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Abstract

Characterizing Protein Crystal Nucleation

A dissertation presented to the Faculty of
the Graduate School of Arts and Sciences of
Brandeis University, Waltham, Massachusetts

by Sathish V. Akella

We developed an experimental micro uidic based technique imeasure the nucleation
rates and successfully applied the technique to measure laation rates of lysozyme
crystals. The technique involves counting the number of sartgs which do not have
crystals as a function of time. Under the assumption that nuehtion is a Poisson
process, the fraction of samples with no crystals decays exgntially with the decay
constant proportional to nucleation rate and volume of theample. Since nucleation
is a random and rare event, one needs to perform measuremeotslarge number
of samples to obtain good statistics. Micro uidics o ers tke solution of producing
large number of samples at minimal material consumption. Hea, we developed a
micro uidic method and measured nucleation rates of lysonye crystals in supersatu-
rated protein drops, each with volume of 1 nL. Classical Nucleation Theory (CNT)
describes the kinetics of nucleation and predicts the furnonal form of nucleation rate
in terms of the thermodynamic quantities involved, such asupersaturation, temper-
ature, etc. We analyzed the measured nucleation rates in thertext of CNT and
obtained the activation energy and the kinetic pre-factoritaracterizing the nucleation
process. One conclusion is that heterogeneous nucleation duates crystallization.
We report preliminary studies on selective enhancement of cleation in one of the
crystal polymorprhs of lysozyme (spherulite) using amorgus mesoporous bioactive
gel-glass[48, 49], Ca®,0s5:Si0O, (known as bio-glass) with 2 10 nm pore-size diam-

eter distribution. The pores act asheterogeneousiucleation centers and claimed[46]
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to enhance the nucleation rates by molecular con nement. EBimeasured kinetic pro-
les of crystal fraction of spherulites indicate that the crystallization of spherulites

may be proceeding via secondary nucleation pathways.
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Chapter 1

Introduction

Determining the structure of a protein (e.g. an enzyme) is anmmportant step to-
wards understanding the function of the protein molecule @hdesigning drugs for
certain diseases. In determining the structure of a proteinsing X-ray di raction,
one needs to crystallize the protein to obtain a large and X-yali raction (XRD) qual-
ity crystal. Many crystallographers exhaustively scan therotein-precipitant phase
space in search of the crystallization conditions which yite XRD quality crystals.
The physical processes underlying crystallization are thaicleation and the growth.
Nucleation is an activated process by which embyros of the stable cryshase spon-
taneously appear from the metastable bulk phase, known asicleus Growth is the
growth of the nucleus ensuing nucleation. Nucleation is a freently observed phe-
nomenon in nature. Formation of rain drops in clouds, forma&in of cataract due to a
liquid-liquid phase transition of eye-lens proteins, polyerization of sickle cell anemia
hemoglobin[19] are just few examples of wide range of pheraara where nucleation
occurs. Nucleation is "homogeneous' when it occurs spontaunsly in the bulk of
the metastable phase or "heterogeneous' when it occurs imawt with foreign sub-

stance such as container walls, cat whiskers, or even pretfe of the protein under



study. Almost every nucleation observed in nature is heteregeous[37]. Classical
Nucleation Theory (CNT) attempts to describe the kinetics of ncleation in terms
of the thermodynamic parameters involved such as temperatiand supersaturation.
To characterize nucleation, our approach is to experimeritg measure the nucleation
rates and analyze them according to the predictions of CNT tobtain the activation
energy and extract the interfacial energy between the stablcrystalline phase and
metastable bulk phase. Here we give a brief introduction to ¢hlist (table 1.1) of
reported techniques in the literature to measure nucleatiorates, in a chronological

order.

1. In 1950s, Turnbull[9, 10, 11] developed a drop-based methto characterize nu-
cleation in supercooled liquid metals. The method involvesuspending mono-
disperse droplets of liquid metals in an inert medium (Ethyl l@ohol or Methyl
cyclopentane) and measuring the total volume change as a tion of time. As-
suming the solidi cation of drops occurs at shorter time sdas than nucleation,
the volume change is a measure of number of solidi ed droptetThe change in
volume decays exponentially with time and the decay constais proportional

to nucleation rate.

2. Vekilov et al[17], developed a drop-based technique to aseire nucleation rates
of protein crystals. The technique involves placing a dropfrotein solution
in an inert oil and incubating the sample at temperaturel; for a period of t
to nucleate the crystal and subsequently growing the nuclet ;emperature T,.
The temperaturesT,; and T, are chosen such that only nucleation occurs 8y
and no nucleation occurs afl, but the system is su ciently supersaturated to
grow the nuclei. Under the assumption that the characteristi time scale for

growth is much longer than quench period t, the number of crystals formed



in a drop varies linearly with t, with slope proportional to nucleation rate.

3. Laval[4] and Salmon[5] used Turnbull's method to obtain utleation rates of

KNOj crystals in 100nL drops using micro uidics.

4. Veesler[21, 25], Fraden[22] have extended the Vekilovéchnique to measure
nucleation rates of lysozyme crystal in 100 nL drops using micuidics. Fraden
group developed a micro uidic PhaseChip[23] to increase ¢hsupersaturation
by varying the concentration instead of temperature. Anotheadvantage with
the PhaseChip is that, it can be used to study the temperatureoncentration

phase diagrams.

5. Darcy and Wiencek[1] measured the enthalpy of lysozyme daiization using
microcalorimetry. Zukoski[6] et al have estimated the nuciion rates from the
enthalpy measurements as the heat released during crysitedtion is a measure

of nucleation.

6. ter Horst et al[2, 3] measured the nucleation rates of m-anubenzoic acid,
L-histidine and Isonicotinamide using Turnbull's technige. Instead of crystal-
lized drop fraction, they measured the induction times forhe appearance of
crystals in drops. Induction time is the elapsed time betweethe starting of the
experiment and the time till a detectable sized crystal ap@es in a the drop.
The measured induction times follow an exponential distribubn whose decay

constant is proportional to nucleation rate.

With the advent of free-electron lasers (FEL), the constrainbf obtaining large and
well di racting crystals is relaxed. FELs produce intense X4y pulses for periods of
time smaller than required for damaging a crystal. The multangle di raction data

is obtained by di racting a large number of randomly oriented small (sub-micron)



| S. No. || Groups | System |

1 Turnbull[9, 10, 11], La Mer[14] Supercooled liquid metals

2 Vekilov[17, 19], Vessler[21, 25], | Lysozyme, Sickle  cel
Fraden[22] , Wagner[24] Hemoglobin

3 Darcy[1], Zukoski[6] Lysozyme

4 ter Horst[2, 3] m-aminobenzoic acid (m-

ABA), L-histidine (L-His),
Isonicotinamide
5 Laval[4] , Salmon[5] KNO3

Table 1.1: Nucleation rate measurement techniques reported literature. The
bolded references are measurement techniques using micro uidics.

crystals. FEL X-ray di raction does not need cryo-protectionagainst radiation dam-
age because the crystals are exposed only for a period of tigh®rter than the time

needed for radiation damage to occur and disposed after dmgise. Usually cryo-
protection induces stresses in crystals which lead to distion in the crystal structure.

Another advantage of FEL X-ray di raction is that the crystal structure can be ob-
tained from small crystals. Therefore, understanding andharacterizing nucleation
in small volumes can improve di raction obtained from FEL X-raysources. Towards
that end, we have adopted Turnbull's technique to measure nigation rates of pro-
tein crystals using drop volumes ok 1 nL. This method involves nucleating large
number of identical and independent drops at constant tempature and counting

number of drops without crystals as a function of time. Underhe assumption that
nucleation is a Poisson process, the number of drops withoatystals decays expo-
nentially with time and the decay constant is proportional © the nucleation rate
and the volume of the drop. Lysozyme is an enzyme consisting I#9 amino acid
residues, with a molecular weight of 14,500 Daltons. Lysamg is a globular protein
(gure 1.1), roughly ellipsoidal in shape with two minor axe 3.3 nm and a major

axis 5.5 nm in diameter[15]. Lysozyme has a net positive clgar of 85e at pH



(a) Ribbon structure of lysozyme. The  (b) Ball and stick structure of lysozyme.

structure highlights the secondary struc- ~ Blue and red colored regions represent
tures (alpha helical and beta sheet struc-  the hydrophillic and hydrophobic regions
tures) of lysozyme. of lysozyme.

Figure 1.1: Structure of Hen Egg White Lysozyme(HEWL) obtained &m protein
data bank. (http://www.rcsb.org/pdb/explore/explore.d o?structureld=2lyz)

7.0. The isoelectric point of lysozyme is pH 11.2[39]. It ihé rst enzyme whose
structure to be determined in 1960s using X-ray crystallogpny. Hen Egg White
Lysozyme (HEWL) is an inexpensive protein. As a consequence, i@shers stud-
ied and characterized the nucleation and growth kinetics of $pzyme crystallization
under various physical/chemical conditions. The availabty of abundant literature

on lysozyme crystallization led us to study the nucleationiketics of lysozyme crys-
tallization using the developed technique. Lysozyme predamantly crystallizes into

tetragonal crystal form. However, lysozyme crystals grownbave 2%o transform

into orthorhombic crystalline form[16]. Since all the nuclation and growth experi-
ments reported in this work are performed at temperatures 12%o, we only observe

tetragonal crystal form. Table 1.2 lists the crystal propedies of tetragonal lysozymé.

1Source: http://www.rcsb.org/pdb/explore/explore.do?structureld =2lyz



Space Group P432,2
Unit Cell Dimensions a=7910A,b=79:10A, c = 37:90A;
=90° =90° =90°

Table 1.2: Properties of tetragonal lysozyme crystals.

We measure the nucleation rates of lysozyme crystals usirtgetproposed method.
Surprisingly, we obtain two nucleation rates at every nuchion rate measurement.
Pound and La Mer[14] observed similar phenomenon in nucleati experiments with
super-cooled tin. They proposed a nucleation mechanism whiaccounts for the pres-
ence of impurities and predicts the existence of two nucleah rates, ‘slow' and fast'.
The “fast' process is the result of nucleation on the impurgs. We used the Pound
and La Mer model[14] to describe the nucleation in our systeand obtained “fast'
and ‘slow' nucleation rates at every measurement. We anaid the “slow' and “fast'
nucleation rates according to the predictions of CNT and obtaed the activation
energy and the kinetic pre-factor associated with the nu@éon. Contrary to conven-
tional wisdom the kinetic pre-factor plays a greater role inletermining the nucleation
kinetics than does the activation energy. Also, analysis[42} the kinetic pre-factor
indicates that both of the observed nucleation processesedreterogeneousn nature.
The impurities causing the “slow' nucleation are lysozyme aggates (01 10 m)
which are formed due to the depletion interaction induced byhe Poly-Ethylene Gly-
col (PEG) molecules. We speculate that the “fast' nucleatiois primarily induced by
the sub-micron & 220 nm) clusters of lysozyme. We observed that the number of
these impurities increases upon lowering the temperaturaggesting the formation of
lysozyme clusters at high supersaturations. Dynamic LigHcattering (DLS) stud-
ies on lysozyme under crystallization conditions by Muschl@6] and Chayen[27] and
Small Angle X-ray Scattering (SAXS) studies on supersaturateskitions of lysozyme

by Shurtenburger[28] also corroborate the idea of clustesrfnation.
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We also studied the e ect of bio-glass on the nucleation kities of lysozyme poly-
morphs. It has been argued[46] that bio-glass enhances thecleation by molecular
con nement. We report preliminary studies on the nucleatio kinetics of tetragonal
and spherulite polymorphs of lysozyme in the absence and pemce of bio-glass. The
kinetic pro les of tetragonal and spherulite polymorphs ag qualitatively di erent in-
dicating di erent mechanisms for the formation of tetragoml and spherulite crystals.

