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ABSTRACT
Chemically-driven transports are ubiquitous in nature and govern the working principles of several
biochemical processes. Understading the mechanisms involved in such transport processes would enable
us to answer and potentially solve many problems in separation, diagnostics, energy, electronics and
communications. In this dissertation, I primarily addressed chemically-driven transports which arise from
artificial and natural concentration gradients. The two major chemically-driven transports discussed in this
dissertation are electrokinetic transport and molecular chemotaxis. Diffusiophoresis and diffusioosmosis
are electrokinetic flows of colloidal particles and fluids respectively, which result from interaction of ionic
concentration gradients with charged surfaces. Molecular chemotaxis, on the other hand, is solely driven
by chemical potential gradients and dictated by the binding affinity between two molecules.
High pressure reverse osmosis membrane separation peocesses are limited by fouling phenomena
which limit the process efficiency and result in frequent shutdowns. This problem was addressed first by
identifying diffusiophoresis as one of the leading mechnaisms of colloidal fouling in reverse osmosis
systems and then a scalable solution was proposed by modifying the membrane surface with catalytic
activity. Diffusiophoresis and diffusioosmosis mechanisms were also found to exist in an evaporating
droplet with salt and colloidal particles, which result in spatio-temporal modulation of deposited patterns.
These electrokinetic mechasims associated with droplet evaporation were successfully used to develop
novel particle separation, cancer diagnosis and energy efficient solar cell fabrication. Finally, molecular
chemotaxis mechanism of dyes in concentration gradients of neutral polymers was investigated. It was
found that hydropobic attraction and charge-dipole interaction between dye and polymer molecules were
active mechanism responsible for chemotaxis in microfluidics and dialysis systems. Understanding this
phenomenon would enable us to develop novel molecular separation techniques and to build programmable
devises implementing chemotactic logic gates.
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-0.161) (D-E), and 5 mM KHP (CR = -0.225) (F-G). As seen, the population of cPSL particles
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the band. The scale bars in B, D and F are 250 µm and the scale bars in corresponding zoomed
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Figure 4-4: Detection of methylated DNA at the outer band facilitated by CR. (A) Schematic of
tandem interactions consists of electrokinetic and depletion interactions forming aggregated
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at the outer band at different DNA concentrations (0.5 nM and 1 nM) in 3 mM KHP. In
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contrast, detection in DI water was not possible due to smaller particle population at the outer
band owing to the absence of favorable electrokinetic interaction. (G) Detection using
universal nonmethylated and hypermethylated human DNA (15 μg/ ml or 7 fM) diluted in 3
mM KHP. Nonmethylated DNA formed significantly more aggregated outer band compared
to methylated DNA (me-DNA). (H) The presence of 23.25 aM (50 ng/ ml) hypermethylated
DNA in a mixture of hypermethylated (50 ng/ ml) and nonmethylated (50 ng/ ml) DNA can
be detected by comparing with 46.5 aM (100 ng/ ml) of nonmethylated DNA. The error bars
are based on standard deviation of n = 5-10 sample size……………………………….86
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μm sPSL particles with Φ = 7.5×10-4 was evaporated on metallic Cu surface. (B) Banding was
eliminated and the internal particle distribution was more uniform with 5 mM KHP on Cu
surface with CR ~ -0.26. The observed striations are due to inherent roughness of the copper
substrate. The scale bars are 100 μm. (C) Strong outer band with sparse deposition in the inner
area on conductive ITO surface resulted from evaporation of 100 μL droplet containing 0.01%
MWCNT dispersed in DI water. (D) 0.01% MWCNT was evenly distributed on ITO surface
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Chapter 1
Motivation and Research Goals

1.1 Motivation
The motivation of this thesis is to learn from natural interactions present in chemical and biological
materials and processes and try to make use of them to solve important challenges in water treatment,
sensing, diagnosis, energy harvesting and communication. There are different types of molecular
interactions known in the biochemical world, for example- electrostatic or Coulombic, van der Waals,
hydrophobic, hydrogen bonding, cation-π, π-π interactions etc. The primary objective of this thesis is
identifying the mechanisms present and thereby, engineering the core interactions of these mechanisms in
order to achieve useful applications.
In this thesis, titled ‘Chemically-driven transport of colloidal particles and molecules’, I sought to
answer one fundamental question that how chemical potential (µ) can be translated into motions of colloidal
particles and molecules. I started to explore a chemically-driven phenomenon known as diffusiophoresis1,2
in this regard. Diffusiophoresis is an electrokinetic phenomenon driven by concentration gradients of ionic
species, which results in movement of colloidal particles in a directed manner (Figure 1-1). On the other
hand, a similar electrokinetic mechanism known as diffusioosmosis causes fluid flow following the
concentration gradients along surfaces. These electrokinetic phenomena are important in microscale
modulation of particle and fluid flow3–6, in microfluidic transports7–11, energy generation12 and potential
drug delivery applications13–15.

Apart from the aforementioned passive non-equilibrium phenomena, similar mechanisms and
analysis are valid in the field of ‘active matters’ defined as particles which are self-sufficient to move by
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utilizing chemical energy from surrounding environment. One of the earliest active particles was Pt-Au
bimetallic nanorods which catalyzed dissociation of H2O2 and thereby, could propel themselves by autoelectrophoresis16–18. Surprisingly, such active autonomous behavior can lead to emergent phenomena where
an ensemble of particles follow each other and demonstrate collective movement. Examples of such
emergent phenomena was observed in chemotaxing Pt-Au nanorods towards higher concentrations of
H2O219, quorum sensing colloid-Ag Janus particles in UV light/ H2O25, non-biological chemotaxis of
Grubbs catalyst coated silica-Au catalytic Janus particles towards higher concentrations of monomers20,
chemotactic separation of enzymes using substrate gradients21 and even in enzyme-coated colloidal particle
chemotaxis in substrate gradients22. Active matters are thus effective enough in generating their own
gradients and collectively move towards higher concentrations of reactants without the presence of any
global gradients. Therefore, their properties warrant potential applications in sensors 23, detectors24 and
intelligent nanorobots25. However, relying on specific stimuli which are either toxic or not available during
applications as well as challenging top-down synthesis limit their usability so far. With the advent of more
bottom-up assembly techniques which are simple, scalable, high throughput and versatile, useful
applications can be realized in near future.
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Figure 1-1: Schematic of diffusiophoresis of a particle with negative zeta potential. Particle velocity Udp is dictated by internal
electric field due to differential diffusion of Na+ and Cl-, zeta potential on particle’s surface (𝜁𝑃 ) and concentration gradients of
NaCl. The figure is adapted from Velegol et al.

In my thesis work, I primarily discussed passive particles and molecules subject to global and
imposed gradients. This is partly because there are several examples of such cases in natural and artificial
processes and also because complex fabrication part can be bypassed, which increases both the adaptability
and reproducibility of the technology for potential applications. Experiments on hollow fiber microdialysis
membrane showed that deposition of colloidal particles on membrane surface can be driven solely by
diffusiophoresis26, irrespective of convection. Additionally, simple hydrogel experiments in hybridization
chamber showed that particle accumulation near an interface can be modulated by the salt species. In other
words, by modulating the electric field (E) induced by diffusion of different ions, particle can be aggregated
or excluded from an interface (Figure 1-2). This experiments showed that E can be reversed while using
both10 mM NaCl and 10 mM potassium benzoate (PB) compared to the case of only 10 mM NaCl. This
observation pointed to the fact that in water filtration using semipermeable membranes, due to salt rejection
and back diffusion, the resultant E field would modulate particle accumulation on membrane surface, which
leads to fouling and performance deterioration of membrane systems. Therefore, understanding the
mechanisms involved in fouling and innovating different ways to mitigate them could improve efficiency
of membrane separation processes.

In this work, I initially sought to investigate colloidal fouling mechanism of reverse osmosis (RO)
membrane systems using diffusiophoretic hypothesis. We established diffusiophoresis as one of the primary
mechanisms of cake (fouling layer) formation and compaction in RO systems. Modulating the process with
addition of selected salts in order to reverse the E field did not result in expected fouling mitigation due to
concomitant increase in osmotic pressure upon addition of such salts. In order to eliminate both fouling and
concentration polarization, a novel approach of ‘reactive micromixing’ was implemented. Using this
approach, the concentration gradients or concentration polarization on membrane surface along with
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Figure 1-2: Reversing the electric field (E) to form particle exclusion near an interface. Green fluorescent, negatively
charged tracers accumulate at the water-hydrogel interface due to 10 mM NaCl diffusion induced E field. The accumulation is
gradually reversed by addition of potassium benzoate (PB) which reverses the E field.

colloidal and organic fouling were eliminated due to in-situ O2 bubble induced convection. Moreover,
catalytic activity on the membrane surface can be controlled externally by addition of H2O2 and humic acids
(HA). This approach necessitated modifying the RO membrane surface with polydopamine and subsequent
growth of catalytic CuO nanorods on the surface. However, dispersion of CuO nanorods was non-uniform
and patchy. This observation led to further research on engineering uniform distribution of colloidal
particles modulating the ‘coffee ring effect’. Experiments with evaporating colloidal droplets showed that
µM concentrations of salts can affect the particle transport and deposition on substrate surface due to
interplay between capillary convection, diffusiophoresis and diffusioosmosis. A concept of ‘coffee ring
number’ was developed which guide the design of patterns on surfaces. This simple modulation of particle
patterns led to many practical applications: separation of differently charged particles, diagnosis of
methylated DNAs, low resistance flexible surfaces, more efficient dye sensitized solar cells and superior
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dye-printed displays. Finally, the concept of particle focusing and spreading was extended to cases of dye
molecules which were observed to perform chemotaxis in gradients of neutral polymer molecules. Such
molecular chemotaxis phenomenon is driven by hydrophobic and charge-dipole interactions and is guided
by thermodynamic chemical potential. Overall, the motivation of my thesis was to understand and modulate
chemical potential of different systems using chemically-driven interactions and transports as tools.

1.2 Research Goals
In this dissertation, I sought to answer questions regarding distribution of particles and molecules
subject to chemical potential gradients (∇μ). In terms of equation, the question can be framed as what is the
velocity (U) of a particle or molecule subject to∇μ, which can be expressed as a phenomenological equation
as follows-

U=

Driving force
Resistance

=

ν
kT

∇μ

(1)

Where ν is the ‘effective’ diffusion co-efficient (eg. ambipolar or equivalent diffusion co-efficient of
electrolytes in diffusiophoresis, diffusion co-efficient of molecular dyes in chemotaxis etc.) of the
translating particle or molecule, k is Boltzmann’s constant and T is the temperature in K. I asked the
following questions in order to achieve the research goals highlighted in bold-

1. Diffusiophoresis is one of the dominant particle fouling mechanisms in RO systems
What are the magnitudes of concentration gradients on membrane surface? What is the extent
of diffusiophoresis in a convective environment? How the cake formation and flux decline are
affected by diffusiophoresis?
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2. Microbubble induced reactive micromixing eliminates both fouling and concentration
polarization in RO systems
How microbubble induced convection can be generated in-situ? How H2O2 dosing, CuO
catalyst loading and HA addition affect permeate flux recovery? What is the efficiency of the
process at higher fluxes and multiple cycles? What are the effects on membrane permeability
and salt rejection due to membrane modification and H2O2 addition?

3. Spatio-temporal particle patterning in evaporating droplet is modulated by electrokinetic
flows
What is the effect of addition of different salts on coffee ring formation and pattering? Can a
generalized design criterion be developed in order to controllably spread or focus particles?
How diffusiophoresis, diffusioosmosis and convection are interlinked in formation of coffee ring
patterns? Can we apply the concept of electrokinetic modulation of coffee ring formation and
elimination in practical purposes?

4. Chemotaxis of molecular dyes is driven by non-covalent interactions
What are the effects of polymer and dye concentrations on molecular chemotaxis? How
different polymers, different molecular weights of the same polymer, nature of monomeric unit
of the polymer and the solvent affect chemotaxis? Can chemotactic behavior of different dyes
be explained and predicted according to a generalized framework based on interactions? What
is the connection between molecular chemotaxis and thermodynamics? What is the molecular/
microscale model of chemotaxis? What are the potential applications of dye chemotaxis?
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1.3 Overview of the Dissertation
This dissertation is arranged in four different core chapters in order to discuss the research
questions. Conclusion and future work is described in chapter 6. Appendix A is kept as an aid to understand,
analyze and model particle transport, particularly for chapter 4. Appendix B is kept to tabulate data and
listing methods used in chapter 5.

1.3.1 Diffusiophoresis contributes significantly to colloidal fouling in low salinity reverse osmosis
systems
Diffusiophoresis is the migration of particles in salt gradients depending on their own charge and
the difference in diffusion coefficients of major ions making up the salt. This phenomenon is ubiquitous
where salt gradients and charged particles exist and has been studied for several decades. However, this
phenomenon has not been explored in RO membrane systems and could be very relevant for low salinity
feed solutions (such as brackish water or reclaimed wastewater), where stable salt gradients exist next to
the membrane and where charged colloidal particles are prevalent.

Here we demonstrate through

experiments and modeling that under low salinity feed conditions diffusiophoresis contributes significantly
to particle transport and cake formation leading to cake enhanced concentration polarization. The growing
cake layer porosity depends on salt type and follows diffusiophoretic hierarchy (Figure 1-3). We further
propose that particulate fouling due to diffusiophoresis will increase in a positive feedback loop over time
led by cake formation driven concentration polarization.

8

Figure 1-3: Deposition of colloidal foulants on reverse osmosis (RO) membrane through diffusiophoresis. NaCl induces
stronger electric field and particle compaction on the membrane leading to higher permeate flux decline than KCl.

