaturization of the lasing device

to approximately ~10 �m, which implies that the random laser sensor is not suitable for

sensitivity at the single-molecule level. When compared to fluorescence schemes, random

lasing requires a higher excitation intensity, in the microwatt range ( > 1 �J pulse energy)

instead of the nanowatt range of conventional single-molecule spectroscopy. While this re-

quirement could be a problem for in-vivo sensing, preliminary results in living cells [8, 78]

show that these power ranges are below the damage threshold of the biological media.

 !" #$%&''()*'+,&$-.'+

We introduce a random lasing sensing scheme based on the lasing intensity and FWHM

modification of the gain dye parameters, which we attribute to a threshold shift. We present

a detailed description of the sensing mechanism and a theoretical model which matches

very well the experiments on pH sensing by silk-based random lasing. We identify the

most efficient sensing scheme, with a 2-order- of-magnitude enhancement with respect to

fluorescence. Given the universality of multiple scattering, its robustness against stress and

deformation, and the large availability of fluorescent and lasing dyes, we foresee possible

applications for biological and chemical sensing in living tissues.
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The ultimate goal of this thesis has been to fabricate and study biocompatible random lasers

and evidence the enhanced sensitivity of a lasing based sensing scheme when compared to

conventional techniques; we have pursued applications in biosensing, particularly in pH

sensing with outlook for in body sensing.

Achieving a random lasing system which is biocompatible requires the nanostructuring

of biomaterials, while interfacing the opaque material with emitting molecules. To achieve

this we have separated the tasks, first focusing on the multiple scattering in biocompatible

materials and subsequently studying the gain in biomaterials.

A novel fabrication technique to nanostructure and consequently enhance light interac-

tion within biocompatible polymers is presented. Due to the flexibility of the design, the

same architecture is achieved for a variety of different materials. We exploited cellulose

nanocrystals to obtain highly scattering paper with potential for increasing contrast in pa-

per based sensors while increasing porosity and allowing for a wider range functionalisation

opportunities than currently explored.

Gain molecules have multiple functionalities in our sensors, not only do they provide

the gain for the laser but also chemically interact and respond to changes in the chemical

environment. We explored a conventional lasing structure using solid state biocompatible

materials. We develop a novel and simple fabrication technique to obtain micron sized

solid state lasers made with different biomaterials and studied their lasing output. BSA

microlasers where found to retain their lasing action in both aqueous environment and cell

culture media, and compatible with cell growth.

Stemming from the study and optimisation of light scattering and the doping of bio-

materials with lasing agents, the main results of this thesis arose. We presented the first

biocompatible silk random laser with the ability to sense pH with a 2-order- of-magnitude

enhancement with respect to fluorescence. Furthermore, we miniaturise the random lasers

116



6 Conclusion and future outlook

and studied the output in terms of their size. While at large sizes the threshold is constant,

at smaller sizes the threshold increases rapidly and the appearance of pronounced spikes

is observed. Due to our controlled geometry, the modal output of the random lasers can be

in future studied in more detail and may answer help understand how the modal output

depends on size. The smallest size random laser operational in water achieved is a few

10s of microns in diameter, just above the size limit which can be implemented into the

cell. Further miniaturisation could be possibly achieved by optimising the gain and void

diameter or more simply by using materials of larger refractive index. Although this may be

a simple solution, high refractive index materials such as semiconductors, can prove toxic

and unlike the materials we used throughout this thesis are in large part not biodegrad-

able. Nevertheless, other applications are still in reach dependent upon the tailoring the

sensing band to relevant pHs. Currently pH sensing is used in a variety of industries such

as pharmaceutical, agriculture water, water waste treatment, environmental control and in

food and beverage industries which hold the majority of the market. Although there are

many pH sensors available there are still gaps in the market such as for the detection of

waterborne diseases and contamination of water. Unlike most high sensitivity pH meters

our device has the potential of conducting continuous monitoring of pH without the need

of calibration and buffers, which can be particularly useful for fast out of the box usage

for disposable devises. Perhaps the best potential application lies in localised probing on

tissues. Averaging effect of measurements can cover critical differences between cells and

sections of the tissue, mapping different micro regions can reveal additional information

with important biological implication [216, 217, 218]. This can be accomplished either

directly on the skin or in laparoscopic cavities using keyhole or minimally invasive surgery.

Initial studies on a skin phantom has already indicated the possibility for integration and

operation of the miniature lasers in the fibrous collagen network similar to human skin.
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