We lay out the possible nucleation scenarios and proposether experiments.



Chapter 2

Materials & Methods

2.1 Materials

Lysozyme from chicken egg white is purchased from Sigma Alchi(Product Number
L6876). Without further puri cation, we dissolved the protein in 0.1 M sodium ac-
etate (Fisher Scienti ¢, Cat. No. S210-500) bu er at pH 4.8 (Tkermo Orion pH Meter
Model 330). In all our experiments the protein solution is cenfuged (Eppendorf,
Centrifuge 5415C) for half an hour at 10,0009 and lItered through 0.22 m cellulose
acetate Iters (VWR International, Cat. No. 28145-477). Lysogme concentration
is measured using Thermo Scienti ¢ nano UV-VIS spectrophotorter with lysozyme
extinction co-e cient =2:64 mL mg cm ! at 280 nm. Stock solutions of 20% w/v
NaCl (Fisher Scienti c, Cat. No. S271-1) and 25% w/v PEG 8kD (OmiPur EMD,
Cat. No. 6510) solutions are also prepared in 0.1 M Sodium Acegabu er at pH 4.8

and Itered through 0.22 m cellulose acetate lters.



2.2 Methods

2.2.1 Sample Preparation

Nucleation is a rare and random event. In order to get good siatics, one needs to
perform large number of identical and independent experimesnt Micro uidics o ers

the solution of producing and storing large number of identad and independent
protein drops. In the following sections, we explain the pduction and storage of

drops.

Droplet Generation

We produce emulsion drops using single ow and co- ow micro ulic devices as
needed. In a micro uidic device, water-in-oil emulsion dnqos are produced at the
nozzle where an aqueous stream is sheared o by the oil stredmure 2.1). We use
uorinated oil, HFE-7500 (3M) containing 2% (w/w) EA-surfactant[51] (RainDance
Technologies, Inc.) as the oil medium to prevent any adsoiiph of protein molecules
at the droplet and oil interface. The surfactant reduces thehear forces required to
produce drops by decreasing the interfacial tension and alstabilizes the drops from
coalescing. The advantage of using a single ow micro uidi¢gure 2.1a) device is
the mixing of protein and precipitant is performed o -chip, where one can obtain high
accuracy in the chemical composition of protein and precigint mix.

To produce drops at high supersaturations, we mix the proteiand precipitant on
chip using a co- ow micro uidic device ( gure 2.1b). Since he number of nucleation
events is proportional to volume, there is a supersaturatioiimit at which nucleation
starts occurring in o -chip mixing at pipette-able volumes' 10 L, while in on-chip
mixing the drops produced are at much smaller volumes, 100 pL, therefore one can

achieve higher supersaturations. We adjust the ow rates of thstreams according



Protein +
Precipitant

Figure 2.1: Generation of emulsion drops using (a) single o) co- ow micro uidic
devices. Notice that, in the co- ow micro uidic devices, the potein and precipitant
streams are separated by a visible interface due to the reftave index di erence
between the protein and precipitant solutions.

Figure 2.2: (a) Emulsion
drops being lled in a rect-
angular capillary. To |l
a capillary make a gentle
contact between the capil-
lary and the cream. (b)
Application of VALAP (c)
Air-tight seal with 5 min
epoxy.

the required drop size and surface properties of micro uididevice and collect the

drops only after the ows are stabilized.

Droplet Storage

The emulsion drops from the micro uidic device are collectein a 0.5 mL eppen-
dorf tube. The emulsion creams to the top of the tube becausthe density of the
uorinated oil ( 1:6 g=ml) is greater than the aqueous medium ( 1 g=ml).

The emulsion drops are stored in rectangular capillaries, phased from VitroCom.

Figure 2.2a shows a rectangular capillary being lled with dnos by capillary forces.
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The dimensions of capillaries are chosen such that dropletegacked in a hexagonal
monolayer. The emulsion lled capillaries are sealed withALAP[29] ( gure 2.2b), a
mix of equal parts of VAseline, LAnolin and Para n wax with low melting temper-
ature. After the application of VALAP, the extra wax is scrappedo using a razor
blade. The capillaries are sandwiched between a microscofides(75 50 mm) and
a cover slip (48 65 mm) which are held together by 5 min epoxy, (purchased from
Amazon Inc.) and are sealed air-tight. The sealed sample isostm in gure 2.2c. To
minimize the di erence between set and measured temperatgref the sample, we in-
sulate the sample from the surroundings, using an air chamba&s shown in gure 2.3.
The sample and a same sized microscope (750 mm) slide are pressed together
with the rectangular poly-siloxane (Product No. 3788T24, Mdaster-Carr) washer,

outer dimensions 75 50 mm, in between to create a sealed air chamber.

Figure 2.3: Creating an air-chamber using a rectangular wash

The homogeneity in composition of protein and precipitant nxture in the drops is
con rmed by measuring the cloud point. We have experimentil con rmed that all
the drops are identical in chemical composition within a feywercent of variation. See
Appendix A for more discussion. We built a robotic stage, in agsiation with Olin
college, which can scan and acquire images of capillarieshman accuracy of 6 m.
The robotic stage is capable of acquiring images in both brigéld and uorescent
modes. Figures 2.4b and 2.4c show the illumination arms for ght eld and uo-

rescent modes. The stage is equipped with two Thermo ElearCoolers (TECs) to

11



Figure 2.4: (a) Robotic stage for scanning and acquiring imag, the stage is also
equipped with TECs for temperature control. (b) lllumination arm for bright eld
image acquisition. (c) lllumination arm for bright eld and uorescent image acquisi-
tion.

control the temperature with a working range of -4%o0 to 40 %0 and are independently
controlled. The robotic stage and the temperature are contied using LabVIEW
interface. The sample is mounted on the stage with the covelide in direct contact
with the thermal stage ( gure 2.5), which further minimizesthe di erence between

set and measured temperature of the sample.

Figure 2.5: Sample mounted on the stage.
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2.2.2 Image Analysis

In order to obtain good statistics, we scan multiple capilldaes each containing large
number of drops & 2000) using the robotic stage. At the end of an experiment,
we obtain large number of images containing crystallizingrdps taken at regular
intervals of time. To calculate the fraction of drops with nocrystals, one needs to
analyze large sets of images which is a laborious and time-itagk process. Therefore
we developed MATLAB programs to automate the process of det@&ag) drops with
and without crystals. The drop and crystal detection is pedrmed in two steps, (1)
Drop detection (2) crystal(s) detection in the correspondig drop. In the following

section we brie y list the steps to detect drops and crystals

Drop Detection

Using the following drop detection routines, more than 95% ohe drops are usually
detected. However, the e ciency of drop detection depends ahe parameters chosen

for the drop detection routines, illumination uniformity and drops in focus.

" Adaptive histogram equalizatioro correct for any non-uniform illumination and

we usedadapthisteq , a built in MATLAB function.

Inetnsity threshold to binarize the image. The threshold value depends on
the settings of the illumination source (usually LED) and cmera. We used

imthresh , a function written in MATLAB.

Erosion is a morphological operation in image processing to erode awthe
boundary pixels of foreground objects i.e. objects contairy white pixels in a
binary image. This operation disconnects the clustered-@zts such that drops
and other individual features can be treated as independenbjects. Erosion

operation is performed usingmerode, a built in MATLAB function.

13



" Removing small objects, noise pixels and objects touching to &ge boundary

using bwareaopen, bwclearborder, built in MATLAB functions.

Convex hullto obtain the pixels on the boundary of a drop or any feature. A
convex hullis a polygon which completely encloses the object such thane
joining any two pixels chosen from the object lies inside thgolygon. To obtain
convexhull, we usedegionprops , a built in MATLAB function to obtain the

properties of connected objects.

The vertices of the convex hull polygon are tted to a circle ¢ obtain the
circular edge of a drop. The tting is performed usinditCircle , written in

MATLAB.

Figure 2.6 shows the images at various steps in detecting theogs.

Figure 2.6: (a) Original image (b) Thresholded (c) Detectedrdps and (d) Detected
drops overlaid on original image.
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Crystal Detection

We usedCanny edge detection method to detect the crystals. Figure 2.7a shewhe
detected crystal using Canny method. The Canny algorithm ds intensity gradients
in an image. Usually only 70-80% of the crystals are detecte®Ve found that the
e ciency of the crystal detection depends on crystals formeat the edge of a drop
(usually 30-40% of crystals are formed at the edge), crystalvhose edges are not
in focus (usually 10-20% of crystals are out of focus) and gence of unwanted
objects (e.g. tiny droplets) in the sample. In such cases, weanually count the

drops containing crystals.

Figure 2.7: (a) Crystal detection using Canny edge detection(b) Detected drops
and crystal overlaid on the original image. Crystallized dips highlighted in green
and non-crystallized drops highlighted in red.
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Chapter 3

A Micro uidic based Technigue to

Measure Nucleation Rates

Abstract

We present a micro uidic technigue to measure the nucleatiorates of protein crys-
tals using emulsion drops containing supersaturated pratesolution. The technique
involves nucleating large numbers of independent nano-litdrops at a constant tem-
perature and counting the number of drops which have not nugted as a function of
time. Assuming nucleation is a Poisson process, at constamsimperature the proba-
bility that an emulsion drop has no crystals decays exponedatly with time and the

decay constant is proportional to the nucleation rate and th volume of the drop.
In the present work, we describe the technique in detail andrgsent our analysis of
the measured nucleation rates of lysozyme crystals withirhé context of Classical

Nucleation Theory.
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3.1 Introduction

Determining the structure of proteins is an important step inbiology and biotechnol-
ogy. Crystallization, which is necessary for the X-ray di ration, remains a bottle-
neck in the structure determination of proteins. Many reseahers around the world
employ robotic arms to |l crystallization trays in order to exhaustively scan the
protein-precipitant phase space in search of the crystaliition conditions. The un-
derlying assumption guiding this arduous routine is that crgtallization is a phase
transition and it is necessary to nd the physical-chemical @nditions of the equi-
librium crystal phase. But crystallization is also an actiated process and knowing
the conditions for the equilibrium does not guarantee thatrgstallization will occur;
the correct kinetic path must also be found. Crystallizationnvolves nucleation and
growth of the crystalline phase from the supersaturated sdgion phase. Nucleation
is the process of formation of the nucleus, the smallest oreéer form of the macro-
scopic crystalline phase spontaneously emerging from thepsusaturated bulk phase.
Growth is the subsequent growth of the nucleus into a macroscopig/stal. Classical
Nucleation Theory (CNT) attempts to explain the thermodynamis of nucleation,
but the applicability of CNT to protein molecules is an on-gaig eld of research
due to the large size and orientational interactions of prein molecules. In 1950s,
Turnbull[9, 10, 11, 12, 13] characterized nucleation in sepcooled liquid metals using
an emulsion method. Since then, there have been e orts towds characterizing and
understanding the nucleation in proteins by several resedr groups[17, 20, 21, 22, 25]
around the world. Vekilov et al[17], developed a method to msure nucleation rates
using sample volumes 1 L and the Fraden[22] and Veesler[25] groups have ex-
tended the method to smaller volumes using micro uidics.