1.3.2 Reactive Micromixing Eliminates Fouling and Concentration Polarization in Reverse Osmosis
Membranes
Reverse osmosis and nanofiltration membranes are used for desalination, wastewater reuse, and
industrial water recovery but suffer from high-energy usage during operation. High-energy usage results
from membrane fouling and concentration polarization (CP). Fouling is the time dependent deposition of
organic macromolecules and particles, as well as the growth of bacterial biofilms on membranes. CP is the
accumulation of rejected solutes on the membrane, which reduces the driving force for filtration. We
demonstrate a simple, nanoparticle-based, in situ approach of inducing chemical reaction-based
micromixing on the membrane surface that can simultaneously eliminate fouling and CP. Commercial
desalination membrane surfaces were modified with the bioinspired adhesive polymer, polydopamine, and
catalytic metal oxide nanoparticles (CuO or MnO2) were grown and anchored to its surface. This modified
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membrane catalyzed the degradation of hydrogen peroxide pulse-injected into the feed solution at low
concentrations (2-7 mM). The oxygen molecules and hydroxyl radicals generated degraded organic matter
and efficiently prevented particle and cell deposition through bubble-generated mixing while causing no
observable membrane damage (Figure 1-4). The reaction generated convection also enhanced solute back
diffusion mass transfer coefficients by more than an order of magnitude, resulting in near-complete
elimination of CP. Our preliminary results also indicate control of E.coli biofilm using the immobilized
CuO nanoparticles.

CuO nanoparticles loaded on polydopamine
coated reverse osmosis (RO) membrane

CuO
nanoparticles
500 nm

Figure 1-4: CuO nanoparticle catalysis on RO membrane can generate O2 bubbles which can eliminate colloidal and
organic fouling and also concentration polarization by ‘reactive micromixing’.

1.3.3 Modulation of spatio-temporal particle patterning in evaporating droplets: Applications to
diagnostics and materials science
Spatio-temporal particle patterning in evaporating droplets lacks a common design framework.
Here, we demonstrate autonomous control of particle distribution in evaporating droplets through the
imposition of a salt-induced self-generated electric field as a generalized patterning strategy. Through
modeling, a new dimensionless number, “coffee ring number” (CR), arises which determines the relative
contributions of electrokinetic and convective transport to pattern formation, enabling one to accurately
predict and control the mode of particle assembly. Modulation of CR allows the particles to be focused in
a specific region in space or distributed evenly. Moreover, starting with a mixture of two different particle
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types, their relative placement in the ensuing pattern can be controlled, allowing co-assemblies of multiple,
distinct particle populations. By this approach, hypermethylated DNA, prevalent in cancerous cells, can be
rapidly distinguished from normal DNA at attomolar concentrations (Figure 1-5). In other examples, we
show uniform dispersion of several particle types (polymeric colloids, multi-walled carbon nanotubes and
molecular dyes) on different substrates (metallic Cu, metal oxide and flexible polymer). Depending on the
particle, the highly uniform distribution leads to enhanced short circuit current in dye sensitized solar cells,
as well as superior dye-printed displays.

Figure 1-5: Coffee rings are natural phenomena which take place during and after evaporation of colloidal droplets.
Modulation of coffee ring effect by adding small concentration of salt can lead to interesting patterns. In this example, depending
on the nature of DNA (hypermethylated or nonmethylated), different coffee ring patterns form leading to its detection.

1.3.4 Chemotaxis modulation of molecular dyes with non-covalent interactions
Chemotaxis is known to take place in biological cells and in active particles. Here we show using
a microfluidic channel that dye molecules can chemotax in gradients of several polymers according to
hydrophobic and charge-dipole interactions (Figure 1-6). Chemotactic shifts are dependent on the
monomeric structural unit of the polymer, which dictates the equilibrium binding-unbinding phenomenon.
Additionally, the type of the solvent and the functional groups on the dyes profoundly influence their
chemotaxis. As a proof-of-concept basis, we developed dye chemotaxis driven, programmable
optochemical half adder.

11

Figure 1-6: Chemotaxis of dye molecules to higher concentrations of polymer in a three-inlet microfluidic channel.
Rhodamine 6G chemotaxes towards the side channels according to concentration gradients of polymer (eg. polypropylene glycol),
primarily driven by hydrophobic interaction and concomitant decrease in chemical potential.
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Chapter 2
Diffusiophoresis Contributes Significantly to Colloidal Fouling in Low Salinity
Reverse Osmosis Systems

The objective of this chapter is to establish the link between colloidal fouling of RO membranes
and diffusiophoresis phenomenon. The hypothesis is that diffusiophoresis would dominate cake formation,
compaction and eventual flux decline of RO membrane systems due to the presence of stable concentration
polarization along the membrane surface. The primary question that I tried to answer here is the extent of
diffusiophoretic transport compared to pressure driven convection behind permeate flux decline due to
colloidal fouling of RO membranes.

2.1 Introduction
Reverse Osmosis (RO) is an important membrane technology and often forms the final barrier to
contaminants in water treatment and wastewater reuse systems1–4 . RO membranes can reject most dissolved
solutes including salts. However, fouling of RO membranes and resulting decline in permeate flux and
solute rejection remain persistent problem5,6. The nature of foulants can be diverse depending on the nature
of the feed water. These include colloidal7, biological8, organic9 or inorganic10 foulants both alone and in
combination. Nevertheless, they all lead to loss of performance over time necessitating frequent membrane
cleaning and higher operation and maintenance costs.

It is commonly accepted that in pressure driven filtration processes such as RO, particulate foulants
primarily deposit on the membrane surface due to convective flows. Particle deposition leads to formation
of a cake layer which in the RO process hinders back diffusion of salts leading to build up of a high salt

15
concentration at the membrane surface. This buildup is higher than what would be expected in the absence
of a cake layer due to hindered diffusion of salts away from the membrane, which is typically referred to
as Cake Enhanced Concentration Polarization (CECP)7,11. This increase in salt concentration at the
membrane surface enhances osmotic pressure, leading to high flux decline. Hoek and Elimelech first
described CECP as an important mechanism of colloidal membrane fouling that causes enhanced flux
decline and decrease in salt rejection7. They developed a simple fouling model incorporating CECP
assuming constant cake porosity and an increase of cake thickness with time by particle transport to the
growing cake. However, they assumed that particle transport was due entirely to the convective filtration
velocity.

We hypothesize that under certain RO operating conditions, besides convection, a concentration
gradient driven phenomenon, diffusiophoresis (DP), also contributes significantly to particle transport
towards the membrane and subsequent colloidal fouling.

Also, since cake formation exacerbates

concentration polarization over time, particulate fouling due to DP will increase cyclically till shear forces
applied by crossflow become sufficiently large to limit cake growth.

DP is a known mechanism of particle transport where gradients in salt concentration propel charged
particles12. The mechanism of this diffusiophoretic transport has been known since initial studies by
Derjaguin et al.13 more than half a century ago followed by theoretical
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Figure 2-1: We propose that diffusiophoresis (DP) drives particles towards a membrane where salt rejection sets up a
large and stable salt concentration gradient. DP arises when the difference in the diffusivity of electrolyte ions (say Na + and Cl--)
within the salt gradient sets up a spontaneous electric field (E) that drives negatively charged colloids towards the membrane. This
can lead to higher cake formation and subsequently higher rates of particle deposition through cyclic magnification of the
diffusiophoresis effect.

and experimental developments by Anderson and Prieve14. DP of any charged particle arises because of the
interaction between salt generated in-situ electric fields and surface charges on the particles. The
spontaneous electric field arises due to difference between cationic and anionic diffusivities (say for
example between Na+ and Cl-) as shown in Figure 2-1. The higher the difference between constituent ion
diffusivities (quantified by β = (D+ − D− )/(D+ + D− ), where D+ is diffusivity of cation and D- is
diffusivity of anion), the stronger is the electric field (E). The E values have been listed along with β values
of respective salts in Table 2-1 – more details on the calculations are provided subsequently. DP of particles
in electrolyte solutions is a combination of this electrophoretic motion – in this case caused by ionic
diffusivity differences – as well as a subtle but important mechanism involving interfacial-pressure-driven
flows (known as chemiphoresis). Both parts depend upon the particle zeta potential, which characterizes
the charged nature of the particles.
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Table 2-1: Relevant Salt Dependent Cake Parameters (at 23 LMH, 20 μm cake layer and 0.5
cake porosity for 80 nm silica nanoparticles)
𝛇𝐩

Salt

β

CP factor within

(mV)

cake

Maximum E within Average Cake Growth
cake (V/m)

Rate (m/s)

LiCl

-41.3

3.2

-0.327

-184

3.0 x 10-8

NaCl

-33.0

2.8

-0.207

-99

2.5 x 10-8

KCl

-28.9

2.4

-0.018

-6.9

1.3 x 10-8

Diffusiophoresis (DP) theory has been used in many contexts before15. Many of these examples
are relevant and point to the fact that such a phenomenon, in principle, could be a significant contributor
to colloidal deposition and fouling in RO membranes. The diffusiophoretic velocity (Udp) of a charged
particle, in the case of RO membranes, will be superimposed on the convective velocity. For a symmetric
Z:Z electrolyte of concentration C and concentration gradient 𝛻𝐶 the diffusiophoretic velocity is given by
the DP equation16 -

Udp =

𝜖𝑚 kT D+ −D−
ηZe

{D

ζp
+ +D−

−

2kT
Ze

Zeζp

ln [1 − tanh2 ( 4kT )]}

∇C
C

(2-1)

where e is the electron charge, 𝜖𝑚 is the permittivity of the medium,  is the solution viscosity, Z
is the ion valance, D+ and D- are the diffusivities of cation and anion, respectively, ζp is the particle zeta
potential, k is the Boltzmann constant, and T is absolute temperature. Overall, diffusiophoresis is composed
𝜖 𝑘𝑇 𝐷+ −𝐷−
𝛻𝐶
𝜁
)
𝐷+ +𝐷− 𝑝 𝐶

𝑚
of an electrophoresis component ( 𝜂𝑍𝑒

𝑍𝑒𝜁

𝑡𝑎𝑛ℎ2 ( 4𝑘𝑇𝑝 )]

𝛻𝐶
𝐶

and a chemiphoresis component (−

𝜖𝑚 𝑘𝑇 2𝑘𝑇
𝑙𝑛 [1 −
𝜂𝑍𝑒 𝑍𝑒

) - both of which depend on ζp and scale linearly with 𝛻𝑐/𝑐.

There are three factors that influence the magnitude of particle DP in electrolytes that are relevant
to RO desalination and define the contexts to which it could apply- (i) electric field: A larger difference
between the cation and anion diffusivities of the electrolyte, as characterized by β, will lead to higher
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diffusiophoretic velocities of particles due to larger electric field strengths. For the case of desalination,
sodium and chloride are the major ions with a  value of -0.204 in contrast to the potassium and chloride
ion pair where the absolute value of  is approximately zero and thus represents the case where there is
little or no DP. (ii) particle zeta potential: A larger particle zeta potential results in a larger particle velocity.
The most applicable case for desalination is where a significant negative zeta potential (< -10 mV) exists
on colloidal17 and biological foulants18. This would include low salinity feed water systems such as brackish
water and wastewater reuse streams with salinities between 10 and 20 mM. (iii) concentration gradients:
The higher the relative concentration gradient (∇𝑐/𝑐), the stronger the DP effect. High and stable values
for (∇𝑐/𝑐) exist for most desalination applications next to membranes and particularly so when cake
buildup occurs due to colloidal or biological fouling which results in CECP leading to large salt gradients
within and near the cake.

DP has been suggested as a mechanism of particle deposition by Taheri et al.19 in explaining lower
critical flux in RO systems compared to ultrafiltration. They also highlighted the possibility of lower zeta
potential of RO membrane leading to lower electrostatic repulsion of charged particles. However, DP as a
RO fouling mechanism has not been systematically evaluated. We have recently shown in a microporous
hollow fiber membrane that particle deposition on membranes can take place solely because of DP without
any external convective or pressure driven flows20. We demonstrated that different electrolytes (LiCl, NaCl,
and KCl), generate membrane directed particle velocities in agreement with diffusiophoretic theory
according to their ionic diffusivity differences ( values) and therefore, different electric field strengths.

While DP has not been explicitly implicated, feed salt concentration and permeation velocities have
been recognized as important factors in particle deposition on RO membranes. Song and Elimelech21
modeled particle transport rates toward a nonporous membrane showing a significant increase in particle
deposition upon increase in salt concentration. However, they explained the phenomenon in terms of a
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reduction of repulsive double layer forces between the particles and membrane surface due to an increase
in salt concentration. Experimental evidence for their model was provided by Sim et al.22 They have shown
that an increase in ionic strength of the feed solution causes the transmembrane pressure to increase
considerably, while cake thickness increases and porosity decreases. Wang and Tarabara also reported a
significant decrease in permeate water flux with increasing salt concentration in constant pressure RO 23.
They hypothesized that the flowing cake has some effects in depolarizing the stagnant cake layer, which
becomes ineffective at high salt concentration due to more compact cake formation. We propose that these
observations can be more comprehensively and conclusively explained, particularly in the limit of low
salinity feed water, using DP as a mechanism that enhances the phenomenon of CECP.

We first performed a simple set of flux decline experiments with silica colloids under identical
conditions but with different electrolytes (LiCl, NaCl and KCl). Using high salt rejecting seawater
desalination RO membranes (99.6 %) to avoid artifacts from solute passage, we found different degrees of
permeate flux reduction according to the diffusiophoretic potentials of the different electrolytes that cannot
be explained by the simple diffusivity differences in these salts or differences in electrostatic interactions
between the colloids and the membrane. We then delved into how diffusiophoretic velocities can be
modeled in RO systems with colloidal fouling induced cake formation. We compared these velocities with
particle velocities calculated without taking DP into account. We demonstrate that particle velocities are
significantly lower in calculations where DP is not taken into account and current methods may represent
a significant underestimation of the flux decline expected from colloidal fouling in RO systems by not
taking into account the salt dependent cake formation and compaction. Instead of approaching the problem
temporally, we considered spatial DP at a fixed time and present a complete analysis of DP effects near the
membrane. Finally, we propose a feedback mechanism for colloidal fouling where CECP increases
diffusiophoretic fouling that then in turn increases the rate of cake buildup and further accelerates fouling.
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2.2 Materials and Methods:
2.2.1 Membranes, particles and chemicals
Flat sheet sea water desalination membranes (DOW SW30HR), obtained from Dow Water and
Process Solutions (DWPS), were used for all RO experiments. These membranes were supplied as
rectangular sheets and were cut to fit the membrane cell dimensions (9.5 cm × 14.5 cm). Colloidal silica
particles of 80 nm mean diameter, Snowtex-ZL (lot no. 250612) supplied by Nissan Chemical America
Corp., Houston, TX), were used in the flux decline experiments. 3 μm sulfate polystyrene latex (spsl, 8%
w/v, lot no. 1459571) from Molecular Probes (Life Technologies, Grand Island, NY) were also used as
foulants in some flux decline experiments. Electrolyte salts - LiCl (lot no. SLBD4515V), NaCl (lot no.
49H0264) and KCl (lot no. SLBF1729V) - were purchased from Sigma-Aldrich (St. Louis, MO). Deionized
water was obtained from Barnstead Nanopure (Model 7146) system from Thermo Scientific (Marietta,
OH).