We adopted Turnbull's technique to measure nucleation ratesf protein crystals
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with rates, J; and J,. If we assume that these two pathways are independent random
process, then the chemical rate equation describing the pess is,

S
i (J1+ J)VS

Solving the rate equation for the fraction of drops which hasnot crystallized at
time t yields the following form with e ective nucleation rate as he sum of existing

nucleation ratesJ; and J,.

f =g (Uirdavt (3.2)

The fraction of non-crystallized drops is a single exponeat despite there being
multiple nucleation pathways.

In a system, where all the samples amot identical i.e., two(or more) populations
of drops exist then the fraction of samples which haveot crystallized is no more a
single exponential decay. The system shown in gure 3.1b haso populations of
samplesS; and S, with fractions f, and f, which crystallize via nucleation pathways
with rates J; and J, respectively. The chemical rate equations describing such a

system are,

ds, _
ot VS
dS, _
E = JvS,

Solving the chemical rate equations for the fraction of sartes which havenot crys-

tallized at time t gives,
f(t)=fie IV + fe 2V
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In general, X
f(t)= fie IVt (3.3)

i
Where, f; and J; are the fraction of populationi and the corresponding nucleation
rate. Therefore, in a system with multiple populations of dups, the fraction of non-
crystallized drops as a function of time is a multi-exponeral with each population

nucleating with the corresponding rate.

3.3 Experimental Methods and Data Analysis

Hl Hbl

Figure 3.2: (a) Droplet generation using a co- ow micro uidc device, the protein and
precipitant are mixed on-chip to avoid any nucleation befar starting the experiment.
The stream labelled "Protein' contains lysozyme + 12.5% w/N\PEG 8kD and the
stream labelled "Precipitant’ contains 12.5% w/v PEG 8kD + 10%w/v NaCl. (b)
Detected drops with crystals highlighted in green and withat crystals highlighted in
red.

We produce emulsion drops using a ow-focusing micro uididevice. Figure 3.2a
shows a photograph of the droplet formation using a ow-fo@ing nozzle. To avoid
nucleation before starting the experiment, the protein and necipitant are mixed on-
chip just before making drops. For example, to produce emids drops containing 30
mg ml ! lysozyme, 12.5% w/v PEG 8kD and 5% w/v NaCl, we followed the ptocol

given below.
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1. 1:1 mix of 120 mg ml? lysozyme and 25% w/v PEG 8kD solutions. The nal
concentrations in the resulting mixture are 60 mg mf lysozyme and 12.5% w/v

PEG 8kD. Without any lItration, this solution is used for "Protein' stream.

2. 1:1 mix of 20% w/v NaCl and 25% w/v PEG 8kD solutions. The nalconcen-
trations in the resulting mixture are 10% w/v NaCl and 12.5% w{ PEG 8kD.

Without any ltration, this solution is used for "Precipitant' stream.

3. For on-chip mixing, we used a co- ow micro uidic device sbwn in gure 3.2a
and the "Protein' and "Precipitant' streams are pumped at e@l ow rates,
resulting in a 1:1 mix of streams and producing drops contdimg 30 mg ml *

lysozyme, 12.5% w/v PEG 8kD and 5% w/v NaCl.

Important:  The lysozyme/PEG mixture obtained in step 1, woulchever crystallize,
but when lysozyme/PEG mixture (step 1) and PEG/NaCl (step 2) ae mixed at equal
proportions in a 500 L eppendorf, lysozyme crystals form in seconds.

The homogeneity in composition of protein and precipitant nxture in the drops
produced using a co- ow micro uidic device is con rmed by masuring the cloud
point. We have experimentally con rmed that all the drops ae identical in chemical
composition within a few percent of variation. See Appendix Aor more discussion.
The emulsion drops are then loaded in a rectangular capillaand the ends of capillary
are sealed with VALAP[29], a mix of equal parts of VAseline, LAnot and Paran
wax with low melting temperature. The capillaries are scanmeat regular intervals
using a home built robotic stage which can scan and acquireages of capillaries with
an accuracy of 6m. The stage is equipped with two Thermo Electric Coolers (TEs)
to control the temperature with a working range of -%o. to 40 %0 and are independently
controlled. The robotic stage and the temperature are contied using LabVIEW

interface. The images of capillaries scanned at regular @mtvals are processed semi-
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Figure 3.3: (a) Fraction of non-crystallized dropsf (t) measured from the experi-
ment. (b) Normalized decay distributiong(s) obtained by inverse Laplace transform-

ing f (t).

automatically using MATLAB for droplet and crystal detection ( gure 3.2b) to obtain

f (t). Figure 3.3a s the plot of fraction of drops with no crystalsersus time,f (t) and
the t. Mathematically, f (t) is the Laplace transform of the decay time distribution,
g(s) (equation (3.4)). Hence, we obtained the t by inverse Laplee transforming
f (t) using a CONTIN[31, 32] like algorithm written in MATLAB. Figure 3.3b shows
the corresponding normalized decay time distributiong(s). See appendix B for
more discussion on inverse Laplace transform. The calcutat of the decay time
distribution, g(s), involves numerical computation of inverse Laplace traf@erm of
f (t), which is an ill-posed problem. These kind of mathematicg@roblems are solved
using Tikhonov regularization30] methods. The presence of two peaks in the decay
distribution, g(s), is not an artifact due to the choice of regularization paramter,
Figure 3.4 is the plot of decay rate distribution,g(s) as a function of regularization
parameter and the two peaks are present over a wide range ofNote that, the peak

in g(s), at small s is due to the inaccuracy in baseline measurement bf(t). We
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obtain two nucleation rates corresponding to the two peaks ig(s).
VA 1

f (t)=Lg(s) = i g(s)e ®ds (3.4)

Slow Fas:

Figure 3.4: Presence of two peaks in the decay rate distribati as a function of
regularization parameter. This con rms that the presencefawo peaks is not due to
an artifact caused by the choice of .

When multiple decay modes exist in a process, ILT is the most mgral way of
obtaining the decay mode distribution. However, only two ras exist in our system
therefore we employed a much simpler model to obtain decaytea as proposed by
Pound and La Mer[14]. The model, shown in gure 3.5, consists large number
of drops containing an average numbem, of nucleation sites per drop randomly
distributed. These nucleation sites are due to the presenckimpurities in the sample
and serve as heterogeneous nucleation centers. Nucleatimmf the bulk solution of
the volume of a drop,v, occurs at a rate,ks and nucleation from a single nucleation
site occurs at ratek;. For example, a drop containingp nucleation sites nucleates

with rate, (ks + pke), i.e. nucleation can occur from the bulk solution as well adsom
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large enough to be observed is signi cantly later than the mne at which the crystal
has nucleated. One can calculate the corrected fraction ofogs with no crystals
by accounting for the characteristic growth time,ty due to slow growth rates as
f (t tg). Under the studied crystallization conditions,t;  0:1 hrs, which is less
than the characteristic time scales for nucleation,=k and 1=k; . Therefore correcting
the data for tgq did not improve our results. See Appendix G for more discussi@n

Monte-Carlo simulation results.

3.4 Results and Discussion

3.4.1 Measurement of Nucleation rates

According to Classical Nucleation Theory (CNT), the nucleatio rate, J( ) is an
exponential function of supersaturation, . The measured fraction of drops without
crystals is tted to equation (3.5) to obtain Js = ks=v, ki and m. As explained in
the previous sectionks and ki have di erent functional dependence on the volume
of the drop therefore the measured nucleation rates, at a cgiant temperature, are

tted to the following equations.

()= ¢ e (3.6)
ki( )= A% ®=’ (3.7)
Where, = =kgT In(C=Cg), Cs is the solubility of lysozyme andA C(A9,

is the kinetic pre-factor associated with “slow'(‘fast') mcess.B (B9 is related to the

barrier height, G of the “slow'(‘fast’) nucleation process and the interfaai tension
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between the crystal nucleus and the solution phase as,

B_ G _ 116 23
2

" kT  keT 3 2 (3.8)

where, =3 10 29 cm?, is the lysozyme molecular volume. Figure 3.6 shows the plot
of two sets of measured nucleation rates and average number, of nucleation sites
per drop as a function of supersaturation. The measured vawfm < 1, indicates
that only a fraction of drops contain the impurities, simila to the two exponential
process shown in gure 3.1b.

Note that, the de nition of supersaturation, =kgT =In(C =Cs) is an approxi-
mation of an ideal protein solution. To estimate the correabn due to non-ideality of

the protein solution, consider the expression[34] for ,

= =kgT =In(C=Cg)+2B,M(C Cs) (3.9)

where, B, is the second virial coe cient and M, is the molecular weight of lysozyme.
We estimate[33B, = 4:85 10 * mL mol g 2, an extrapolated value for the second
virial coe cient for the data shown in gure 3.6. See AppendixC for more discussion
on corrections for non-ideal solution behaviour. For exang the tting parameters
for the “slow' nucleation data shown in gure 3.6 using = In(C =Cs) areA =6:2 10’
mg s tand B =293:2. We corrected using equation (3.9) taking the non-ideality
of the protein solution into account and obtainedA = 1:2 102 mg !s 'andB =
3541. Due to the lack of measured second virial coe cients, we alyzed our data
using =kgT =In(C=Cs).

The “slow' nucleation rates are tted to equation (3.6). Onecan obtain details
about the nucleation barrier, G , and interfacial tension, , from B and the nature

of nucleation and growth of the crystal fromA. For brevity, we will present our
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Figure 3.6: (a) Slow nucleation rates)s = ks=v, corresponding to the rate per volume
of solution (b) Fast nucleation ratesk; , corresponding to the rate per impure site and
average numberm, of nucleation sites per drop measured at 21-30 mg/ml Lysane,
5% wi/v NaCl and 12.5% PEG 8kD at 9%.. Each data point is obtained from more
than 2000 drops, each of volume 1 nL.

analysis on nucleation barriers in this chapter and discugke kinetic pre-factor in
chapter 4. As mentioned earlier, the robotic stage has two thmoelectric coolers
(TECs) which can be operated independently in the temperate range -4%. to 40
%o0. By operating the TECs at two di erent temperatures, we scarthe temperature
vS. protein concentration phase space along the temperatuagis. We measured the
nucleation rates in the temperature range 7.%o to 12 %o at di erent concentrations
of lysozyme. In the following sections we discuss the “slomnd ‘fast' nucleation

processes separately in detail.

3.4.1.1 Slow Nucleation Process

Nucleation is an activated process and the rate at which nue#on occurs is propor-
tional to the Boltzmann weight, e © 8T where G is the activation energy or
the barrier height. Figure 3.7 are the plots of ‘slow' nucle&n rates, Js vs. temper-

ature at di erent supersaturations of lysozyme. The plotsn gure 3.7 show that, as
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Figure 3.7: "Slow' nucleation rates vs. temperature. The cstallization conditions
are lysozyme, 12.5% w/v PEG 8kD, 5% w/v NaCl in 0.1M NaAc bu er at pH4.8.

temperature is lowered nucleation rates increase, indicagjran increase in Boltzmann
weights. We calculate the barrier height, G , using equation (3.8). Figure 3.8a
is the plot of G as a function of temperature. The measured nucleation rates
gure 3.7 increase by four orders of magnitude as temperatiis lowered. We have
also calculated G for the corrected supersaturation, using equation (3.9). We
observed qualitatively similar trend in G as a function of temperature, however
there is a' 50% increase in G calculated using the corrected supersaturation
(Appendix C). The nucleation rate, Js (equation (3.6)), is a product of two terms,
the kinetic pre-factor, A C and the Boltzmann weight,e °=° associated with the
activation barrier. As temperature is lowered, ts ofJs to equation (3.6) reveal that
the barrier increases and correspondingly the Boltzmann ight decreases by ve
orders of magnitude therefore to satisfy equation (3.6), tkeétic pre-factor must in-
crease nine orders of magnitude in order to t the experimeat rate measurements
of gure 3.7. Thus the kinetic pre-factor and the activation @ergy work in oppo-
site ways with the kinetic pre-factor dominating the nucletion rate. Inspection of

gure 3.7 reveals that at constant temperature, the change inucleation rates, with
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respect to supersaturation, is larger at low temperaturedain at high temperatures.

This observation indicates that G is larger at lower temperature than at higher

temperature. Figure 3.8a and gure 3.8b are the plots of barmeheights,
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measured at temperatures ranging from 7.2

number of protein molecules in a critical clustern as a function of supersaturation

at di erent temperatures. We have calculatedn using the expression from CNT

relating

— N

G andn as G =

> -

As expected from Classical Nucleation Theory,

Slow
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Figure 3.9: Interfacial tension vs. Temperature.

both decrease as supersaturation increases. As temperaturereases, G andn

decrease and within the context of CNT via equation (3.6), tlsi is attributed to the
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decrease in interfacial tension, with an increase in temperature. Figure 3.9 shows
the tted decrease in interfacial tension as temperature treases. The range of inter-
facial tensions measured, 0:7 1:1 mJ m ? are consistent with the values reported

in literature[17, 22].

3.4.1.2 Fast Nucleation Process
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Figure 3.10: (a) Fast' nucleation rates vs. temperature. jbAverage number of
nucleation sites,m and the number density, y, of nucleation sites vs. temperature.
The crystallization conditions are Lysozyme, 12.5% w/v PE@KD, 5% w/v NaCl in
0.1M NaAc bu er at pH 4.8.

Figure 3.10a shows “fast' nucleation rates measured as a fimt of temperature at
di erent concentrations of lysozyme. The nucleation rates doot show any systematic
variation with respect to supersaturation and temperature.Since, G / %[36]
we conclude that the nucleation barrier, G = 0 for the “fast' nucleation process. As
temperature is lowered the average number of nucleation et per drop,m increases
(gure 3.10b) which suggests creation of nucleation siteg bbwer temperatures. We

speculate that these nucleation sites are disordered aggaées of lysozyme monomers.
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3.4.2 Validation of Technique

Galkin and Vekilov[17], developed a drop based method to neae nucleation rates
of protein crystals which involves nucleating the supersatated protein solution for
a quench period of t at T, and subsequently growing the nucleated crystals at
T, > T1. Under the assumption that the time scale for growth is much fger than
the quench period, only nucleation occurs at temperaturg€; while at temperature
T,, no nucleation occurs but growth of the nucleated crystals ifavorable, i.e. nucle-
ation and growth are decoupled. The average number of crylgadormed per drop,
AN = Npetero + JV t, WhereNpewero 1S the number of crystals per drop measured at
t =0, J is the nucleation rate andv is the volume of the drop. Galkin and Vekilov
attributed the intercept to heterogeneous nucleation oceting on impurities present
in the drops and attributed the crystals that formed at latertime, t> 0, to be due
to homogeneous nucleation. Note that the supersaturation de not decrease signif-
icantly due to the nucleated crystals from heterogeneous ciei to suppress further
nucleation from bulk solution because of the slow crystal gwth. Galkin and Vekilov
claim that heterogeneous nucleation primarily occurs at thdroplet-oil interface, but
we speculate dis-ordered lysozyme aggregates which arenfed at higher supersatura-
tions serve as heterogeneous nucleation centers. See Appebdfor more discussion
on heterogeneous nucleation at the droplet-oil interfacé&alkin and Vekilov[18] also
observed an increase iNpeero With increasing supersaturation, consistent with our
speculation of the formation of lysozyme aggregates at high&upersaturations.

We have performed nucleation rate measurements at crysialition conditions
similar to those of Galkin and Vekilov. Once again, we tted he fraction of drops
which do not have crystals to equation (3.5) and obtained two utleation rates,
namely, ‘fast' and “slow'. The slow' nucleation rate is in agement with the re-

ported nucleation rates. Figure 3.11 shows the nucleationteavs. supersaturation
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Figure 3.11: Measurement of Nucleation rate under conditionsentioned in

reference[17]. The crystallization conditions are Lysome, 2.5% w/v NaCl in 0.05

M NaAc at pH 4.5, T = 12.6 %. is the nucleation rate obtained using the method
described in this paper.

obtained by Galkin and Vekilov. The solid points () are the measurements by Galkin
and Vekilov and the continuous line is the t to nucleation rae described by Classi-
cal Nucleation Theory. The solid point " ' is the "slow' nucleation rate measurement
performed using Turnbull's method of measuring (t), con rming the validity of the
method. The measured average numbem of impurities per sample is' 0:12 per
drop, con rming the argument that the o set in Vekilov experiments is indeed due
to a few impurities per drop. Galkin and Vekilov[18] estimated the werage number
Nhetero Of impurities per drop to be 02, which is in agreement with the measured

value m from our experiments.

3.5 Conclusion

We have developed an emulsion based technique for the measuent of nucleation
rates and applied the technique to measure the nucleation eg of lysozyme crys-

tals. The emulsion drops are produced using a ow-focusingicno uidic device. We
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observe two nucleation rates within the drop population. Th measured nucleation
rates, namely “slow' and ‘fast', are analyzed according tdaSsical Nucleation The-
ory (CNT). The Pound and La Mer model[14] ascribes the fast nughtion rate to
impurities present in a small subset of the drop populatiorjut makes no prediction
on whether or not the slow nucleation rate is due to homogeneoor heterogeneous
nucleation. A study of the kinetic pre-factor, presented irchapter 4, will address this
guestion. From the CNT analysis, we extracted the barrier hghts and size of crit-
ical nuclei associated with the nucleation processes. As ttemperature is lowered,
we observed an increase in the nucleation rates. One pod#ipito account for the
increase in nucleation rates is that the nucleation barrieis lowered with decreasing
temperature. However, counter-intuitively, the CNT analyss reveals that the barrier
heights increase as the temperature is lowered. A detailedaysis[8] of the kinetic
pre-factor suggests that, the pre-factor increases 9 ordest magnitude as the tem-
perature is lowered by 360, which was surprising to us as often the kinetic pre-factor
is considered to be a weak function of temperature[37]. Evehough the barrier
heights increase as the temperature is lowered, the increasghe number of nucle-
ation events, resulting from exponential increase in kinet pre-factor, account for the
increase in the nucleation rates. We have also successfutiyidated our technique by

comparing it to the experiments of Galkin and Vekilov[17].
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Chapter 4

Determining the Nature of
Nucleation: Homogeneous or

Heterogeneous

Abstract

Classical Nucleation Theory (CNT) predicts that the nucleaton rate varies exponen-
tially with supersaturation, with the exponent characterzing the activation energy
of nucleation and the pre-exponential term (kinetic pre-fetor) describing the growth
kinetics of a nucleus. We have measured nucleation rates dtetdent temperatures
and supersaturations of lysozyme using an emulsion baseahrique described in
chapter 3. We obtained the activation energy and the kineticne-factor by analyzing
the measured nucleation rates according to the predictiord CNT. In this chapter,
we have presented our analysis of the kinetic pre-factors asneans to determine the

nature of nucleation, as suggested by Sear[42].
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4.1 Introduction

Classical Nucleation Theory (CNT) describes the kinetics ofucleation and predicts

the functional form of nucleation rate in terms of the thermdynamic quantities in-

volved, such as supersaturation and temperaturéNucleation is a stochastic process
by which embryos of the stable phase appear. The embryo or thecleus, is the small-
est ordered form of the macroscopic crystalline phase that aptaneously emerges
from the supersaturated bulk liquid phase. Nucleation is an #@igated process and
the activation barrier arises as a result of the competitiobetween the energy gain in
transferring the molecules from solution to the interior oftie nucleus and the energy
cost in creating the interface between the solution and theusleus. Therefore, the

total change in free energy in creating a nucleus from bulk psa is given by,

G= G+ G

Where G, = % > isthe volume energy and Gs =4 r 2 is the surface energy

of a spherical cluster of radiug. is the molecular volume, is the di erence in
chemical potential between a molecule in the solution phasad the crystalline phase
and is the interfacial tension between the newly formed solid pise and the bulk
solution phase. Figure 4.1a, shows the development of the bar, G , as a result

of competition between the volume and the surface free enmg of a cluster.