2.2.2 Reverse osmosis system
A bench-scale RO crossflow system with automated control and data acquisition system was built
around a GE Osmonics SEPA® CF membrane element cell (Sterlitech corp., Kent, WA). Feed solutions
containing colloidal particles as foulants were fed through a Baldor Reliancer Super-E motor pump (Baldor
Electric Co., Fort Smith, AR). The pump inlet pressure was monitored using a pressure transducer (1-5 V
DC, 4-20 mA output) from Ashcroft (Stratford, Connecticut) and controlled by National Instruments
NISCB-68A DAQ accessory (Austin, TX). The controller and transducer were supplied power from a
programmable DC power supply (model no. 382280, Extech instruments, Waltham, MA 02451). A
Commander SK module (Emerson, Eden Prairie, MN) was used as AC pump drive and was controlled by
the DAQ system. A 6000 series portable chiller from Polyscience Corp. (Niles, IL) was used to keep the
feed temperature at a set value of 20⁰C. Feed and permeate conductivities were measured using an Orion
Versastar conductivity meter (model VSTAR 50) from Thermo Scientific. Feed turbidity was measured by
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a 2100P turbidimeter from Hach (Loveland, CO). The permeate water flow rate was measured by an
electronic weighing balance (GF-3000) from A & D (Bradford, MA) and recorded with RsWeight Ver.
1.00 software on a desktop computer. All pressure controls were input and monitored through LabView
software (National Instruments).

A schematic of the RO system is presented in Figure 2-2 below. A needle valve from Swagelok
(Model no. 709283001) was placed at the concentrate outlet and used to maintain the pressure in the RO
chamber. Conductivities and turbidities were measured manually at different time intervals. For zeta
potential (ζp) measurements of silica and polystyrene latex, we used a Zetasizer Nano ZS90 (Malvern, MA,
model ZEN3690) instrument. The ζp of the particles were measured at 298 K using disposable cuvettes
(DTS1061) in 20 mM concentrations of the respective salts and at a pH of 5.8. These results are shown in
Table 2-1.

Figure 2-2: A schematic of the RO setup used
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2.2.3 Experimental procedure
The membrane was compacted for 24 h at 400 psi and 19˚C before charging any salt. Then 20 mM
salt (LiCl, NaCl or KCl) were added to condition the membrane for a further 12 h. Finally, 0.017% (w/v)
colloidal particles in the 20 mM salt were added to the feed tank and constant pressure flux decline
experiments were begun. The feed charge volume was 4 liters and concentrate and permeate were recycled
back to the feed tank. The experiments were run for 10 h to 3 days at constant pressure and relevant
parameters were recorded.

2.2.4 Model System Description
Modeling of particle deposition was conducted with 20 mM salt feed, 23 LMH permeate water
flux, 0.023 m/s cross flow velocity, 0.017 wt% 80 nm silica particles using a RO membrane with 99% salt
rejection to match experimental results and obtain additional insights. Methods described before for
estimating and modeling CECP were used to show the expected increase in concentration polarization when
a cake layer forms on the membrane surface. We assumed a loosely formed particle cake layer with a
porosity of 0.5 and cake thickness 20 m (δc) as was used previously for modeling experimental results by
Sim et al.22 The boundary layer film outside of the cake layer (δf - δc) was assumed to be governed by pure
salt diffusion as described by an overall mass transfer coefficient. Particle flux towards the membrane was
modeled using the approach described by Song and Elimelech21 with a fully developed concentration
boundary layer.
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Figure 2-3: System set up for modeling the effect of diffusiophoresis during colloidal particle deposition on an RO
membrane. Particle deposition is driven by a combination of convective flux and diffusiophoresis. High concentration gradients
in the cake layer (δc) cause higher diffusiophoretic particle velocities (green arrows); particles (in red) are drawn inside the cake
layer from the interface at high velocities leading to cake growth. Particles inside the cake layer follow the same mechanism to
move towards the membrane leading to cake compression. Particles outside the concentration boundary layer experience only
convective velocities (yellow arrow).

2.2.5 Governing Equations
The one dimensional material balance (stagnant film) equation was used to describe the diffusion,
back diffusion and permeation phenomena of salts as follows𝑣(𝑦)𝐶 − 𝐷 ∗

𝑑𝐶
𝑑𝑦

= 𝑣 (𝑦)𝐶𝑝

(2-2)

where v(y) is the volumetric water flux (m3/m2-s) towards the membrane that depends on distance
y from the membrane, C is concentration of electrolyte (mol/m3), D* is the effective diffusion co-efficient
of the electrolyte (𝐷 ∗ = 2𝐷+ 𝐷− /(𝐷+ + 𝐷−)), and Cp is the permeate concentration of the electrolyte
(mol/m3). The equation can be solved using the boundary condition C = Cm on the membrane surface, i.e.
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at y = 0. The velocity normal to the membrane, v(y), decreases as one moves away from the membrane
surface as described by Altena and Belfort 24𝑣(𝑦) = 𝑣𝑤 𝑓1 (𝑦)

(2-3)

where 𝑓1 (𝑦) is a geometric factor expressed in terms of the channel height H as follows𝑦 2

𝑦

𝑦 2

𝑣 𝐻

𝑦 3

𝑦 5

𝑦 6

𝑦 7

𝑓1 (𝑦) = − (1 − 𝐻) (1 + 2 𝐻) + 70𝑤 𝜈 (−16 (𝐻) + 27 (𝐻) − 21 (𝐻) + 14 (𝐻) − 4 (𝐻) )

(2-4)

Equation (2-2) can be integrated to calculate the enhanced Cm (denoted as 𝐶𝑚1 ) due to the presence
of the cake layer. Therefore, as Figure 2-3 illustrates, the salt concentration profile was evaluated in two
distinct mass transfer regimes - the cake layer (domain 1) and the rest of the cake free concentration
boundary layer (domain 2) 𝑑𝐶

Domain 1 (0 ≤ y ≤𝛿𝑐 ): 𝑣(𝑦)𝐶 − 𝐷 ℎ 𝑑𝑦 = 𝑣(𝑦)𝐶𝑝 with boundary condition 𝐶 = 𝐶𝑚1 at y = 0.
𝑑𝐶

Domain 2 (𝛿𝑐 ≤ 𝑦 ≤ 𝛿𝑓 ): 𝑣(𝑦)𝐶 − 𝐷 ∗ 𝑑𝑦 = 𝑣(𝑦)𝐶𝑝 with boundary condition 𝐶 = 𝐶𝑚2 at y = 𝛿𝑐 .
These equations are “matched” at the interface between the cake and the boundary layer:
Interface (y = 𝛿𝑐 ): 𝐶𝑚2 = 𝐶(𝛿𝑐 ) and steady state flux continuity

The overall mass transfer coefficient (k*) accounts for solute transport through the cake and the
concentration boundary layer as follows1
𝑘∗

𝛿

= 𝐷𝑐ℎ +

𝛿𝑓 −𝛿𝑐

(2-5)

𝐷∗

The diffusion of salt is severely restricted in the cake layer and can be related to the cake porosity
(ε) and the diffusive tortuosity (𝜏 ≈ 1 − ln 𝜀 2 ) as follows𝐷ℎ =

𝜀
1−𝑙𝑛𝜀 2

𝐷∗

The thickness of the boundary layer in the absence of a cake layer (𝛿𝑓,

(2-6)
𝑛𝑜 𝑐𝑎𝑘𝑒 )

can be estimated

as
𝛿𝑓,

𝑛𝑜 𝑐𝑎𝑘𝑒

=

𝐷∗
𝑘

(2-7)
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where the mass transfer coefficient of solute can be expressed by the Graetz-Leveque equation as
follows𝑘 = 1.62 𝐷∗ 2/3 𝑑ℎ −1/3 𝐿𝑐 −1/3 𝑉𝑜1/3

(2-8)

where dh is the channel hydraulic diameter, Lc is the channel length, and 𝑉𝑜 is the average cross
flow velocity. Here we assumed that a cake is already present with the total film thickness in the presence
of a cake (𝛿𝑓 ) considered as the sum of the cake thickness (𝛿𝑐 ) and the rest of the film thickness without
the cake (𝛿𝑓 − 𝛿𝑐 ). Estimation of 𝛿𝑓 can be generated using 𝑘 ∗ (instead of k in equation (2-7)) and can be
truncated at the distance from membrane where numerical solution for C becomes equal to the feed
concentration.
This filtration flow drives particles towards the membrane. In addition, the particles experience an
inertial lift away from the surface with the net particle velocity, 𝑣𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑦), expressed as follows9
4

𝑣𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑦) = 𝑣𝑤 𝑓1 (𝑦) + 𝑉𝑜2

3
𝜌𝑎𝑝
𝑓 (𝑦)
𝜇 𝐻2 2

(2-9)

where 𝑓2 (𝑦) is a geometric factor provided by Vasseur and Cox25:
𝑦 2
𝐻

𝑦
𝐻

𝑦 3
𝐻

𝑓2 (𝑦) = 1.532139 − 12.182786 + 21.652283 ( ) + 4.495068 ( ) 𝑦 4
𝐻

𝑦 5
𝐻

𝑦 6
𝐻

28.176666( ) +10.950694( ) + 0.198042 ( )

(2-10)

Here 𝑉𝑜 denotes the average cross flow velocity in the channel, 𝑎𝑝 is the particle radius and 𝜇/𝜌 is
the kinematic viscosity of water. Equation (2-10) is valid at low particle Reynolds number, 𝑅𝑒𝑝 =

𝜌𝑉𝑜 𝑎𝑝
𝜇

≪

1. Equation (2-9) can be used to compare the particle diffusiophoretic velocity (given by equation 2-1) to
the net convective particle flow velocity near the RO membrane. However, for our case of 80 nm silica
particles, the inertial lift contribution is small and may be neglected. We have included it in equation (2-9)
to provide a more general description of particle transport that can be applied to other systems with much
larger particles where inertial lift could be important.

The net particle flux (Jparticle) towards the membrane is thus given by the following equation-
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𝐹

𝐽𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = −𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ∇𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 + 𝑈𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 + 𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑘𝑇 𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

(2-11)

where 𝐷𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the particle diffusivity, U is total velocity of the particle towards the membrane
composed of the convective velocity, 𝑣𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑦), from equation (2-9) plus the diffusiophoretic velocity,
𝑈𝑑𝑝 (𝑦), from equation (2-1), ∇𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the local particle number concentration gradient, 𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the
local particle number concentration, and F is the interaction force on the particle normal to the membrane
wall. The interaction between the particle and membrane will have contributions from electrostatic (Φ𝑒𝑠 ),
van der Waals (Φ𝑣𝑑𝑤 ), and gravitational (Φ𝑔𝑟𝑎𝑣 ) potentials according to the following equation used by
Song and Elimelech21𝐹 = −∇(Φ𝑒𝑠 + Φ𝑣𝑑𝑤 + Φ𝑔𝑟𝑎𝑣 )

(2-12)

The electrostatic contribution to the force is a complex function of position due to the variation in
the Debye length (𝜅 −1 )
2 𝑍2 𝑒 2 𝑛(𝑦)
𝜖𝑘𝑇

𝜅 −1 = √

(2-13)

arising from the variation in salt concentration within the boundary layer where n(y) is the position
dependent number concentration (#/m3) of the electrolyte.

The overall particle species balance, without any source or sink term, can be expressed as follows𝜕𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝜕𝑡

+ ∇. 𝐽𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 0

(2-14)

The above equation can be solved together with equations (2-11) and (2-12) using appropriate
𝑏𝑢𝑙𝑘
boundary conditions. We assumed 𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 0 at 𝑦 = 0 and 𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 𝐶𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
at 𝑦 = 𝛿𝑓 along with

a quasi-steady state approximation. The first boundary condition corresponds to irreversible cake formation
(all particles that reach the membrane immediately become part of the cake) as previously used by Song
and Elimelech in their perfect particle sink model21. This is a reasonable assumption during RO processes
since particles are held against the membrane both by convection and DP with negligible back diffusion.
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Thus, we used a classical analysis of concentration polarization and cake enhanced polarization to
evaluate the salt concentration profile, with particle transport determined by the superposition of the
diffusiophoretic velocity and the convective filtration velocity. Thus, the particle flux is directly coupled to
the salt concentration boundary layer through the term ∇c/c in the expression for the diffusiophoretic
velocity. The development of the particle cake alters the concentration boundary layer through the hindered
salt diffusion in the cake, which in turn modulates the particle flux through the change in the magnitude of
the diffusiophoretic velocity.