4 3
G= 3r +4712 4.1)
- . - . @ G -
We obtain the activation energy, G by setting %57 , =0,
16 2 3
G = T >
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Figure 4.1: (a) Energy barrier, G , for nucleation which is a result of competition
between volume free energy, G, and surface free energy, Gs. (b) Activation energy
required, F, for the growth of a cluster of sizen to n + 1.

where,r is the radius of the critical cluster. Note that, in heterogeeous nucleation
because of the presence of a surface of lower energy for thetginp the e ective
surface tension is reduced, but a barrier still remains. Theate at which nucleation
occurs is proportional to the Boltzmann weight associated thi the activation energy
as is given by,
J/ e ©7T (4.2)

The proportionality factor in equation (4.2) is nZj, known as the kinetic pre-

factor. Where  is the number density of nucleation sites/ is the Zeldovich factor,

which is the probability for the critical nucleus to grow, am j is the rate at which

individual molecules attach to a cluster. Thus the rate of ntieation is given by,

J= \Zje °FeT (4.3)

The rate at which molecules add on to the nucleus can further be expressed as,

j' 4DR e "FeT
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Where, is the number density of monomerd) is the di usion constant of monomers,
R is the radius of the critical cluster and F is the activation energy ( gure 4.1b)
for the addition of a monomer to an existing cluster. The physal understanding of
| is as follows. 4DR s the diusion limited in- ux of protein molecules towards
a critical cluster of radiusR and e "*=7 is the probability that a collision of a
monomer and a critical nucleus will result in the monomer jaing the cluster. We
assumed that F to be independent of the nature of nucleation since F is the
change in free energy associated with a molecular attachmea a cluster of protein
molecules. The Zeldovich factorZ ' (n) 273[37], is a slow varying function of
n , therefore the following estimates for homogeneous and hetgeneous nucleation
rates are calculated withZ = 0:2 even though the number of molecules in a critical
cluster for homogeneous and heterogeneous nucleation iemint. In the case of
homogeneous nucleation,y = since nucleation can occur from any of the individual
molecules but in case of heterogeneous nucleation, the nwenlolensity of nucleation
sites can be much smaller,y . Hence the nucleation rates for homogeneous and

heterogeneous nucleation rates are,

Jhom ' 4 °DR Ze [*eTg CrmeT (4.4a)
Jet ' 4 N DR Ze "eTg CraTeT (4.4b)

We can estimate the value of kinetic pre-factor as follows. Fdypical lysozyme
(molecular weight 14,700 gm mol?) crystallization trials, the concentration of
lysozyme is 30 mg ml * which corresponds to = 10® c¢cm 3, D =10 ¢ cm?s L.

For a critical cluster of 12 moleculesR =3:5nmandZ' (n) *2=0:2.

Jrom[cm 3s 1] 10P%e "FeTe CrmFeT (4.5a)

Jretfcm 3s 1" 10° ye TeTe CrTeT (4.5b)

37



Therefore in order to characterize the nature of nucleatigrone needs to experimen-

tally obtain the kinetic pre-factors.

4.2 Results and Discussion

We have measured the nucleation rates of lysozyme crystadition using an emulsion
based method described in chapter 3. The method involves cdiag the fraction of
drops with no crystals,f as a function of time. The measured (t) is analyzed
according to a model proposed by Pound and La Mer[14]. The mad shown in
gure 4.2, consists of large number of drops containing an aege number,m, of
nucleation sites per drop that are randomly distributed. Tkese nucleation sites are
due to the presence ofmpurities in the sample and serve as heterogeneous nucle-
ation centers. Therefore, by de nition the “fast' processsiheterogeneousNucleation
from bulk solution occurs at a rate,ks and nucleation from a single heterogeneous
nucleation site occurs at ratek; . For example, a drop containingp nucleation sites
nucleates with rate, ks + pks), i.e. nucleation can occur from the bulk solution as
well as from the sites. The fraction of non-crystallized drapas a function of time is

given by,

f ()= e Me kstgme (4.6)

In all that follows, we have obtained the “fast'k; and “slow',ks = JsVv nucleation rates
by tting the experimentally measured fraction of drops withno crystals as a function
of time to equation (4.6). Figure 4.3 shows the measured nudiea rates, ks and k;
as function of temperature at di erent supersaturations. @e important distinction
to note is that ks is the number of nucleation events per time per drop and so $es
linearly with drop volume, v, while ks is the nucleation rate per heterogeneous site

and therefore is independent of drop volume. Therefore, etfion (4.3) is re-written
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Figure 4.3: (a) Slow and (b) Fast Nucleation Rates as a functioof temperature at
di erent supersaturations. The crystallization conditions are Lysozyme, 12.5% w/v
PEG 8kD, 5% w/v NaCl in 0.1M NaAc bu er at pH 4.8.

in the context of CNT and found that both the observed nucleatin processes are
heterogeneousn nature. The impurities causing heterogeneous nucleatiaccould be
dust particles, aggregates of protein of the interest or otleer proteins. In the “slow'
process, the pre-factors vary 9 orders of magnitude from 10 2 10’ cm 2, over
5 %o. The variation could result from variation in y or F=kgT or both. Clas-
sical Nucleation Theory assumes that the form of the pre- andopt-critical nucleus
is the same. Therefore the growth kinetics of a critical clter should be identical.
Logically if the variation in the kinetic pre-factor id due to F=kg T, then a similar
e ect should be observed in the growth rates of the post-crital cluster because F,
the activation barrier for the addition of a molecule to an exting cluster, is the
rate limiting step in determining the growth rate of a cluste. We measured growth
rates (gure 4.5b) of crystals at the same crystallization @nditions as the nucleation
rate experiments were performed and the growth rates do noary signi cantly with
temperature suggesting that F is independent of temperature and the variation in
pre-factor arises completely due to an increase in the numbéensity of nucleation

sites as temperature is lowered. However, another possilylis that the assump-
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Figure 4.4: Pre-factors obtained by tting the measured nuelation rates to equa-
tions (4.8) at every temperature. The crystallization contions are Lysozyme, 12.5%
w/v PEG 8kD, 5% w/v NaCl in 0.1M NaAc bu er at pH 4.8.

tions of the CNT are wrong and that the growth kinetics of the pe-critical nucleus
and post-critical nucleus are di erent, which is very likey to be true. In such case,
there could be a large F for addition a monomer to a pre-critical nucleus and a
F 0 for addition to a post-critical nucleus. Although, we obse&e two nucleation
pathways leading to crystallization, the growth kinetics 6 post-critical nucleus are
identical in both nucleation processes. The increase in theimber density of sites
does not necessarily happen by creating new aggregates bah @lso occur through
an increase in the number of active sites on the aggregatessaswn schematically in
gure 4.5a. Nucleation can occur at any site on the aggregatbut once a crystal
has nucleated further nucleation is suppressed due to smadmple volume( 1 nL)
because monomers di use from one end of the drop to the growinrystal faster than
the rate at which new crystals are nucleated. Therefore, onome crystal has nucle-
ated the concentration of the entire drop rapidly decreasdablereby suppressing any
subsequent nucleation. This negative feedback assuresttieach drop will have at
most one crystal. In the following sections, we discuss thatare of impurities that

account for the “slow' and “fast' nucleation processes inpseate sections.
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gests that the depletion interaction is not strong enough téorm lysozyme aggregates
once the equilibrium concentrations are attained. We alsamn rmed the absence of
protein aggregates using DLS and optical microscopy. As thent@erature is lowered,

the aggregates do not undergo any measurable growth. The lggme concentration

in the Itered solutions did not change by a measurable amodarcompared to the

un Itered samples indicating that the total mass of the proein in the aggregates is
very small. Using the ltered "Protein' stream, we producedhe emulsion drops and
performed nucleation rate measurements on the ltered sargs.

Important:  All experimental results reported in this research work are ¢ained
with un- Itered "Protein’ stream, except for the following measurement.

Once again, we obtain two nucleation rates, ‘slow' and “fastowever, the “slow'
rates are at least 4 times smaller than the “slow' rates obted from un ltered sam-
ples. This measurement independently con rms that “slow' raleation is heteroge-
neous as one cannot explain the decrease in homogeneous nucteatiates by |-
tration. Also, the average number of impurities per samplem resulting in “fast'
nucleation in the Itered samples does not change considétg from the un ltered
samples. This suggests that the impurities causing fastuadleation are di erent in
size from the large, visible protein aggregates and are nolterable. We observe
that the nucleation occurs on one of the protein aggregate arad the crystal grows,
the protein aggregate is consumed. Figure 4.6 shows the natien and growth of
a crystal from a protein aggregate. We have noted the crystathat appear at later
times (2 hrs) are mostly from the protein aggregates, which are thewrce of “slow'
nucleation process observed in our experiments. Figure 4.4@ws the measured pre-
factors as a function of temperature at di erent concentrabns of lysozyme. Note
that continuous increase in the pre-factor as temperaturewered, which we suggest

is a result of the activation of more nucleation sites as degtéd in gure 4.5a.
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@t=0 (b) t = 15 sec. (c) t=45 sec

(d) t=75 sec (e) t =120 sec (f) t = 300 sec

Figure 4.6: Nucleation and Growth of a crystal from a protein dese aggregate/gel.
The aggregate dissolves as the crystal grows.
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We also calculated the number density,y , of impurities causing the slow process
as a function of temperature using an estimated F ' 1%g T (estimation explained
in section 4.2.2). Figure 4.7 is the plot of y as a function of temperature calculated
at di erent supersaturations of lysozyme. At all temperatues, y , Which is

consistent with the claim that the slow process ibeterogeneous

1018
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10%2 -6~ 21 mgmL
L
& 10
z
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10° 7 8 9 10 11 12
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Figure 4.7: Number density, n, of nucleation sites as a function of temperature
calculated at di erent supersaturations of lysozyme. Caldated assuming F =
1%gT.

4.2.2 Impurities causing Fast Process

Figure 4.3b shows the “fast' nucleation rates measured as adtion of temperature at
di erent concentrations of lysozyme. The nucleation ratedon't show any systematic
and signi cant variation with respect to supersaturation and temperature. Therefore
we conclude that the nucleation barrier, G associated with the “fast' nucleation
process is zero. One can estimate the number density of imji@s by measuring the
average number of impurities per dropm, resulting in fast nucleation as a function
of volume. Figure 4.8a showm as a function of volume of the drop measured at two

di erent crystallization conditions. The plot indicates that the number of impurities
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Figure 4.8: (a) Average number of nucleation sites per dropn as a function of
volume at 9 %.. The measured nucleation rates ards = 17:46 3:41 cm Ss 1,
ki =(0:17 002) 103s!for30mgmltandJs=3:41 07 cm3s? (ki =
0:77 0:3) 103 st for 27 mg ml ! (b) Average number,m of nucleation sites
per drop and number density, y, of nucleation sites as a function of temperature at
di erent supersaturations.

per drop is less than 1 and vanishes when the volume of the drag su ciently
small. When the number of impurities per drop of volume/ is' 1, one would
expect the probability to nd an impurity in volume v < V decreases linearly to
zero as volumey, decreases. The dotted lines represent the expected behavim
m as volume decreases. The kinetic pre-factor for the fast heation process from
equation (4.7)bisDR Ze "* and the measured value of pre-factoris 0.5 10 3
s 1. Using typical estimates of =10®¥ cm 3, D =10 ®cm?’s }{, R =3:5 10’
cm ! and Z = 0:2 for lysozyme crystallization trials, we estimate F ' 1%gT. If
the structures of the pre-critical nuclei of the “fast' andslow' processes are the same,
thenthe F 1%gT is the same as well.

As the temperature is lowered, we observe an increase in theeeage number of
nucleation sites per dropm as shown in gure 4.8b, which indicates that at lower
temperatures the probability to nd an impurity increases vhich can happen only

through the creation of more impurities. We speculate thatthte created impurities
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could be gel-like clusters of lysozyme[28, 26, 27].

4.3 Conclusion

We have measured nucleation rates of lysozyme crystals ugem emulsion based tech-
nique. We obtain two nucleation rates at every measurementpth of which we argue
are due to the presence of heterogeneous nucleation sitese@at of nucleation sites
is rare or fewer per drop and these impurities cause fast'claation. The other set of
nucleation sites, causing the “slow' nucleation, are proteaggregates and are higher
in numbers per drop. The two nucleation rates, described adow' and “fast’, are
tted to theoretical expression of nucleation rates predictd by Classical Nucleation
Theory. A detailed analysis of the kinetic pre-factor alloed us to determine the na-
ture of nucleation of both the slow and fast processes to IheterogeneousWe have
also estimated the activation energy required for a molecule add on to an existing
pre-critical cluster,is F  19%gT. For the “slow' nucleation process the impurities
involved are large lysozyme aggregates of order 10 and are formed due to deple-
tion induced aggregation by the polyethylene glycol molet@s. The aggregates are
not in a thermodynamic equilibrium with the monomers but aren a dynamically ar-
rested state. We have observed nucleation and growth of ctafs from the lysozyme
aggregates and as the crystal grows, it consumes the hostegggregate. As the tem-
perature is lowered, the analysis suggests that more nudiea sites are created as
seen from the pre-factor analysis for the “slow' process. Whthe large aggregates
were removed by ltration, the slow nucleation rate slowed y a factor of four. This
rules out the possibility that the slow rate could be homogerous nucleation, as all
monomers pass through the Iter. As temperature is loweredhere is an exponential

increase in the average number of impurities per sampla, We speculate that these
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impurities are gel-like aggregates of lysozyme monomersttserve as heterogeneous

nucleation centers.
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Chapter 5

E ect of Bio-Glass on Nucleation

of Crystal Polymorphs

Abstract

The role of nucleants in promoting protein crystal nucleatin is an on-going eld of
research. We used amorphous mesoporous bioactive gelgj# 49], CaCP,05:Si0O,
(known as bio-glass) with 2 10 nm pore-size diameter distribution as a nucleant.
The pores act asheterogeneoushucleation centers and are claimed[46] to enhance
the nucleation rates by molecular con nement. For the prot@ lysozyme there are
multiple polymorphs and we demonstrate that bio-glass prefentially enhances nu-
cleation of spherulite polymorph. Preliminary studies are n@sented in which the
fraction of spherulite crystals shows interesting behawm suggesting that nucleation
of spherulite crystals proceeds via secondary nucleationtpaays, or a time-lag in
nucleation. The crystal fractions for the di erent polymorphs are obtained through
optical microscopy studies of thousands of independent stgllization samples of

water-in-oil emulsion drops produced using micro uidics.
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5.1 Introduction

The spherulite, or \sea urchin" crystal morphology is consigred a failure in crystal-

lization trials, as they do not yield good quality X-ray di raction data. Spherulites are
bundles of needle-like crystals growing radially outwarddm a common nucleation
center. Nucleation of spherulite crystals is observed[43] ipsbzyme/NaCl solutions
nearthe liquid-liquid phase boundary[43]. Upon L-L phase semtion, sub-micron

sized drops of protein-rich phase appear in a solution of gein-poor phase[43]. In
the protein-rich drops, multiple nucleation events occuresulting in a cluster of mul-
tiple crystals which compete to grow in the protein-poor phse. Due to the high
density of crystals at the center of the crystal cluster, th@rotein is depleted at much
faster rates than the diusion limited in- ux of protein mol ecules. Therefore the
crystals grow radially outward, where protein is availableresulting in a \sea urchin”

morphology. The growth of spherulites is controlled by suate kinetics[45] rather
than by volume di usion and varies linearly with time[44, 45] In the present work,

we study the nucleation kinetics of tetragonal and spherwé crystals in the absence

and presence of bio-glass particles.

5.2 Experimental Procedure

Lysozyme from chicken egg white is purchased from Sigma Alchi (Product Num-
ber L6876). Without further puri cation, we dissolved the protein in 0.05 M sodium
acetate bu er at pH 4.5. In all our experiments the protein saltion is centrifuged
for half an hour at' 10,000g and ltered through 0.22 m cellulose acetate lters.
Lysozyme concentration is measured using Thermo Scienticano UV-VIS spec-
trophotometer with lysozyme extinction co-e cient = 2:64 mL mg ‘cm ! at 280

nm. Stock solution of 20% w/v NaCl is also prepared in 0.05 M s acetate bu er
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at pH 4.5 and ltered through 0.22 m cellulose acetate lIters. Bio-glass (BG) parti-
cles are obtained from Prof. Naomi Chayen of Imperial Collegeondon. Suspension
of BG patrticles is prepared in 0.05 M NaAc bu er at pH 4.5 and thespension is
carefully fractionated to obtain BG particles of average se approximately 0.5 m.

The fractionation involves two steps (1) centrifuging the gspension at ** rpm for

10 min and (2) collecting a supernatant layer such that the arage particle size is
approximately 0.5 m. Note that, the un-disturbed supernatant contains a suspen
sion with varying particle size. We characterized the partie size using Dynamic

Light Scattering (DLS) measurements. The emulsion drops arproduced using a

Figure 5.1: Droplet generation using a micro uidic device lte protein and precipitant
are mixed on-chip to avoid any nucleation before starting thexperiment. The stream
labelled "Protein' contains lysozyme and the stream labell "Precipitant’ contains 6
% w/v NaCl

ow-focusing micro uidic device as shown in gure 5.1. To awid nucleation before
starting the experiment, the protein and precipitant are nxed on-chip just before
making drops. In gure 5.1, the stream labelled "Protein' attains lysozyme and the
stream labelled "Precipitant' contains 6% w/v NaCl. The suspnsion of BG particles
is added to the precipitant stream. The emulsion drops are &m loaded in a capillary
and the ends of capillary are sealed with VALAP[29], a mix of e@liparts of VAseline,

LAnolin and Para n wax with low melting temperature. The capillaries are scanned
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at regular intervals using a home built robotic stage which eascan and acquire im-
ages of capillaries with an accuracy of én. The stage is equipped with two Thermo
Electric Coolers (TECs) to control the temperature with a woking range of -4%o to
40 %0 and are independently controlled. The robotic stage and theemperature are
controlled using LabVIEW interface. The images of capillags scanned at regular

intervals are processed manually for droplet and crystal gating.

5.3 Results and Discussion

Figure 5.2: Presence of tetragonal and spherulite crystal lymorphs in lysozyme
after 40 hrs. in (a) absence and (b) presence of BG particle.he crystallization
conditions are Lysozyme 60 mg mt, 3% w/v NaCl in 0.05 M NaAc bu er at pH 4.5
and T = 10 %.. We veri ed using optical microscopy that each protein drop &s more
than one BG particles.

Figures 5.2a and 5.2b show the protein drops crystallizing absence and presence
of BG patrticles at 10%.. Under these crystallization conditions, lysozyme exhiksttwo
crystal polymorphs,tetragonal and spherulite Notice the enhancement of spherulite
crystals in gure 5.2b due to the presence of BG particles &t 40 hrs. We measured
the crystal fraction of tetragonal and spherulite crystal fons as a function of time
(gure 5.3). The kinetic pro les of crystal fractions of tetragonal and spherulite crys-

tals are qualitatively di erent indicating di erent nuclea tion pathways. We discuss
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onal promoting nucleation sites and rest of the drops contaimany spherulite
promoting nucleation sites. The tetragonal impurities indce rapid nucleation,
but once all of drops containing the tetragonal nucleationites have crystallized,
nucleation of tetragonal crystal form ceases and the tetragal crystal fraction

stops growing with time ( gure 5.3). In case of spherulite grstals, nucleation
proceeds via primary and secondary nucleation pathways. g primary nu-

cleation, we speculate that invisible primary crystals ndeate and after a long
maturation time act as nucleation sites for secondary nu@déon. Since our mea-
surements are taken at low magni cation, we do not detect thprimary crystals

until spherulite crystals form via secondary nucleation, hich explains the lag
time in the kinetic pro le of spherulite crystal fraction. Upon adding BG glass
particles the nucleation of spherulites is greatly enhandewhile the nucleation
of tetragonal crystals does not get signi cantly altered. Hwever, the under-
lying nucleation mechanism for the crystallization of tetagonal or spherulite
crystals in the absence and presence of BG patrticles is qtatively the same

in the sense that both forms are present with and without BG pdicles.

An alternative scenario explaining the cessation of the nwedtion of tetragonal
crystals at a drop fraction of few percent is that each drop opains two classes of
the nucleants, a spherulite nucleant and a tetragonal nuclefa It is possible that
an invisible primary spherulite crystal somehow fouls theetragonal nucleants.
This seems improbable and we prefer the scenario of there fzpitwo classes
of nucleants; a rare tetragonal nucleants present in a fewajrs and a common

spherulite nucleant present in most of the drops.

. Time-lag in the nucleation of spherulite crystals . This model ( gure 5.5)

is identical to the model discussed above except that, nuat®n in spherulites
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Chapter 6

Conclusion

The principal aim of this research work is to understand the nderlying nucleation
kinetics of protein crystallization. Nucleation is the spontaneous occurrence of em-
bryos of the stable crystalline phase from a bulk metastabkupersaturated protein
solution. The driving force for nucleation is the chemical gtential di erence between
the stable phase and metastable phase. Nucleationhemogeneousvhen it occurs
from the bulk phase andheterogeneousf it occurs in contact with a foreign object.
Nucleation is an activated process and the kinetics are deteined by the activation
barrier and the number of nucleation sites. Therefore, belss nding the thermo-
dynamic conditions for the existence of stable crystallinphase, one must follow the
right kinetic path to crystallize a protein. One must also beaware of kinetic path-
ways which lead to the occurrence of gelation and the liquidiuid phase transition,
as these processes deter proteins from crystallization. iBg an activated process,
nucleation is stochastic, which means one must perform a l@&rguumber of indepen-
dent experiments to characterize nucleation. An additionalanstraint in the case of
proteins is the limited availability of puri ed protein. Mic ro uidics o ers the solution