2.3. Results
2.3.1 Experimental RO flux decline by colloidal fouling depends on the salt used in the
experiment
We performed several constant pressure RO experiments keeping hydrodynamic conditions the
same. We use 0.017% w/v 80 nm silica colloids as model foulants suspended in 20 mM electrolyte solutions
(LiCl, NaCl and KCl). In each case we tracked permeate water flux over time under constant 400 psig
pressure. The membrane used was a high salt rejecting seawater RO membrane with 99.6% NaCl rejection
as reported by the manufacturer. The permeate flow rates in the experiments with different 20 mM salt
solutions were 4.3  2.3% g/min corresponding to a flux of 18.7 LMH  2.3%. The flux data are shown in
Figure 2-4, with the values normalized by the initial flux. The flux decline with KCl was minimal, with the
flux remaining within 2% of the initial flux throughout the 600 min experiment. A much larger flux decline
was seen with LiCl, with data for the NaCl falling between the results for LiCl and KCl. The magnitude of
the flux decline for the different salts was directly proportional to the  values of the electrolytes (Table 21), which we attribute to the differences in DP and the corresponding difference in particle deposition and
subsequent flux decline. This is further discussed in the following sections.

28

Figure 2-4: Flux decline of RO membranes due to colloidal fouling in electrolytes containing different salts can be
explained using the phenomenon of DP. 20 mM LiCl gave highest flux decline followed by NaCl and then KCl under similar
conditions in RO. The β values of these salts are in the order LiCl>NaCl>KCl and are directly proportional to the flux decline in
accordance with diffusiophoresis driven enhancement in particle deposition and flux decline. Permeate flux did not change
significantly in 600 min in case of KCl, but continuously decreased in case of NaCl and even more for LiCl with silica particles
(80 nm silica, 0.017 wt%) as foulants. Average initial fluxes were 19.1, 18.3 and 18.7 LMH for LiCl, NaCl and KCl, respectively.

2.3.2 Modeled Cake Enhanced Concentration Polarization was different for different salts
The extent of concentration polarization increases with decreasing diffusivity of the salt in the order
KCl, NaCl, and then LiCl. Figure 2-3a shows the calculated concentration profile within 20 m of the
membrane surface (within the cake layer) and Figure 2-3b shows the concentration profile in the rest of the
concentration boundary layer. Figures 2-3c and d show the concentration gradient generated in the cake
and in the rest of the boundary layer.

It can be clearly seen that: 1) CECP increases with decreasing

diffusivity of the ions as described by current theoretical models, and 2) concentration gradients are highest
within the deposited cake layer when compared to the rest of the concentration boundary layer. However,
these concentration gradients alone are not sufficient to describe the trends in flux decline observed with
various salts as described subsequently.
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Figure 2-5: The magnitude of salt gradients set up in the membrane boundary layer depends on the diffusivity of the
salts used. (a) Membrane surface concentration of salt becomes 3.16 times the bulk concentration due to hindered back diffusion
in the cake layer for LiCl , 2.76 times for NaCl and 2.37 times for KCl in accordance with CECP theory. (b) Concentration steadily
decreases in the rest of the boundary film according to normal back diffusion of specific salts. (c) High salt concentration gradients
exist in the cake layer adjacent to the membrane due to hindered diffusion of salts, and (d) Concentration gradient decreases with
distance from the membrane cake layer towards bulk according to diffusivity values of the salts.

2.3.3 Different values of CECP for different salts set up different diffusiophoretic driving
forces for particle deposition.
The high concentration gradients next to the membrane (in the c region) described using the CECP
theory will provide a high driving force (∇𝐶/𝐶) for DP of particles from the boundary layer into the cake
region. This will lead to a higher deposition rate of particles than that prediced by simple permeation driven
convective deposition. Figures 2-4A and B show the driving force for diffusiophoressis of particles
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calculated for the various salts used. KCl, which represents the base case where very small extent of
diffusiophosresis is expeceted to occur, provides the lowest driving force (∇𝐶/𝐶) followed by the salt of
interest (NaCl) and then LiCl. Again the gradient is higher within the cake layer (Figure 2-4A) which could
lead to cake compaction by DP. The diffusiophoretic driving force remains almost constant inside the cake
layer (~ 0.2 % variation) due to the negligible variation in velocity with position y. However, outside the
cake layer (Figure 2-4B), v(y) decreases and ∇𝐶 decreases more rapidly than C. This gives a slightly
decaying driving force outside the cake layer (~ 2% variation). The dominant effect on the calculated
diffusiophoretic velocity of the particles is the difference in the values of β, with the diffusiophoretic
velocity for the LiCl approximately twice that in the NaCl solution with KCl giving rise to a much smaller
diffusiophoretic velocity (Figures 2-4C and D). Note that the diffusiophoretic velocity in the KCl solution
is still significant (20% of the convective velocity) due to the chemiphoretic contribution (second term on
the right hand side of Equation 2-1).
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Figure 2-6: DP imposes a significant velocity on particles depositing on RO membranes in comparison to convective
𝛻𝐶
velocity. (a) Diffusiophoretic driving factor ( ) stays very high in the nascent cake layer- LiCl generates the highest
𝐶
diffusiophoretic driving force among LiCl, NaCl & KCl, and (b) The diffusiophoretic driving factor decreases away from the cake
layer due to larger drop in concentration gradients than concentrations. (c) Diffusiophoretic velocity in the cake layer is significant
and correlates to respective β values of the salts. (d) Diffusiophoretic velocities are smaller outside cake region compared to inside
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cake. (e) DP dominates over convective particle transport in the cake layer for LiCl with cake formation accelerated by DP. (f)
DP stays constant outside the cake layer but still remains considerable compared to convective velocities.

2.3.4 Particle deposition rate trends calculated incorporating the effect of DP correlates with
experimentally observed cake formation rate and flux decline.
The contribution of DP to particle deposition (particle flux) and subsequent flux decline is
significant and was demonstrated by modeling and experimental work. Figure 2-7a shows the particle fluxes
calculated for RO operation, calculated with and without the contribution of DP, for the three different salts.
When DP is not considered, the particle deposition rate is predicted to be the lowest for LiCl and highest
for KCl, primarily due to difference in the particle zeta potential in the different salt solutions arising from
different extents of ion adsorption to silica surfaces26–28. We found zeta potentials of -29 mV, -33 mV and
-41 mV for the silica nanoparticles in 20 mM KCl, NaCl, and LiCl (Table 2-1), leading to the greatest
electrostatic repulsion between the membrane and the particle in the LiCl solution. However, this is
completely opposite to what is seen in the experimental data for the permeate flux decline (Figure 2-4). In
contrast, if DP is taken into account in the particle flux calcualtions, the particle flux pattern is consistent
with observations for the permeate flux decline, with the greatest rate of particle deposition seen with the
highest fouling LiCl solution. Thus we conclude that DP, like convecton, can overcome electrostatic
potential barriers between the negatively charged particles and membranes.

As expected from the low  value of KCl, where a very small contribution from DP is expected,
the difference in particle flux with and without taking DP into account is small. When NaCl or LiCl is
considered as the salt in the RO system the particle fluxes and thus particle deposition rates are expected to
be 43% and 95% higher, respectively, when DP is taken into account. The predicted higher flux of particles
is reflected in the experimental values for the flux decline. When particle removal was monitored in the
RO system and cake growth rate was estimated, a higher cake growth rate was clearly seen for NaCl and
LiCl when compared to KCl (Table 2-1). When this cake growth rate is considered, the observed extent of
flux decline and modeled flux decline are in good agreement indicating that DP induced particle deposition

33
is an integral part of modeling RO fouling. Cake growth rates were nearly constant in the early stages of
fouling and therefore, these linear growth rates (average cake growth rate in Table 2-1) were incorporated
into the flux decline model. Two cases are presented in Figure 2-7b. As can be seen, model calculations
using a higher porosity cake (less compact cake, porosity ~ 0.44) works better for the KCl solution where
DP is minimal, while a lower porosity (highly compacted cake, porosity ~0.36) works best for NaCl and
LiCl, suggesting that cake compaction is enhanced by DP.

Figure 2-7: DP can explain observed flux decline trends with colloidal particles in various salts. (a) Diffusiophoretic
particle flux (scaled with 1012) at the boundary of dense cake and loose cake layers are almost 95% higher than convective flux
(equivalent to water flux = 23 LMH) towards the membrane for LiCl and 43% higher for NaCl. KCl gave only 6% particle flux
increment when compared to convective flux at the same position due to weak DP and (b) Flux decline due to colloidal fouling by
these particles were calculated using measured cake growth rates for different salts. The predicted and observed permeate flux
declines are in reasonable agreement (at 600 min). With ε = 0.44 experimental and modeled flux decline for KCl gave better fit
than with ε = 0.36. This implies that KCl forms a relatively loose cake compared to NaCl and LiCl cases, where dense random
porosity (0.36) gave better fit than loose cake porosity (0.44). Porosities of 0.44 and 0.36 were used to fit experimental data because
at 600 minutes, the cake was expected to compact more than with the previously assumed loose cake porosity of 0.5.
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2.4 Discussion
We have confirmed earlier observations by Elimelech and coworkers that operation of RO systems
leads to concentration polarization on the membrane surface that is enhanced by deposition of a cake layer
through colloidal (in addition to biological) fouling7,8. Our simple experiments with colloids in salts with
different  values, and having varying levels of flux decline with a RO membrane, provided an initial
indication that DP may be a factor that is not currently understood as important for colloidal fouling of
membranes. This hypothesis was further strengthened due to the correlation of the extent of flux decline
with the increasing  values of salts used under the same hydrodynamic conditions. Modeling particle
deposition rates using realistic operating conditions simulating RO treatment of brackish water or recycled
wastewater further confirmed that the diffusiophoretic component of particle velocity is significant
compared to convection, particularly within the loose cake layer close to the membrane surface.
Experimental data on cake formation rates correlate with the predicted increase in particle flux, again
according to the  values of the salts used, confirming the importance of incorporating DP into the current
understanding of colloidal fouling and biological cell deposition on RO membranes. Further, the predicted
flux decline from cake formation rates is in good agreement with experimental flux decline rates.

A number of insights can be obtained if we simplify equation (2-2) by taking permeate salt
concentration as zero (𝐶𝑝 = 0) and assuming no variation in water velocity towards the membrane (v) with
distance above the membrane (y). Both of these assumptions are commonly used in modeling RO
membranes and are excellent approximations to the more detailed equations. As a result of this
simplification, we can express ∇𝑐/𝑐 in the following form𝑑𝐶
𝑑𝑦

𝐶

=

∇𝐶
𝐶

=

𝑣𝑤
𝐷ℎ

(2-14)

The ratio of the diffusiophoretic to permeate (or convective) velocity can then be written in a
simple form by combining equations (2-1) and (2-14) to give:
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𝑈𝑑𝑝
𝑣𝑤

=

𝐾𝑠
𝐷ℎ

(2-15)

where 𝐾𝑠 is a salt and particle dependent constant that depends on  values and the zeta potential
(p) of the particles in this salt and is given by equation (2-16)𝐾𝑠 =

𝜖𝑚 kT
{βζp
ηZe

−

2kT
ln [1 −
Ze

Zeζ

tanh2 ( 4kTp )]}

(2-16)

From Equation (2-15) we can easily deduce two important controlling factors for DP in RO
systems1) Cake porosity: Considering the same salt and particle system, the most important factor controlling
the relative importance of DP is the value of the salt diffusivity (Dh) in the cake. Therefore, the
cake porosity and permeate velocity are important factors in assessing diffusiophoretic fouling
tendency of RO systems. For a 20 mM NaCl feed concentration at 23 LMH permeate flux, when
the cake thickness was 20 μm, the diffusiophoretic driving force was considerably higher inside the
cake layer than outside. The ratio of diffusiophoretic to convective velocity (Udp/vw) inside the cake
layer depends on how densely the particles pack and therefore, obstruct back diffusion of salt.
Figure 2-8a showed that this ratio increased as the cake became more compacted. This ratio was
significant even in the case of a completely porous cake (ε=1.0) due to the presence of the
concentration boundary layer. Since, both diffusiophoresis and convection are directed towards the
membrane for a salt with a negative value of β (such as NaCl), high Udp/vw ratios lead to faster cake
compaction. On the other hand, for a salt with a positive value of β, this would lead to slower cake
compaction. This is because diffusiophoresis would then act opposite to the convective filtration
velocity. The cross flow velocity has no effect on the diffusiophoretic driving force as suggested
by equation (2-15).
2) Zeta potential: Figure 2-8b shows how zeta potential of common and model RO foulants affects
the ratio of diffusiophoretic to convective velocities for a loose cake layer of porosity 0.5 in 20 mM
NaCl feed with 20 μm assumed cake thickness. ζp contributes to both electrophoretic and
chemiphoretic components of DP and therefore, is a fundamental parameter in assessing the
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diffusiophoretic effect. With | ζp | in range of 20 - 40 mV, this ratio increased from approximately
0.3 to 0.6. ζp would be suppressed at higher salt concentrations in the cake layer. However, DP
would still remain active due to the high driving force that exists in the cake layer.

Figure 2-8: Ratio of diffusiophoretic to convective velocity (Udp/vw) changes with cake porosity and zeta potential of
foulants- (a) velocity ratio increases with a decrease in cake porosity of silica nanoparticles of 𝜁𝑝 = -33 mV at 20 mM NaCl feed
conc. on 99.6% salt rejecting RO membrane, (b) Ratio of diffusiophoretic to permeate velocity is proportional to 𝜁𝑝 of the particle,
which in turn depends on the nature as well as conc. of salt and pH of the medium. The plot assumed 20 μm cake of 0.5 porosity in
20 mM NaCl feed. Most of the common foulants reported have |𝜁𝑝 | < 50 𝑚𝑉. We used silica and 3 μm spsl particles (-98.7 mV)
at 20 mM NaCl. 𝜁𝑝 ’s of different bacteria were reported by Subramani and Hoek18, 𝜁𝑝 ’s of EPS (extracellular polymeric substances)
were reviewed by Liu et al.17, 𝜁𝑝 of BSA (bovine serum albumin) was reported by Miyake et al. 29 and 𝜁𝑝 ’s of humic acids under
different conditions were reported by Rodrigues et al.30.

We proposed a conceptual model for colloidal fouling that synthesizes CECP with induced DP in
RO membrane modules operating on low salinity waters.