of producing and storing a large number of supersaturated gein drops and requires
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only small amounts of protein. Therefore, we developed a micuidic based method
to measure nucleation rates. The method involves crystaling a large number of
supersaturated protein drops at constant temperature. Assoing that nucleation is a
Poisson process, the probability for a drop teot nucleate decays exponentially with
the decay constant proportional to nucleation rate and volme of the drop. We suc-
cessfully applied the developed technique to measure thecheation rates of lysozyme
crystals as a function of temperature at di erent supersattations. Surprisingly, we
observe two nucleation rates, “fast' and “slow', at every msurement. Pound and La
Mer[14] observed the same phenomenon while characterizthg nucleation of molten
tin drops and proposed a simple model to explain the presenmitwo nucleation rates.
The model assumes the presence of un- lterable impurities anly a fraction of drops.
The drops containing the impurities nucleate via heterogenes pathways resulting in
“fast' nucleation rate. Classical Nucleation Theory (CNT) pedicts that the nucleation
rate varies exponentially with supersaturation, with the gponent characterizing the
activation energy of nucleation and the kinetic pre-factomultiplying the exponen-
tial describing the growth kinetics of a critical nucleus. Tlerefore, we analyzed the
measured nucleation rates according to CNT. Our analysis sygsts two important
conclusions (1) both the “slow' and “fast' nucleation prosses are heterogeneous and
(2) the kinetic pre-factor, which is usually considered as aeak function of tempera-
ture, controls the nucleation kinetics instead of the actation energy. The impurities
causing the “slow' nucleation process arel0 10 m lysozyme aggregates formed due
to the depletion attraction mediated by the non-adsorbing plymer Poly-Ethylene
Glycol (PEG). These irreversibly aggregated clusters of $pzyme serve as heteroge-
neous nucleation centers. Nucleation occurs in/on aggregst@nd as the crystal grows
it consumes the hosting aggregate. The impurities causingehfast' nucleation are

un- lterable by 0:22 m cellulose acetate Iters. At lower temperatures, the numire
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of impurities causing the “fast' nucleation increases i.¢he probability to nd the
“fast' nucleating impurity in a drop increases which couldrdy happen by creating
new impurities. Though the crystallization conditions arefar from the liquid-liquid
phase separation of lysozyme, we speculate that the impue$ are gel-like clusters
of lysozyme which serve as heterogeneous nucleation cenirdow temperatures.
We calculated the change in free energy associated with nal&r attachment to an
existing pre-critical cluster, F ' 1%gT. Physically,e "7 is the sticking prob-
ability of a monomer to an existing pre-critical cluster. We fand that F to be

independent of temperature.
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Appendix A

Chemical Homogeneity in the

Drops

To avoid nucleation of protein crystals before starting thex@eriment, we make drops
using a co- ow micro uidic devices. These devices allow u® tmix protein and pre-
cipitant solutions on chip prior to making the drops and to m&e protein drops at
high supersaturation levels. Since the mixing is done on chive need to ensure that
all drops are identical. We selected the cloud point or ligdiliquid phase transition
as our probe and our conditions are such that the variation otaud point is sensitive
enough to measure a di erence of less than a 10% variation iaraposition. To verify
any chemical variation in drop making, the chemical conditias are chosen such that
the protein does not crystallize during o -chip mixing (in kulk), which allows us to
compare the mixing on-chip vs. o -chip. In both cases, the al composition in the
drops is 50 mg/ml lysozyme, 5% w/v PEG 8kD, 0.5 M NaCl in 0.2 M Phgshate
bu er at pH 6.2. The drops are collected only after the ows ae stabilized. The tem-
perature of the drops is lowered in steps of @b until we reach below the cloud point

temperature and then raised in steps of 0% until the drops are clear. At each tem-
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Figure A.1: Generation of emulsion drops using (a) o -chip mixg (b) on-chip mixing
micro uidic devices.

perature step, the drops are imaged. Figure A.2a is the plot of tteerage normalized
intensity of the drops produced on-chip and o -chip as a functin of temperature. The
observed hysteresis in the intensity is due to presence of mite energy barrier for
the liquid-liquid transition while lowering temperature and absence of energy barrier
while raising the temperature. We determined the cloud poiriemperature to be the
mean temperature ofTS and T.c, where T (or T.°) is the temperature at which the
drops are half as cloudy as they could get while lowering (oaising) the temperature
of the sample. The overlapping of hysteresis curves for theogps produced on-chip
and o -chip indicates that on-chip mixing is as good as o -clp mixing.

To measure the sensitivity of the cloud point measurement tchanges in concen-
tration, we performed another experiment in which two setsfalrops were produced
with a 10% di erence in protein concentration using a co- owmicro uidic device.
Figure A.2b shows the cloud point hysteresis measured in twotseof drops with
a 10% dierence in protein concentration. The measured cloudoints are  1%o
apart indicating that our measurement is sensitive to chares in composition of a few

percent.
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Figure A.2: Average fractional intensity of drops while loweng and raising temper-
ature. (a) Comparison between on vs o -chip mixing of proteirand precipitant (b)
Sensitivity of the system to cloud point temperature. In boh cases, the nal compo-
sition in the drops is 50 mg/ml lysozyme, 5% w/v PEG 8kD, 0.5 M N&l in 0.2 M
Phosphate bu er at pH 6.2.
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Appendix B

Inverse Laplace Transformation

Consider a system of drops nucleating with a distribution ofates g(s), then the
fraction of drops which do not have crystalsf (t) is the Laplace transform of the
distribution function g(s). Mathematically,

Z 1

f (t)= Lg(s) = . g(s)e ®ds (B.1)

Since we measurd (t) and are interested in the decay distribution function, we
nd the inverse Laplace transform (ILT) of f (t). The inverse Laplace transform is
computed numerically usingTikhonov Regularizatiorf30]. This method involves the
minimization of the following function.

Z,

a(s; )= m(lr; kf (1) g(s)e ®dsk?+ kg(s)k? (B.2)
a(s 0

Where, is the regularization parameter. We usedmincon, a MATLAB function
to perform the constrained minimization of equation (B.2).Figure B.2a, shows the
fractions of drops with no crystalsf (t) and the corresponding ts obtained using ILT

at various temperatures. Calculatingy(s) using ILT is a regression analysis involving

62



in nite number of parameters (sinceg(s) is a continuous function), hence it is not
surprising that ILT yields the best results. Therefore, to am the existence of two

decay rates we have tted our data to sum of two exponentialsFigure B.2b is the
plot of fractions of drops with no crystals and the ts to sum oftwo exponentials

with the following functional form.

f ()= ae™+(1 ae

where,b and c are the decay rates with weight@a and 1 a respectively. The decay
rates b and c correspond to the two peaks observed in the decay rate digmition,
o(s) (gure B.1). The weights aand 1 a are the areas under the peaks di and
c in the decay rate distribution. Figures B.3 show the plotdds and c's obtained
using ILT and two exponential ts. The dotted lines represeha perfect scenario
in which both ts yield same tting parameters. The ILT and tw o exponential ts
yielded somewhat identicab's, however thec's have large discrepancy. Currently, we
don't have any understanding regarding the discrepancy ids. Note that the tting
parametersh, ¢ corresponding to “slow' nucleation rateks and “fast' nucleation rate,

ki in our measurements.
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Figure B.1: The two decays rated and c in equation (B) correspond to the two peaks
observed in the decay rate distributiong(s)obtained from the decay rate distribution
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Figure B.2: (a) Data analysis using Inverse Laplace Transfor method, (b) sum of
two exponentials. The crystallization conditions are 30 migiL Lysozyme, 12.5% w/v
PEG 8kD, 5% w/v NaCl in 0.1M NaAc at pH 4.8 at di erent temperatures.
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Appendix C

Corrections due to Non-ldeal

Solution Behaviour

The de nition of supersaturation =kgT = In(C =Cs) is an approximation of an
ideal protein solution. To estimate the correction due to no-ideality of the protein

solution, consider the expression[34] for

= =kgT =In(C=Cg)+2B,M(C Cs) (C.1)

where, B is the second virial coe cient, M, is the molecular weight of lysozyme and
Cs is the lysozyme solubility. Table C.1 lists the extrapolaté values for the second
virial coe cient for crystallization conditions 21-30 mg/ml lysozyme, 12.5% w/v PEG
8kD, 0.5 M NaCl in pH 6.2 phosphate bu er at temperatures 7.221%.. However,
the studied crystallization conditions are at a concentradn of 0.86 M NaCl and at
a solution pH 4.8. At pH 4.8, the net charge on lysozyme is gtea than or equal to
the net charge on lysozyme at pH 6.2, which results in strong€oulombic repulsive
interaction between lysozyme molecules at pH 4.8. In otheronds, the second virial

coe cient, B,, is more positive as a result of stronger Coulombic repulsiforces at
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| T (%) | B2(mLmolg ) |

7.2 503 104
8 495 10 *
8.8 4:87 10 *
9.6 479 104
10.4 471 10°
11.2 463 104
12 455 10 4

Table C.1: Estimated[33] second virial coe cients for crymllization conditions:
lysozyme 21-30 mg mit, 12.5% w/v PEG and 5% w/v NaCl in 0.1 M NaAc at
pH 4.8.

pH 4.8. At 0.86 M NaCl, the lysozyme molecules are screened merectively against
the Coulombic repulsive interactions due to higher ionic séngth causingB, to be
more negative. Therefore, decrease in pH and increase in NaGhcentration act in
opposite ways. Hence, we expect the estimat&} values to be a reasonable for the
studied crystallization conditions. It may be noted that ly®zyme has a net positive
charge of 8&e at pH 7.0 and its isoelectric point is pH 11.2[39].

Using the estimatedB,'s and equation (C.1), we corrected for the non-ideality
of the crystallization conditions. The measured “slow' nleation rates are tted to

the equation (C.2) using the corrected .

J()=A C e~ (C.2)

We calculated the barrier height G and the kinetic pre-factor as follows.

16 2 3
3 2

1
kg T

G B
ke T 2

where, =3 10 ?° cm?, is the lysozyme molecular volume and is the interfacial

tension between the solution phase and the crystalline phas
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Figure C.1: The barrier heights obtained using (a) for ideal solutions and (b)
for non-ideal solutions (equation (C.1)). Noté 50% increase in the barrier heights,
G , obtained using the corrected (equation (C.1)).

Conclusion 1. The barrier heights, G , obtained ( gure C.1) using the cor-
rected show qualitatively the same trend as the non-corrected although there is

a' 50% increase in the former.
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Figure C.2: The kinetic pre-factors obtained using (a) for ideal solutions and (b)
for non-ideal solutions (equation (C.1)). Note 50% increase the barrier heights,
G , obtained using the corrected (equation (C.1)).

Conclusion 2: Unlike that barrier heights, the kinetic pre-factors ( gure C.2)
di er by approximately four orders of magnitude, however galitatively similar trend

is observed.
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Appendix D

Understanding Galkin & Vekilov

Experiments

Galkin and Vekilov[17] attributed the the number of crysta formed at t = 0 to
heterogeneous nucleation occurring primarily at the probe droplet-oil interface. Al-
though we agree to their observation, we would like to statergdictions of such an
assumption. The model shown in gure D.1a, is a protein dropusrounded by oll
medium. The protein molecules di use and stick to the dropteoil interface. The
protein molecules stuck at the interface de-nature at rat& to form denatured pro-
tein molecules which serve as heterogeneous nucleation eent the interface. Then,
the number of denatured proteins at the interface ik(T; + t), whereT; is the incu-
bation time which is the time taken until the start of experiment. Note that we de ne
the start of experiment as the time at which target supersatation is achieved or the
target temperature is reached. Assuming that nucleation fro heterogeneous nucle-
ation center occurs instantaneously, the rate at which cryals appear at the interface
is alsok(T; + k t), because de-naturation is the rate limiting step in nucldgag the

crystals. Galkin & Vekilov observe 1 or 2 heterogeneous naeation events at t =0,
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Appendix E

Characterization of Protein

Aggregates

We have veri ed the presence of protein aggregates using tvmlependent techniques
namely, Optical microscopy and Dynamic Light Scattering orLysozyme and PEG
mixtures. The size of the aggregates range fron0.1-10 m. We have used 1-Anilino-
8-Napthalene Sulfonic acid (1,8-ANS), a uorescent dye, whichinds speci cally to

the hydrophobic regions of the protein, to observe the prasee of aggregates in uo-

rescence microscopy. Brie y we discuss our ndings in the folving two sections.