The outcome of considering both these
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phenomena and linking them is a surprising auto-acceleration phenomenon where concentration
polarization contributes to higher colloidal deposition and cake compaction which enhances concentration
polarization leading to more colloidal deposition. This leads to a “positive feedback loop” with the increase
in colloidal deposition driving an increase in cake enhanced concentration polarization that manifests itself
as accelerated fouling during RO operation. An increase in permeate velocity, in such a scenario, would
worsen the fouling by increasing the cake compaction and diffusiophoretic effect both inside and outside
the cake layer, respectively.

Figure 2-9: We propose that DP can lead to accelerated fouling by connecting concentration polarization, particle
deposition and cake formation and compaction in a positive feedback loop. The currently accepted mechanism of RO flux decline
is an increase in concentration polarization as a result of retarded back diffusion within a particle cake on the RO membrane.
Particle deposition is not explicitly related to the extent of concentration polarization. We propose that concentration polarization
in RO systems augments particle deposition induced by flow through the membrane (permeate drag) by inducing diffusiophoretic
flow of naturally occurring negatively charged colloidal particles towards the negatively charged membrane. DP leads to
accelerated deposition of particles that form a fouling cake and additional cake compaction that further enhances concentration
polarization. This enhances the driving force for diffusiophoresis leading to even higher particle flows to the surface, thus
accelerating colloidal membrane fouling. A feedback circuit of particle deposition, cake formation, enhanced concentration
polarization and further particle deposition is thus set up.
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2.5 Conclusions
This study has shown through experiments and modeling that diffusiophoretic particle deposition
in RO systems is an important mechanism for fouling. The consideration of this phenomenon is particularly
important in RO systems operating on low salinity waters such as recycled wastewaters and brackish surface
and ground waters. We propose a framework for considering colloidal fouling in RO systems where CECP
and particle deposition leading to cake formation and compaction is linked through DP and could lead to
an auto-acceleration mechanism of fouling. This framework remains to be further confirmed in follow-up
studies, particularly observing the phenomenon (visually and using other techniques) with various colloidal
and biological foulants.
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Chapter 3
Reactive Micromixing Eliminates Fouling and Concentration Polarization in
Reverse Osmosis Membranes

The objective of this chapter is to eliminate particle and organic fouling as well as
concentration polarization in RO membrane systems using in-situ catalytic reactions. The hypothesis here
is that the bubble induced mixing at the length scale of concentration boundary layer along with forces
associated with bubble generation would mitigate concentration polarization and disperse the deposited
foulants. The primary question that I sought to answer in this chapter is whether a simple, scalable and
versatile method can be implemented on-demand to mitigate the flux decline problem in high pressure RO/
NF membrane systems.

3.1 Introduction

Global water scarcity is being progressively exacerbated by population growth, economic
development, pollution, and climate change. It is expected that our accessible water supplies will have to
be increased by 40% over current levels to close the water supply and demand gap by 20301. Developing
untapped lower-quality water sources, including seawater, brackish water and recycled wastewater, is
therefore critical to global water sustainability. Membrane separations, especially high-pressure membrane
processes such as reverse osmosis (RO) and nanofiltration (NF), have become most used technologies for
energy-efficient utilization of these alternative water sources2,3. Despite large advances in membrane
materials development4, high pressure membrane processes suffer from performance deterioration of
membranes and high energy consumption5,6. Two persistent issues in these membrane systems that increase
energy consumption and contribute to increased operational costs are: 1) concentration polarization (CP)
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where solute build up on the membrane surface causes enhanced osmotic pressure and reduces the driving
force for transport of water while at the same time, increasing the driving force for passage of contaminants,
and 2) fouling, where colloidal particles, organic matter, and microbes deposit on membranes leading to
increase in total membrane resistance and observable performance deterioration in these systems. Indeed,
Elimelech and Phillip have recently argued that the efficiency of current membrane materials is approaching
its thermodynamic limit for seawater desalination and the further gains in efficiency can only be achieved
by improving system and operational design including better pretreatment, minimization of CP, and
mitigation of fouling6. CP development is almost instantaneous and is exacerbated by deposited foulants
that can trap dissolved solutes. CP is so pervasive that it is considered a given during operation and its
mitigation less researched than fouling mitigation. Currently commercialized solutions for CP mitigation
require a redesign of current membrane infrastructure with rotating or vibrating modules7. We propose a
simple technique to address both CP and fouling challenges simultaneously, which can be implemented in
existing membrane infrastructure easily (Figure 3-1) while having the potential to reduce energy
consumption by over 30 %, a substantial number given the current installed capacity of over 10 billion
gallons per day of reverse osmosis8 and the projected 10.5% growth per annum over the next decade9.

Several technologies, including those based on nanoparticle incorporation into the active
layer of the membrane have attempted to address fouling by designing smoother surfaces 10, enhancing
membrane hydrophilicity11, altering surface charge12 or using a polymer grafted membrane surface13 to
repel foulants by inherent volume exclusion - steric repulsion mechanisms14. However, few mitigation
methods have been found to be effective for long term fouling prevention and moreover, prevent only
specific types of membrane fouling. Additionally, in all membrane cleaning processes, operation needs to
be stopped before the backwash begins for microfiltration/ ultrafiltration and chemical cleaning or direct
osmosis cleaning begins for RO or NF15. These intermittent cleaning steps lead to a decrease in overall
productivity and increase in cost of operation. Therefore, to save energy and decrease overall costs, self-
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cleaning membranes which can address multiple foulants without hindering regular operation could be a
general and effective solution for fouling mitigation.

A focus of previous research was on fabrication of hybrid and composite membranes to
actively reduce bacterial attachment on the membrane surface either by photocatalytic or electrolytic
routes16,17. In one of the earliest studies, Park et al. fabricated stable surface attached titatina (TiO2)-TFC
(thin film composite) hybrid membranes which upon exposure to UV light reduced bacterial attachment
and also reduced overall flux decline by 50%

16

. Nitto Denko has developed composite semipermeable

membranes with a thin skin layer of polyvinyl alcohol embedding Ag or TiO2 nanoparticles18–20. Such
membranes impart higher hydrophilicity and decrease microbial adhesion. In a recent study, Ray et al.
demonstrated photo-thermal composite membrane activation and its effectiveness in mitigating different
foulants found commonly in RO systems21. Electrolytic approaches which are driven by external power
source, require design of nano-composite TFC membranes with carbon nanotubes which render it
electrically conductive17 have also been shown to be effective. Such membranes were shown to recover
flux lost due to biofouling after application of an alternating voltage across membrane and cross flow
flushing. A similar approach was implemented to remove inorganic scaling on such conductive RO
membranes and recover flux by applying higher DC voltage to generate H+ ions near membrane surface
and subsequent dissolution/removal of scaling materials22. Dudchenko et al. reported organic fouling
mitigation using such conductive membranes in ultrafiltration systems23. Chesters et al. reported external
bubble enhanced cleaning of RO membranes with commercial effervescent reagents instead of traditional
acid and base cleaning techniques24. However, applications of these strategies are either achieved by
impeding operation, equivalent to cleaning steps15 or continuously applying higher voltages or magnetic
fields with added infrastructure25 and expensive membrane architectures. Moreover, the flux recoveries of
such approaches have not always been efficient, mostly lasting for only few hours and not comprehensively
demonstrated with different foulants.
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Polydopamine coatings on membranes surface have reported to yield superior resistance to
fouling by increasing surface hydrophilicity and by enabling further surface functionalization 26. This
scalable approach imparts only insignificant mass transfer resistance to flux27 and therefore, can be used as
a starting point for developing fouling elimination strategies.

Polydopamine functionalized membranes with polyvinyl pyrrolidone and Iodine were
demonstrated to enhance rejection of oily wastewater and eliminate microbial attachments28. Polydopamine
was also reported to strongly bind TiO2 nanoparticles compared to other commonly used surface
modification techniques and also improved salt rejection performance of the TFC membrane29. Tang et al.
demonstrated direct synthesis of silver nanoparticles on the membrane surface using the reductive
properties of polydopamine, which completely eliminated bacterial attachment while maintaining
significantly lower leaching rates of Ag+ ions to the surroundings30. Polydopamine surface functionalization
has been limited to applications such as polymer grafting induced fouling prevention and biofouling
reduction. There is no report so far on nanoparticle catalysis induced fouling elimination and flux recovery.

We hypothesized that under cross flow operating conditions, when a foulant layer is
formed, in-situ generation of molecular oxygen “bubbles” and their subsequent release and/ or bursting
near the membrane surface impart convective disturbances in the dense cake layer (Figure 3-1). This
convective mechanism leads to disruption of the cake layer, increase in porosity, and finally, dispersion of
the particulate matter. Additionally, bubbles can generate jet flows and oscillating wall motion to impart
cleaning action. We have shown here that with polydopamine (PDA) – metal oxide nanoparticle (NP)
surface coated composite RO membranes, fouling can be completely reversed upon pulse injection of ppm
levels of H2O2 in the feed without hindering or stopping membrane permeation. H2O2 is catalytically
decomposed by metal oxide nanoparticles on the PDA surface to molecular oxygen and water. Use of H2O2
as a membrane cleaning solution is already in industrial practice and is recommended at 0.2% (~56 mM)31.
PDA is also a strong free radical scavenger and forms a protective barrier32 over the underlying polyamide
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layer to protect it from excess free radicals generated by the peroxide. Additionally, polydopamine layer is
very stable and high concentration (30%) of H2O2 is needed to remove it33. For certain chelating and
catalytic foulants, such as humic acids, this reaction approach substantially perturbed the concentration
boundary layer leading to flux increase beyond the baseline initial flux level due to mitigation and, in some
cases, elimination of concentration polarization. At higher operating fluxes and cross flow velocities, an
order of magnitude enhancement of solute back diffusion mass transfer coefficients held the CP modulus
(a measure of the extent of CP) to very low values, equivalent to pressurizing pure water through the
membrane. Such H2O2 injections did not change intrinsic membrane permeability and salt rejection over
repeated use, confirming the robustness of this approach. Overall, this simple approach presents a
potentially scalable solution to RO fouling mitigation and perhaps even reversal in large-scale industrial
settings. The application of this approach was also demonstrated to result in decreased bacterial attachment
and biofilm formation on membranes.
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Figure 3-1: Schematic of catalytic/ reactive membrane assembly and realization of mechanism of action. The active
polyamide layer of thin film composite membrane was coated with polydopamine. Cupric oxide (CuO) nanoparticles were
thereafter deposited on the polydopamine layer. Hydrogen peroxide (H2O2) was added to this membrane which on dissociation to
molecular oxygen and water, generated in situ bubbles on the membrane surface sweeping away deposited foulants and disrupting
concentration polarization. The SEM images have scale bars of 500 nm and the in situ bubbles image has scale bar of 150 m.

3.2. Materials and Methods
3.2.1 Polydopamine coating and anchoring of CuO and MnO2 nanoparticles on membrane
surfaces
Flat sheet seawater RO membranes (DOW SW30HR) and NF membranes (NF90) were
obtained from Dow Water and Process Solutions (DWPS) and were used for colloidal/organic fouling and
biofilm control experiments, respectively. Dopamine hydrochloride (Sigma, lot# BCBP6519V) was
polymerized in 10 mM Tris-HCl buffer maintained at pH ~ 8.5 and coated on respective thin film composite
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membranes (TFC) under continuous rocking conditions. CuO nanoparticles were prepared at room
temperature using drop-by-drop addition of NaOH to a Cu(NO3)2.2H2O (Strem Chemicals, lot# 21842300)
precursor solution in ultrapure water (Barnstead Nanopure, Model 7146, 18.2 MΩ-cm)34. The modified
membranes are referred to as 8 ppm CuO/PDA or 80 ppm CuO/PDA based on precursor concentrations. A
schematic of the surface-active catalytic membrane with added polydopamine and metal oxide layers is
shown in Figure 3-1, and micrographs of resulting membranes and nanoparticles are shown in Figure 3-2.
MnO2 nanoparticles were also synthesized and loaded on RO membranes following a similar drop-by-drop
method.

Figure 3-2: Catalytic/ reactive membrane characterization using SEM, XRD and methylene blue decolorization reaction.
(a) SEM image of a 8 ppm CuO/PDA membrane with the inset showing TEM image of CuO nanoflakes. The scale bar represents
1 μm for SEM and 200 nm for TEM. (b) 80 ppm CuO/PDA membrane with inset showing TEM image of CuO nanorods. The scale
bar represents 1 μm for SEM and 200 nm for TEM, (c) XRD analysis of CuO nanoparticles (nanorods) indicate the presence of
monoclinic tenorite. (d) Methylene blue degradation kinetics using different CuO/PDA membranes. The reaction rates were almost
equivalent, except 80 ppm membranes have slightly lower activity than 8 ppm membranes (Supplementary Table S1). (e)
Microbubble formation from CuO nanorods in presence of H2O2 as observed under bright field microscopy. The scale bars are
100 m. (f) False color image of in situ bubble evolution from 80 ppm membrane surface in 3% H 2O2 solution under static
conditions. The bubbles are dyed with Rhodamine 6G for imaging, and the scale bar is 150 m (details in Supplementary
Information). (g) Methylene blue was decolorized in the presence of 2 cm2 surface area of 8 ppm CuO/PDA membrane and 3%
H2O2.
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3.2.2 Nanoparticle characterization using XRD, SEM and TEM
CuO nanoparticles were characterized using X-Ray Diffraction (XRD) with a 2θ range of
5 - 70˚ at the Cu-Kα wavelength. All the highlighted peaks (Figure 3-2c) can be indexed to the crystalline
monoclinic tenorite phase of CuO (Powder Diffraction File (PDF-2) entry: 48-1548) 35. The unmodified
and modified membranes were characterized using scanning electron microscopy (FEI Helios NanoLab
660 or FEI NanoSEM 630) for surface morphology (Figure 3-1, Figure 3-2). The CuO nanoparticles were
also separately synthesized and imaged using an FEI Techai G2 Spirit Bio Twin transmission electron
microscope (TEM) operated at 80 kV (Figure 3-2a and Figure 3-2b, inset).

3.2.3 Kinetic evaluation of membrane performance using methylene blue decolorization
Bubble generation on the membrane surface was visualized in situ using bright field as
well as fluorescence microscopy (Figure 3-2e-f). Rhodamine 6G was used to visualize the bubbles budding
out from the active surface of the RO membrane in presence of H2O2 (Figure 3-2f). Catalytic properties
were analysed using a model batch reaction - methylene blue decolorization (Figure 3-2g). For a given
CuO/PDA membrane, three independent 1 cm x 2 cm randomly cut pieces were used to degrade methylene
blue (12 mg/L) with 3% H2O2 (Fisher Scientific, lot# 146706) in 5 ml solution volume. Absorbance was
measured at different time points using UV-VIS spectrophotometry (Thermo Scientific Evolution 201) at
a wavelength of 667 nm. A first order reaction kinetic rate equation was fitted to this data to obtain the rate
constant and thereby, catalytic activity of the membrane. Catalytic activities of MnO 2/PDA membranes
were weaker than CuO/PDA membranes as evident from methylene blue decolorization test. The rate
constant of 8 ppm MnO2/ PDA membrane was ~ 45% lower than 8 ppm CuO/PDA membrane.

3.2.4 Cross flow RO system for run time evaluation of membrane performance
Colloidal silica particles of 80 nm mean diameter, Snowtex-ZL (lot# 250612), was supplied
by Nissan Chemical America Corporation (Houston, TX) and humic acid (lot#BCBG7429V) was obtained
from Aldrich (St. Louis, MO). These were used in colloidal5,36 and organic fouling37 experiments as
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standard RO foulants for laboratory evaluation. NaCl (lot#49H0264) was purchased from Sigma-Aldrich
and 20 mM NaCl concentration was used throughout all fouling experiments. A constant pressure bench
scale cross flow RO system equipped with an Osmonics® SEPA CF membrane cell of 138 cm2 filtration
area (Sterlitech corp., Kent, WA) was used for colloidal and organic fouling experiments. The CuO/PDA
RO membranes were compacted for 24 h in DI water and then conditioned with 20 mM NaCl for further
12 h before charging foulants (0.017% silica nanoparticles for colloidal fouling and 50 ppm HA for organic
fouling). The fouling (4 L feed volume) experiment was further continued for another 24 – 48 h before
addition of a 60 – 240 ppm H2O2 pulse into the feed tank. The pulse injection of H2O2 into the feed tank
took ~1 s and it was mixed uniformly with the help of a feed tank overhead stirrer (IKA RW 20).
Concentration polarization experiments with 80-ppm CuO/PDA membranes were performed with flux
measurements for 2-6 h at different NaCl feed concentrations (0-250 mM range) and 240 ppm (~7 mM)
H2O2 injection at each NaCl concentration.

3.2.5 Biofilm control experiment with E. coli in stirred cell setup
Biofilm experiments were performed in an Advantec MFS UHP-76 (Dublin, CA, USA)
stirred cells with an effective membrane area of 35.3 cm2. Wild type red fluorescent protein (rfp)
incorporated E. coli (E. coli TG1/pBdcAE50Q-rfp-lasR) was used as a model organism for biofilm
development as in a recent study conducted by our group38. Such biofilms were developed on NF90
membranes over a 24 h time period using M9-0.4% glucose (M9G) medium with chloramphenicol (Cm,
300 μg/ml) antibiotic for sustaining rfp plasmids. NF90 membrane was particularly used in this preliminary
biofilm study to compare the effectiveness and obtain an estimate of flux improvement with the previous
study38. A laser scanning confocal microscope TCS SP5 (Leica Microsystem, Wetzlar, Germany) equipped
with a 63x/1.4 oil objective lens, a 488/514 nm double dichoric lens with the ability to scan from 550 nm
to 650 nm was used to visualize the biofilms. H2O2 addition to this system was only performed after a 24 h
growth period and then the stirred cell was incubated for 10 minutes at room temperature.
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3.3 Results and Discussion
3.3.1 Catalytic metal oxide nanoparticles can be successfully grown and immobilized on
commercial NF/RO membranes.
A schematic of the surface-active catalytic membrane with added polydopamine and metal
oxide layers is shown in Figure 3-1, and micrographs of resulting membranes and nanoparticles are shown
in Figure 3-2. CuO nanoparticles were synthesized in situ on commercial membrane surfaces using a dropby-drop method reported before with modifications. These nanoparticles were characterized using XRD as
discussed in section 3.2.2. We find that the membrane surface tethered catalysts follow 1st order kinetics in
a methylene blue decolorization reaction (Figure 3- 2d).The evolution of the bubbles, after contact with
H2O2, from the CuO nanoparticles and also from the CuO anchored SW30HR desalination membranes is
depicted in Figure 3-2e-g. Generation of these molecular O2 bubbles on the membrane surface can be
observed directly during the decomposition of H2O2 (Figure 3-2f).
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Figure 3-3: Flux decline was reversed and concentration polarization was significantly diminished in situ with the use
of catalytic/ reactive membrane and pulse addition of H2O2. (a) Flux declined with operation of 8 ppm CuO/ PDA RO membrane
at ~18 LMH with the addition of 0.017% silica nanoparticles at 19˚C. Substantial flux recovery was seen upon 240 ppm H 2O2
addition (indicated by the arrow). (b) Flux declined with operation of virgin RO membrane (control) at ~18 LMH, 19˚C, with
addition of 0.017% silica nanoparticles. However, no flux recovery was seen upon addition of DI water (same volume as H 2O2).
(c) Flux declined with operation of 8 ppm CuO/PDA RO membrane at ~18 LMH, 19˚C with addition of 50 ppm humic acid (HA)
and rapid flux recovery was seen upon 240 ppm H2O2 addition. The recovered flux exceeded prefouling flux due to decrease in
concentration polarization. (d) Flux declined with operation of virgin RO membrane at ~18 LMH, 19˚C on addition of 50 ppm HA
and flux decline continued (with no flux recovery) with DI water addition (same volume as H2O2). (e) Repeated flux decline and
recovery cycles with 0.017% silica nanoparticles under similar conditions indicate the robustness of the proposed approach. (f)
Normalized average flux decline rates for silica and HA foulants on the left y-axis and recovery to decline rates’ ratios for both
silica and HA foulants with control (both silica and HA) on the right y-axis. Flux recovery rates for HA were almost twice that of
silica nanoparticles. (g) Concentration polarization (indicated by CP modulus) was reduced with H2O2 addition due to bubble
enhanced mixing and increased mass transfer co-efficients. At relatively lower fluxes, such as at 18.3 LMH, addition of HA further
reduced concentration polarization by enhancing the reaction. (h) At higher fluxes, addition of H2O2 kept the concentration
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polarization modulus at ~ 1. Such reduction was shown with 80 ppm CuO/PDA modified SW30HR membrane at 18.3 LMH, 21.7
LMH and 26.1 LMH fluxes with and without addition of only 240 ppm H2O2 in the feed tank.

3.3.2 RO flux decline due to colloidal and organic fouling can be completely reversed by pulse
addition of ppm levels of H2O2 to catalytic membranes.
We observed robust reversal of the flux decline during real time operation of a bench-scale
RO system with the catalytic membrane upon addition of H2O2 (Figure 3-3). This effect was observed with
both silica colloids as well as humic acids (HA) as model foulants. Specifically, with 18 liters per meters
squared per hour (LMH) initial flux, 0.017% silica nanoparticles caused rapid fouling and decreased the
normalized flux by 9% in 1300 min. Addition of 240 ppm H2O2 increased the flux value to the original
prefouling level within 2000 min of operation (Figure 3-3a). A normalized flux decline rate from fouling,
and a flux recovery rate on addition of H2O2 was calculated to provide a measure of the real-time fouling
reversal effectiveness of the proposed strategy. The average normalized flux decline rate was
0.0035±0.0013 h-1 and average flux recovery rate on H2O2 addition was 0.011±0.005 h-1 for colloidal
silica foulants. Therefore, the flux recovery rate was almost 3 times that of the flux decline rate. The control
experiment, performed with only virgin (uncoated) SW30HR RO membranes, showed no observable effect
of flux improvement if only DI water was added and it continued to decrease during the course of data
collection (Figure 3-3b). The catalytic approach is robust and also reproducible as shown with the multiple
flux decline and recovery cycles using the same composition of silica foulants and H2O2 (Figure 3-3e). This
is also an example of on demand flux decline elimination, since H2O2 can be injected at any point of time
during the filtration process and the flux would recover rapidly to the prefouling level.

We propose that the dominant forces on a free bubble, just separated from the surface, are
buoyancy and electrostatics, acting toward and away from the membrane, respectively. These free moving
bubbles on membrane surface can cause rapid mixing in the concentration boundary layer by entraining
surrounding liquids to develop strong recirculation flows39. Additionally, surface attached bubbles can
impart adverse pressure gradients to crossflow and may generate recirculation wakes by a phenomenon
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known as separation bubbles40. Apart from this micromixing induced disruption of particle deposition,
strong repulsive van der Waals interaction 41,42 of ~8 kT at the electrical double layer length scale in silica
foulants-water-O2 bubble system may contribute as an additional mechanism.

Humic acid foulants also decreased the flux during standard operation without catalytic
action, at a slower rate than silica nanoparticles (Figure 3-3c). Both CuO/PDA modified membranes and
control membranes were fouled at similar rates and DI water addition did not result in flux improvement
(Figure 3-3d). Due to degradation of HA and concomitant micromixing driven enhanced mass transfer near
the membrane after H2O2 addition, the flux recovered rapidly as in case of CuO/PDA modified membrane.
Surprisingly, the normalized flux increased to values greater than 1.0 and this increase was sustained for
more than 24 h. During this time period, the foulants were kept dispersed by ongoing reactions and
concentration polarization was also mitigated. The average flux decline rate for HA foulants was
0.0018±0.0010 h-1 and average flux recovery rate was 0.014±0.005 h-1 for the same foulants with the
catalytic membrane. Therefore, the flux recovery rate for HA was more than 6 times faster than the decline
rate and also 30% higher than silica case. This might be attributed to the catalytic effects of HA. Since,
H2O2 decomposition on CuO surface is a Fenton-like process43, synergistic catalysis of CuO-HA complex
can accelerate the reaction rate. Furthermore, HA has been demonstrated to act as an electron shuttle 44
accelerating H2O2 decomposition, OH radical generation and low molecular weight acid production45,
which might impart cleaning action on membrane surface through local pH changes, reaction induced
micromixing46 and reverse diffusiophoresis47. Such cleaning effects and transport would also result in
mitigation of concentration polarization. This is further explored in the next section. Unlike enhanced
micromixing in HA case (rate constant of CuO-HA complex ~ 0.08 min-1), the micromixing with colloidal
silica foulants (rate constant of 80 ppm CuO/PDA ~ 0.04 min-1) was not strong enough to cause the flux to
increase beyond the prefouling level due to unreactive, larger, and denser silica particles. In the HA case,
the flux recovery rate was observed to depend on concentration of H2O2 charged. Complete flux decline
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reversal with HA foulants required a minimum H2O2 dosing of 60 ppm under the operating conditions of
the experiments conducted (18 LMH initial flux and 50 ppm HA).

MnO2 modified membranes (8 ppm) demonstrated slower response on addition of H2O2.
Since the kinetic rate constant of H2O2 dissociation by embedded MnO2 nanoparticles on PDA modified
membranes were lower, the lower flux recovery rates found were expected for both silica and HA foulants.
Furthermore, we observed that at 60 ppm H2O2 injection, the flux recovery to decline ratio of MnO2/PDA
membranes was only ~ 1.9 for both silica as well as HA foulants. In contrast, at 60 ppm H2O2 injection, the
flux recovery to decline ratio of CuO/ PDA membranes for HA foulants was ~ 5.8. Therefore, PDA
supported CuO catalysis of H2O2 is much more effective than MnO2 in mitigating RO membrane fouling.

3.3.3 Concentration polarization can be reduced/eliminated by reactive micromixing in the
presence of H2O2.
The CuO/PDA membranes were effective in reducing concentration polarization upon
addition of H2O2. CP is characterized by the concentration polarization modulus (fCP) which is simply the
ratio of the concentration of salts in the bulk feed (Cb) solution to that on the membrane surface (Cm) as
given by Equation (3-1) and evaluated using a procedure described in literature48. A fCP of 1.0 indicates
complete elimination of concentration polarization.
C

𝑓𝐶𝑃 = Cm
b

(3-1)

At lower fluxes such as 18.3 LMH, a CP modulus of ~1.2 was observed with 80 ppm
CuO/PDA modified RO membrane at 20 mM NaCl feed concentration (Figure 3-3g). Addition of 240 ppm
H2O2 reduced the CP modulus to 1.1 which was further reduced to 1.03 with addition of both 240 ppm H2O2
and only 10 ppm HA. HA catalyzed reduction in CP modulus was primarily responsible for flux
improvement beyond prefouling levels as shown in Figure 3-3c. At higher fluxes such as at 26.1 LMH, we
find that addition of HA (without H2O2 addition) increased the CP modulus beyond that expected from just

56
the effect of increasing flux. This is due to HA deposition induced cake enhanced concentration polarization
at higher fluxes49. In all cases, addition of H2O2 substantially reduced concentration polarization (Figure 33h).
To quantify the efficiency of mass transport, we compared the normal back transport mass
transfer co-efficient of the solute without any bubble induced micromixing (k0) with the equivalent bubble
enhanced back transport mass transfer co-efficient (k). Both k0 and k can be estimated using the stagnant
film model based on the measured concentration polarization modulus (fCP) and the membrane flux (Vw)50.
At lower fluxes such as 18.3 LMH (Vw = 5.08 μm/s), the CP modulus without any H2O2 addition and bubble
generation was 1.2. The solute back diffusion mass transfer co-efficient of NaCl (k0) in the concentration
boundary layer can be estimated from k0 ~ Vw/ln CP = 3.010-5 m/s. However, with 240 ppm H2O2 addition
and bubble generation, the CP modulus was reduced to 1.1 at the same flux. Concomitantly, the
micromixing enhanced solute back diffusion mass transfer co-efficient of NaCl (k) was increased to
5.3410-5 m/s. At higher fluxes, as shown in Figure 3-3h, the CP modulus increased without addition of
H2O2 as expected due to the exponential relationship of CP modulus to flux given by Equation (3-2).