E.0.1 Using Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) or Quasi-Elastic Light Scatering (QELS) is a tech-
nigue to determine the hydrodynamic size (or size distribudn) of particles in the
sub-micron range. The scattered intensity from the di usig particles is used to cal-
culate the intensity auto-correlation as a function of lagitme. For a system with
mono-disperse particles, the intensity auto-correlatiofunction decays exponentially

with decay rate proportional to the di usion constant. Using the Stokes-Einstein
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Figure E.1: Presence of aggregates in 50 mg/ml Lysozyme + 1%5v/v PEG 8kD
in 0.1 M NaAc at pH 4.8. (a) Intensity weighted patrticle size disibution (b) Mass
weighted particle size distribution.

relation, the particle size is calculated once di usion catant, viscosity and tempera-
ture of the suspension are known. Figures E.1a and E.1b show theensity and mass
weighted particle size distributions of Lysozyme, PEG mixtes as function of tem-
perature with fraction of particle size mapped on to an intesity colormap (inverted
hot). In the limit of Rayleigh scattering, the scattered inensity is/ RS, whereR is
the radius of the particle. We can obtain the mass weighted stribution by simply
dividing the intensity distribution by the corresponding R® at each point along the
radius axis, but the Rayleigh limit breaks down at particle ges comparable to the
wave length of light. The patrticle size at which the Rayleighirnit breaks down is

4 DR 'nis the refractive index

2, where is a reduced variable de ned as =
of the particle, R is the radius of the particle and is the wavelength of probing
light[40]. In our case, we have used = 633 nm, the corresponding particle size
at which Rayleigh limit breaks down is R 250 nm. Therefore particles of radius
250 nm and bigger scatter (approximately) as if they are padles of radius 250 nm.
We have taken this into account and adjusted the intensity wghted particle size

distribution to obtain the mass weighted distribution. The pak at 10 m van-

ishes in the mass weighted plot indicating that the amount of @tein mass in the
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aggregates is negligible. Also, a strong peak at 1 nm in the mass weighted plot
further con rms the fact that most of the protein is in monomeic form. Mathemat-
ically, the calculation of particle size (or decay time) distbution involves numerical
computation of inverse Laplace transform of the intensity ato-correlation function,
which is an ill-posed problem. These kind of mathematical pptems are solved using
Tikhonov regularization methods. We con rmed that the existence of small peaks
in the particle size distributions is highly dependent on th regularization parameter
and are not trust worthy. Figure E.2 is the plot of particle sie distribution as a
function of regularization parameter. Note the disappearae of smaller peaks as the

regularization parameter, increases suggesting that acts as low pass lter.

Figure E.2: Intensity weighted particle size distribution ® 50 mg/ml Lysozyme +
12.5% w/v PEG 8KkD in 0.1 M NaAc at pH 4.8, T = 12 %o, solution. Disappearance
of a smaller/weaker peaks as the regularization parameter,is increased.

E.0.2 Using DIC and Fluorescence Microscopy

DLS measurements show that the Lysozyme/PEG mixtures conta aggregates of
sizes @ 10 m, which can be certainly observed in Optical Microscopy. Weave
used Di erential Interference Contrast (DIC) and Fluorescace microscopy techniques

to observe the aggregates. We have used 10M 1-Anilinonaphthalene-8-Sulfonic
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Acid (1,8-ANS) as the uorescent dye, which uoresces only whenrgsent in hy-
drophobic environment. In a protein aggregate (or crystal)lte uorescent dye pref-
erentially partitions into the hydrophobic regions. The dg has excitation at 370 nm
and emission at 480 nm. Figure E.3 shows the aggregates in DICdanorescence

microscopy.

Figure E.3: Presence of aggregates in two di erent trials of0bmg/ml Lysozyme +
12.5% w/v PEG 8kD in 0.1 M NaAc at pH 4.8, in (a) DIC and (b) Fluoresence
microscopy. 100 M 1-Anilinonaphthalene-8-Sulfonic Acid as the uorescent dy
which uoresces only when present in the hydrophobic regisrof protein.
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Appendix F

Growth Rate Measurements

We measured the length of the longest dimension in a crystas @ function of time.
Figures F.1 show the images taken at di erent times during thergwth of a crystal.

We t the length of the crystal as a function of time to the following equation.

Lity=a 1 e Xt W) (F.1)

We calculate the growth rate, as the growth rate when crystal size is negligibly

small. Mathematically,

= —  =ab (F.2)
dt .,

Figure F.2 shows the length of crystal as a function of time andhé t to equa-

tion (F.1).
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Figure F.1: Measuring the growth of the longest dimension.
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Figure F.2: Length of the longest dimension as a function of timand the t to
equation (F.1).
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Appendix G

Monte-Carlo Simulation of

Nucleating Drops

We performed simple Monte-Carlo simulations of nucleating dps to understand and
estimate the errors associated with scan time which is thentie taken by the robotic
stage to acquire images of all the drops, and lag time whichtise characteristic time
for a nucleus to grow to a detectable size (5 m). The simulation is based on a
model proposed by Pound and La Mer[14]. The model, shown inuge G.1a, consists
of large number of drops containing an average number of neation sites per drop,
m randomly distributed. Nucleation from the drops whichdon't have any nucleation
sites occurs at a rateko and nucleation from a drop containingp number of nucleation
sites proceeds with rate, Ky + pk), i.e. nucleation can occur from the solution as well
as from the sites, wherd is the rate of nucleation from asingle nucleation site. For
example, drops which contain 2 nucleation sites nucleate atrate of (ko + 2k). A
subtle assumption in Pound and La Mer original model[14] ihat nucleation from a
drop containing p number of nucleation sites proceeds with ratkp, i.e. nucleation

can only occur from a sitenot from solution while in our simulation, nucleation can
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decay in the number of dark pixels (non-crystallized dropdspllows equation (G.2).
The time delay, ty in detecting the crystal due to slow growth rates is simulate
as the time required for a pixel to acquire a threshold valuee. for a pixel to be
considered as crystallized, the pixel value must be greatdran a threshold value.
Figure G.2b shows a screen shot of nucleating drops, in whicHadk' pixels did not
crystallize, "white' pixels crystallized and any other colred pixel is nucleated, but the
crystal has not yet grown to the detectable size. The measurdithe delay, t; 0:1
hrs, corresponds to the experimental value for lysozyme &te conditions we studied.
Figure G.3 shows the fraction of non-crystallized drops as arfction of time from

an experiment and the corresponding simulation. In a typidaexperiment, 1000s

Figure G.2: (a) Nucleating drops in an experiment. (b) Nucleatig drops in simu-
lation. "Black' and "White' pixels corresponding to non-crstallized and crystallized
drops respectively and any other colored pixel is a nucleaterop but the crystal has
not yet grown to the detectable size.

of drops are stored in a rectangular capillary and are scarthet regular intervals
( 0:25 2 hrs) using a home-built robotic stage. The scan timeg is the required
for scanning and acquiring images of 4000 drops is 0:1 hrs. In obtaining the

fraction of non-crystallized drops, we assumed that time iy, t; = 0 (instantaneous
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Figure G.3: (a) Experimentally obtained fraction of non-crgtallized drops and the
tto (G.2) from an experiment with ko = 0:02504 nL* hr 1, k =0:2024 hr ! and
m = 0:4506. (b) Fraction of non-crystallized and the tto (G.2) from the Monte-
Carlo simulation also withky = 0:02504 nL* hr 1, k = 0:2024 hr * and m = 0:4506.
The parameters obtained from t to equation (G.2) arek, = 0:02539 nL ! hr 1,
k =0:1814 hr ' and m = 0:4509. Data not corrected for delay due to slow growth.

growth) and tg 1=k, where Ek is the characteristic time for nucleation. Under
these assumptions, we estimated the errors &sand ty are varied. In the following
simulations, unless stated, we usekhb =0:018 nL * hr 1, k=0:72hr tandm=0:2
which are typical values from our experiments.

Conclusion 1. From the simulations using di erent number of drops, we con-
cluded that 500 independent drops are necessary to obtain statisticstiwn 10%

con dence range. All our experimental results are obtainedith 1200 4000 drops.

Conclusion 2: Whentg is much smaller than the characteristic nucleation times,
the errors are minimal, but whents is comparable to the characteristic nucleation
times the errors are large. This e ect is observed in gures @, G.5 and G.6 ads >
1=k. Note that, we de ne characteristic nucleation time as invese of nucleation rate.
From our experiments, the scan timets = 0:1 hrs which is much smaller compared

to the typical characteristic nucleation times 56 hrs and 1.4 hrs corresponding
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Figure G.7: The simulation is performed with the number of dnes N = 1600, kq =
0:036 nL *hr , k=1:44 hr *, m = 0:2,ty = 1:2 hrs andts = 0 hrs. (a) fraction
of drops with no crystals vs. time,f (t) and the La Mer t with t parameters
ko = 0:03268 nL' hr !, k = 0:265 hr ! and m = 0:2065. (b) Corrected fraction
of drops with no crystals vs. time,f (t ty) and La Mer t, with t parameters
ko=0:0352 0:0002nL*hr % k=1:43 0:0504 hrtandm=0:2 0:0036.
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Appendix H

Nucleation rate measurements
under no Poly-Ethylene Glycol
(PEG)

We demonstrated that the protein aggregates, which are foed when PEG and Salt
are added to lysozyme solution, act as nucleation centersdaare the source of “slow'
nucleation rate. To understand the role of aggregates in aawing two nucleation
rates, we have measured nucleation rates under crystallizati conditions without
PEG. We still obtain two nucleation rates and gure H.1 showshe “fast' and “slow'
nucleation rates measured as a function of supersaturation,= In ( ©=,). The “slow'

nucleation rates are tted to the following equation.

J()=A C eB° (H.1)

We have obtained the barrier height, G~ 9%gT, F =19kzT and y 10'cm 3.
The measured number density of nucleation sitesy , is much smaller than one would

expect for homogeneousucleation ( 10'® cm 3), which suggests the nucleation is
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Figure H.1: (a) Slow nucleation rate (b) Fast nucleation rate rad the average number,
m, of nucleation sites per drop vs. supersaturation. The criglization conditions
are Lysozyme 42-60 mg mt, 2.5% NaCl in 0.05 M NaAc bueratpH 45and T =

8 %o
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