𝑓𝐶𝑃 =exp(

𝑉𝑤

k

)

(3-2)

When H2O2 was added in case of fluxes higher than 18.3 LMH, micromixing was highly
enhanced and the solute back diffusion mass transfer coefficient increased more than an order of magnitude.
With the increase of permeate flux under normal condition, i.e. without any bubble generation, the solute
back diffusion mass transfer coefficient reduced due to larger convective drag towards the membrane,
leading to higher concentration polarization. However, the bubble enhanced convection generated efficient
micromixing to cause k >> Vw at higher fluxes. This translated into holding the CP modulus at ~ 1
(indicating complete elimination of concentration polarization), perhaps a first with such a simple approach.
The ability of membranes to operate at higher fluxes without concentration polarization may be particularly
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important for high flux membranes such as graphene-based membranes51, carbon nanotube bases
membranes, and aquaporin based biomimetic membranes being proposed for desalination and water reuse52.

3.3.4 CuO NPs reduces bacterial attachment to the membranes.
Two different CuO nanoparticle loadings (in the form of nanorods) on NF90 membrane
were tested to examine the efficacy of these nanorods in combating biofilm formation. Gunawan et al.
reported a relatively high CuO loading as being required to reduce E. coli growth53. Therefore, bulk CuO
loadings of 8 (0.0027 mg/m2 Cu) and 80 ppm (0.0065 mg/m2 Cu) were applied on PDA coated membrane.
Leached copper-peptide complex induced reactive oxygen species (ROS) eventually damages the bacterial
cell wall53. In accordance with this finding, higher loading of CuO (80 ppm) was found to be more effective
in preventing bacterial attachment and controlling biofilm formation (Figure 3-4). We found ~ 3 fold
increase in biofilm formation with only PDA modified membrane over unmodified membranes. This was
also previously observed by Cui et al. 54. The increased surface roughness due to PDA coating may be
responsible for such enhanced biofilm. The surface hydrophilicity was also increased with the modified
membrane (80 ppm CuO/PDA coating) as the mean contact angle was reduced by ~1/3rd (sessile drop mean
contact angle measurements for virgin RO membrane was 45˚ and for 80 ppm CuO/ PDA membrane was
13˚). This resulted in improved hydration of membrane surface and better contact with cellular biomass in
order to facilitate ROS generation. Therefore, the specific biomass (measured in m3/m2) was reduced by
88% and 95% in the 8 ppm and 80 ppm CuO/PDA membranes, respectively, with respect to virgin NF90
membranes (Figure 3-4f). Surprisingly, we found similar amount of reduced biomass (~0.1 m3/m2) using
80 ppm CuO/PDA membranes as reported by Wood et al. with genetically modified E. coli. on NF90
membranes38. Conforming to this study, we anticipate that ~50% improvement in permeate flux can also
be achieved with CuO/PDA membrane, compared to unmodified NF90 membrane. The fold reductions in
biofilm biomass (i.e. biomass on virgin NF90/ biomass on modified NF90) were 8.2, 21.2 and 25.0 times
in cases of 8 ppm CuO/PDA, 80 ppm CuO/PDA and 240 ppm H2O2 incubated 80 ppm CuO/PDA
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membranes, respectively. Overall, such membrane modification approach was efficient in reducing
bacterial attachment and biofilm formation with and without H2O2 addition.

Figure 3-4: Biofilm control and substantial bacterial attachment reduction can be achieved with the catalytic/ reactive
membrane (a) E. coli biofilm on virgin/ unmodified NF90 membrane surface. (b) Enhanced E. coli biofilm on only PDA coated
membrane surface. (c) Reduced E. coli biofilm on 8 ppm CuO/ PDA coated NF90 membrane. (d) Further biofilm reduction on 80
ppm CuO/PDA coated NF90 membrane. (e) Biofilm on 80 ppm CuO/PDA coated NF90 membrane after incubation with 240 ppm
H2O2. The scale bars in (a)-(e) are 20 μm. (f) Comparison of biofilm biomass for different membranes showed that addition of 240
ppm H2O2 on 80 ppm CuO/PDA membrane decreased bacterial attachment to the highest extent. However, this was only marginally
higher in biofilm reduction than 80 ppm CuO/PDA membranes. The error bars are standard deviations of at least N = 5 membrane
samples spanning 3 independent colonies. The inset SEM image corresponds to CuO nanorods on PDA coated membrane surface,
which act as anti-biofilm patches. The scale bar is 500 nm.

3.3.5 Implementability and scale-up considerations from energy perspective for proposed
catalytic/ reactive membrane approach.
Scale-up considerations are particularly important in the current case due to the massive
scale of implementation of RO/NF systems. As an example, the total current operating capacity of seawater
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RO plants is over 40 million m3/day55 and plants as large as 330,000 m3/day have already been constructed56.
Therefore, to keep the design of the proposed catalytic membrane and its operation simpler, in this work,
currently used methods and materials were selected to minimize costs and other practical barriers to
implementation.
H2O2 is already used for membrane cleaning at concentrations an order of magnitude higher
than proposed in this work31 and has a reasonable bulk cost of approximately $0.50/lb57 which is comparable
in cost to the commonly used water treatment chemicals such as alum ($0.96/lb) or sodium bisulfite
($0.32/lb)57.
In terms of operation, one of two approaches can be utilized to implement catalytic
membrane operation without interrupting membrane filtration: 1) intermittent dosing of peroxide on a daily
basis (4-6 hours) to remove deposited particles and relieve concentration polarization, or 2) continuous
dosing of peroxide to prevent deposition of bacteria and colloids and to minimize concentration polarization
throughout operation. The first approach would be more economical and perhaps more applicable to low
fouling waters while the second approach could be more applicable to aggressively fouling water with high
microbial and particle loads where concentration polarization is also challenging (due to high salinity and
or high operating flux). Using a catalytic membrane and periodic H2O2 dosing, we estimated 19% specific
energy savings (in terms of kwh/m3) over a period of 1 month in a typical high fouling low pressure RO
system with 37% trans-membrane pressure increase. In a high-pressure RO system, assuming comparable
fouling rate, we estimated a dramatic increase in specific energy savings of 32% due to elimination of
concentration polarization in addition to fouling mitigation.

In preliminary membrane integrity evaluations, there was no significant Rhodamine WT
passage detected after using the catalytic membrane for 5 days under intermittent H2O2 addition indicating
that integrity was maintained under conditions tested in this work. The water permeability was also not
affected in modifying the membrane, since the permeability ratio of virgin to modified membrane was
1.190.24. In our studies, we did not detect any significant change in salt rejection with CuO/PDA catalytic
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membrane. For example, in concentration polarization experiments where intermittent H2O2 addition was
performed, the initial and final NaCl rejections were 98.5% and 98.7%, respectively. In case of 50 ppm HA
fouling elimination with 240 ppm H2O2 addition, the salt rejection was maintained at 98.6%, even after 5
days of continuous experiment. Additionally, we detected only 0.07 ppm Cu2+ in the recycled concentrate
and less than 0.01 ppm Cu2+ (detection limit of method) in the permeate stream, after 24 h of 240 ppm H2O2
injection. Cu2+ likely accumulated in the system due to recycled mode of operation.

Modeling of the reaction kinetics revealed significant enrichment of the process water with
molecular oxygen, which can be used to supplement the dissolved oxygen level as well as to minimize
biochemical oxygen demand when discharged. However, the oxygen production rate stalled after
consuming all H2O2 within ~2.5 h after charging. Therefore, opportunities exist to improve the process
efficiency with continuous supply of H2O2 through in-situ generation by designing and developing novel
catalysts58.

3.4 Conclusion
Overall, we have presented an easily implementable, but effective approach to fouling
mitigation by colloidal and organic foulants with additional advantage of biofilm control using a scalable
surface modification of current membranes with nanoparticle catalysts. H2O2 addition to this system,
reduces and completely eliminates concentration polarization, a first demonstration of this kind. Such an
operational strategy in high-pressure membrane systems can reduce the energy expenditure substantially,
particularly in sea water desalination where 70% of the operational cost is due to energy expenditure55. The
proposed approach is also completely compatible with current membrane infrastructure and operational
strategies without impeding regular operation.
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Chapter 4
Modulation of Spatio-temporal Particle Patterning in Evaporating Droplets:
Applications to Diagnostics and Materials Science

The objective of this chapter is to demonstrate effects of electrokinetic flows on spatio-temporal
particle arrangements in evaporating droplets and further apply the principles developed here to selectively
disperse or aggregate particles on different substrates. The hypothesis is that saline droplet evaporation
generates radial concentration gradients which activate diffusiophoretic and diffusioosmotic fluid flows
leading to different particle patterns. The fundamental question that I sought to answer in this chapter is
whether distribution of particles can be controlled autonomously and predictively by proper selection of
salts, particles and substrates.

4.1 Introduction
The spatio-temporal control of particle dispersion is an important issue in diagnostics and materials
science. In applications like spray painting, inkjet printing, and thin film deposition,1 a uniform dispersion
of particles is critically important. On the other hand, nanostructured self-assembly2 and lithographic
patterning3,4 requires the assembly of particles in specific locations in space. Additionally, many diagnostics
applications require either particle assembly in specific locations5,6 or uniform dispersion.7,8 Particles in
evaporating droplets tend to accumulate at the edges, the so-called “coffee ring” effect. Coffee rings can be
broken up by the addition of surfactants, but the distribution of particles remains non-uniform and patchy.9–
12

As a special case, coffee ring formation can be suppressed by using high-aspect ratio particles.13 There

are, however, no general guiding principles for controlling particle distribution in evaporating droplets.
Here, we demonstrate autonomous chemically-driven electrokinetic flows as a general method for
controlling particle placement both at outer band (“ring” area) and on the entire wetted area. More
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fundamentally, particle patterning is guided by a dimensionless “coffee ring number” (CR) which is easily
evaluated.
Circular bands of particles (“coffee rings”) form during the evaporation of droplets of colloidal
suspension due to evaporation-induced capillary convection.14 We find, that is possible to counteract this
process by engineering an opposing electric field through the addition of specific salts at millimolar
concentrations. Faster water evaporation from the thin liquid layer near the contact line causes a rapid
increase in ionic concentrations there. The resulting radial salt concentration gradient produces a
spontaneous electric field within the droplet that causes electrokinetic transport of the particles and of the
fluid near the substrate surface. By choosing salts for which the diffusivity of either the cation (D +) or the
anion (D-) is higher, we can control whether the particles are deposited in an intense circular band, a broken
circular band, or dispersed throughout the evaporating droplet. Our experiments are supported by modeling,
from which emerges the dimensionless CR that determines the relative contributions of electrokinetic and
convective transport to pattern formation.
While reports on particle assembly overwhelmingly focus on a single particle type, co-assemblies
of multiple, distinct particle populations are critical to the bottom-up design of multifunctional devices.
Starting with a mixture of two different particle types, we can dictate their relative placement in the ensuing
pattern based on CR. In a striking example of autonomous chemically-powered separation, we were able to
separate positively charged particles at the outer band with >90% enrichment from the corresponding
particles of opposite charge but identical size, without the use of an externally applied field. Taking
advantage of the difference in persistence lengths of normal and hypermethylated DNA,15 we were able to
readily distinguish the two at aM concentrations without requiring specialized equipment, 16–19 detail
sequencing20 or specific antibodies.21 In contrast, to illustrate the general applicability of our technique in
obtaining uniform dispersion, we show that different materials (polymeric latex particles and multi-walled
carbon nanotubes) can be evenly dispersed on different substrates (metal, metal oxide and plastic), as
dictated by CR. To confirm the usefulness of such uniform dispersions in devise application, we fabricated
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superior catalytic electrodes for solar energy conversion, which resulted in >50% enhancement in short
circuit currents compared to the case with nonuniform dispersion. We also demonstrate uniform coatings
with molecular dyes (e.g. Rhodamine 6G) for printing and display applications, which cannot be obtained
using currently practiced Marangoni mechanisms.

4.2 Materials and Methods
4.2.1 Materials. We purchased all salts (NaCl, [Bmim]Cl, KCl, KIO3, KH2PO4, PB and KHP) from
Sigma-Aldrich. We primarily used 2 mM salt solutions and in few cases 5 mM salt solutions, all of which
were prepared using nanopure deionized (DI) water (Barnstead Nanopure, Model 7146, 18.2 MΩ-cm). All
particles were obtained from Sigma-Aldrich, except 4.0 μm sPSL which was obtained from Life
technologies (Eugene, OR). We performed our experiments using red fluorescent sPSL particles (ex/em:
580/ 605 nm, w/v = 2%, mean particle size = 4.0 μm, Lot#1721151) and yellow-green fluorescent cPSL
particles (ex/em: 505/ 515 nm, w/v = 2%, mean particle size = 0.1 μm, Lot#1711906) from Life
technologies. We also used orange fluorescent aPSL particles (ex/em: 481/ 644 nm, w/v = 2.5%, mean
particle size = 0.1 μm, Lot#MKBK6916), red fluorescent aPSL particles (ex/em: 575/ 610 nm, w/v = 2.5%,
mean particle size = 1.0 μm, Lot#MKBX1775V) and yellow-green fluorescent cPSL particles (ex/em: 470/
505 nm, w/v = 2.5%, mean particle size = 1.0 μm, Lot#MKBX1533V). We used four different substrate
surfaces- glass coverslip, Cu foil, Indium tin oxide (ITO) coated glass surface and PET films for our
patterning experiments. The glass coverslips were obtained from VWR International (micro cover glass, 22
 40 mm, No.1.5, Lot#16901), the Cu foil was obtained from 3M (single sided Cu cond tape 2”18 yds,
Lot#1150317), ITO coated glass slides were purchased from Sigma Aldrich (surface resistivity ~30 /sq,
lot# MKCC4267) and PET films from Amazon (Grafix ink jet film).
4.2.2 Particle patterning experiments. Spatio-temporal particle patterning experiments were
conducted on clean and dry microcoverslips. Compressed air was used to clean the substrate surface free
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of dusts, prior to experiments. 3 or 5 μL volume droplets of colloidal suspensions of varying particle volume
fractions with different salt concentrations were placed on the substrate surface and evaporated under
controlled conditions (251˚C, 35% relative humidity) in a custom built humidity chamber. This chamber
was equipped with an Evap3 1.5 gallon vortex humidifier (Vornado), a temperature-cum-humidity
controller with relative humidity and temperature probes (part#CNITH-I3222-2, Omega Engineering), a
solid state relay (part#SSR330AC25, Omega Engineering) for connecting the temperature controller with
a 550W heater (part#CR2700900, Omega Engineering). However, video microscopy experiments were
conducted directly on the microscope stage under ambient conditions which were monitored with a digital
hygrometer. Chemically-powered separation experiments were performed by adding 1 μL 1.0 μm aPSL
and cPSL particles in 300 μL salt solution (2 mM NaCl, 2 mM and 5 mM KHP), thereafter, mixing and
immediately placing them on substrate surface for evaporation. Since, rapid aggregation time (agg) for this
oppositely charged colloidal system was comparable to evaporation time (t e), the sample solution was not
reused. Spray drying experiments with particles were conducted by spraying droplets on substrate surfaces
from a 30 ml fine mist cosmetic atomizer spray bottles (Amazon).
4.2.3 Characterization techniques. We recorded particle patterning and band formations using a
Nikon inverted microscope (Eclipse TE2000-U) equipped with a fluorescent light source (Nikon HMX-4
Mercury/ Xenon lamphouse) and CCD camera (Q-Imaging). 4 and 40 objective lenses were used with
this microscope. Nikon NIS Elements (V.4) imaging software was used for processing the videos. However,
for imaging fluorescent cPSL and aPSL particles, we used a Leica TCS SP5 Laser Scanning Confocal
Microscope (LSCM, Leica Microsystems, Wetzlar, Germany). Confocal microscopy images were taken
either using a 20x/ 0.7 dry objective lens (HCX PL APO CS 20 0.7 DRY) or 63x /1.4 oil objective lens
(HCX PL APO CS 63.0 1.4 OIL UV). Confocal images were obtained using an argon laser (476 nm laser
line) with emission set between ~485 to 525 nm in one photomultiplier tube (green channel) and emission
set between ~550 to 680 nm in the other photomultiplier tube (red channel). A double dichoric lens was
used to filter emitted light to visualize either cPSL or aPSL. A triple dichoric lens was used to filter emitted
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light to observe both cPSL and aPSL together. Particle distribution on Cu foil surface was imaged using a
Zeiss inverted epifluorescence microscope (Axiovert 200 MAT) equipped with a SNT 12V 100W power
supply, PointGrey FL3 CCD camera (part# FL3-U3-32S2C-CS, PointGrey Research), 5 objective lens
and FlyCap2 software.
4.2.4 Zeta potential measurements. Zeta potential of colloidal particle was measured using
disposable cuvettes (DTS1061) in a Zetasizer Nano ZS90 (Malvern, MA, model ZEN3690) and the glass
microcoverslip zeta potential was measured using a clamping cell in SurPASS (Anton Parr, VA). Zeta
potential measurements were performed at 298 K using DI water at pH~5.8. The values were reported in
Appendix Table S1.
4.2.5 Modeling (See Appendix A for details). Modeling of the system involved separating
capillary convection from electrokinetics at low Peclet number (Pe). Ionic concentration profile was
modeled combining Nernst-Plank flux equation and spatio-temporal species conservation. Diffusiophoretic
velocity of the particles was thus obtained by evaluating the ionic concentration gradients. Low Reynolds
number (Re) hydrodynamics following lubrication approximation and diffusioosmotic fluid flows were
used to capture the fluid convection part. The total velocity of the particles near the substrate surface was,
therefore, a combination of capillary convection and electrokinetics. The coffee ring number (CR) was
defined to assess the relative contributions of electrokinetics and capillary convection, leading to
modulation of particle banding and dispersal.
4.2.6 Image Analysis (See Appendix A for details). The band thickness and breakage were
measured using Fiji and Matlab, respectively. Band thickness was measured radially, using appropriate
calibration scale at an interval of 6˚, over a band arc stretching 60˚. Band breakage was used to quantify the
gaps in the band and was estimated using an in-house Matlab program. The particle videos were analyzed
using a Fiji plugin- MOSAIC to calculate particle velocities. Displacement of at least 40 particles at varied
distances from the contact line was accounted for to quantify the velocity profile at t/te ~ 0.5. Chemicallypowered separation was analyzed in terms of cPSL particle population at the band by converting the
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overlaid (cPSL + aPSL) image into 8-bit format followed by adjusting the brightness and contrast to
eliminate aPSL background using Fiji. Thereafter, the image was converted back to RGB format and
subsequently, color thresholding was applied to filter out the area occupied by the particle in the band
region. The integrated density was reported as the total particle density. Composition of the band was
quantified by analyzing individual images from each color channel at the same brightness and contrast setup
with color thresholding to filter out the occupied area. %aPSL at the band was reported as the integrated
density of aPSL particles over total integrated density of aPSL and cPSL particles.
4.2.7 Methylated DNA detection. Lambda phage DNA, non-methylated in 10 mM Tris-HCl
buffer, at pH ~ 8 with 1 mM EDTA (lot#077K6076), Lambda phage methylated DNA lyophilized powder
(lot#SLBS6263), CpGenome universal nonmethylated DNA (lot#2793859) and CpGenome universal
methylated DNA (lot#2762370) in 10 mM Tris-HCl, 0.1 mM EDTA buffer were purchased from Sigma
Aldrich. The lambda phage methylated DNA was dissolved in 10 mM Tris-HCl buffer at pH~8 with 1 mM
EDTA solution. We also used fluorescent 2.0 µm cPSL particles (ex/em: 575/ 610 nm, w/v = 2.5%, mean
particle size = 2.0 μm, Lot#MKBW8757V, Sigma) as tracers. The concentrations of lambda DNA was first
measured using a UV spectrophotometer operated at 260 nm. 0.1 nM – 1 nM concentrations of lambda
DNAs were prepared by diluting appropriate amount from the stock buffer into either DI water or into 3
mM KHP solution containing 2.0 µm cPSL particles at  = 3.0 × 10−4. The mixture was gently mixed and
3 µL droplets were placed on 22 mm x 22 mm VWR glass microcoverslips (lot#011215-9). The evaporated
outer band patterns were imaged using a laser scanning confocal microscope at 488 nm Argon laser
excitation. It is important to note that the particles can be viewed in both fluorescent and bright-field
transmission mode and therefore, use of confocal microscopy is not necessary. Similar preparation method
was used for nonmethylated (vial A) and methylated human DNA, except the concentrations used were7
fM and 46.5 aM.
4.2.8 Dye and multi-walled carbon nanotube inks. The dye ink was simply prepared by
dispersing 1 mM Rhodamine 6G (Sigma, Lot#BCBH1723V) in 5 mM KHP. Carboxyl functionalized
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multiwalled carbon nanotubes (20-30 nm diameter and 10-30 μm length) were obtained from
Nanostructures & Amorphous Materials Inc. (Lot#1270-041709). 20 mg nanotube was dispersed in 200 ml
DI water using Branson 450 sonifier for 1 h using an ice bath to minimize heating. The supernatant was
discarded, then either KHP or SDS was added to make it 5 mM in concentration, and this nanotube
dispersion was drop casted on different substrates with 100 μL (on ITO glass slides) or 1 ml (on PET film)
drop volume. The resistances of the MWCNT coated PET film was measured using a standard four point
probes attached to a HP 34401A digital multimeter. Assuming semi-infinite thin film deposition, the
measured resistances were converted to sheet resistivity by multiplying with 4.53 factor.22
4.2.9 DSSC fabrication. DSSC working electrode was synthesized according to the method
described in literature.23 Scotch tape was cut with a surgical blade according to ~ 0.7 cm ring diameter in
order to use it as a template to deposit the TiO2 paste. The paste was deposited on the circular ring area on
an ITO glass slide (surface resistivity ~30 /sq, Sigma) using the doctor blade method. First the ITO slides
were sonicated and then washed with DI water and ethanol. The slides were then treated with 40 mM TiCl 4
solution at 70˚C for 30 minutes. Thereafter, those were washed again with DI water and ethanol.
Transparent Titania paste (Aldrich, lot# MKCB9251) was deposited using doctor blade method. The
deposited paste was dried for 10 minutes at 120˚C. Thereafter, another layer of scattering Titania paste
(active opaque, Aldrich, lot#MKBR4027V) was deposited on the transparent layer by doctor blading. After
drying the paste, the scotch tape was removed and the film was sintered in a muffle furnace (Lindberg Blue
M, Thermo Scientific) at ~ 500˚C for 1 h. The electrodes were cooled to room temperature and again treated
with 40 mM TiCl4 solution at 70˚C for 30 minutes. After washing the electrodes as before, another sintering
step was performed at ~ 500˚C for 0.5 h. The electrodes were then cooled down and contacted with the dye
solution.
0.5 mM solution of the Ru based organometallic black dye, N-719 (Aldrich, Lot# MKBD8994V)
was prepared in pure ethanol. 20 ml solution of 0.5 mM N-719 was used to coat 6 of such TiO2 electrodes
using an overnight dip coating method in the absence of light. Thereafter, excess dye was washed off from
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the TiO2 surface using pure ethanol. The dye coated TiO2 working electrodes were dried at 70˚C in an oven
and stored in the dark.
Mixture of KI (Alfa Aesar) and iodine (Aldrich) was used as the redox couple. The electrolyte
mixture was prepared by adding 50 mM I2 and 0.5 M KI in ethylene glycol solvent.
In order to prepare the counter electrodes, carboxyl functionalized multiwalled carbon nanotubes
were dispersed according to the method described in ‘dye and multi-walled carbon nanotube inks’ section.
The supernatant was discarded, then KHP was added to make it to 5 mM concentration, and this welldispersed nanotube suspension was drop casted on ITO coated glass slides with 100 μL solution volume.
Uniform distribution was not obtained if only DI water suspension was used. After the evaporation and the
concomitant dispersal, the MWCNT coated slides were washed with DI water to remove salts and any
loosely bound MWCNTs from the surface. We confirmed from EDS analysis that there was no trace of
KHP in the MWCNT films after washing. The films were heated to 100˚C in an oven for ~10 minutes and
then cooled down to room temperature.
An adhesive plastic gasket (FW9, Sigma, lot# 3110) of ~ 40 μm thickness was used on the dye
coated TiO2 film to contain the electrolyte solution and to better attach to the MWCNT counter electrode.
40 μL of the redox electrolyte (in ethylene glycol) was placed in the gasket chamber and both the electrodes
were attached using paper clips.
4.2.10 I-V characterization. The solar cells were characterized using an illumination source from
150 W Newport Oriel Xe arc lamp fitted with an AM 1.5 filter. The illumination was fixed at 100 mW/cm2
using Molectron EPM 2000 dual channel laser energy power meter. The linear voltammetry was performed
to obtain the I-V characteristic with 10 mV/s step potential using a Nuvant EZ-Stat Pro potentiostat.
4.3 Results and Discussion
In a saline droplet resting on a substrate surface, faster evaporation at the edge produces a higher
salt concentration near the contact line (see Figure 4-1A). Constituent ions back-diffuse to the interior of
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the droplet from the contact line and the resulting radial concentration gradient causes spontaneous
chemically-driven diffusiophoretic transport of colloidal particles, with typical speeds of 0.1 to 1 m/s.24,25
Thus, the chemical energy derived from concentration gradients is transduced into mechanical motion of
suspended colloidal particles. Diffusiophoresis has two components: electrophoresis and chemiphoresis.
The electrophoresis part derives from a concentration gradient of cations and anions with different
diffusivities (D+≠D-), giving rise to a spontaneous electric field

E  kT c / Zec , where

  D   D   / D   D   is a dimensionless diffusivity parameter for a Z:Z binary symmetric

electrolyte, kT is the thermal energy, e is the proton charge, c is the local salt concentration, and  is the
gradient operator. A gradient of NaCl (β = -0.207, a “β negative” salt) gives a much larger E field than the
same gradient of KCl (β = -0.02 since DK+  DCl-). Depending on whether the salt is β negative (-) or β
positive (β + e.g. potassium hydrogen phthalate, KHP, β = +0.65, and potassium benzoate, PB, β = +0.47),
the electric field points either inward or outward (Figure 4-1A, drawn for PB/ KHP). Importantly, this E
field also acts on the underlying substrate surface and particles, giving rise to diffusioosmotic fluid flow
and electrophoretic particle transport. Chemiphoresis, on the other hand, is due to gradient-induced
asymmetric pressure in electrical double layer, resulting in fluid flow from the areas of high to low
concentrations. Typically, electrophoresis dominates over chemiphoresis in our systems, except when β 
0.
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Figure 4-1: Diffusiophoresis plays a significant role in particle pattern formation (banding versus dispersion). (A)
Schematic of the transport mechanisms governing pattern formation during drying of a droplet with a dissolved β+ salt. E
corresponds to the spontaneous electric field, C is the local solute concentration and 𝛻𝐶 denotes the local concentration gradients.
There are three components of particle velocity in the droplet: the convective fluid velocity (Uconv), diffusioosmotic fluid velocity at
the substrate (vdo) and diffusiophoretic velocity (Udp) of the particles. 𝛻𝐶/𝐶 ratio affects both Udp and vdo, and is represented in
the top view of the droplet by the black curve. (B) 2 mM NaCl produces a thicker and compact ring with 4.0 m sPSL particles due
to the same direction of Udp and Uconv. (C) 2 mM KHP produces a thinner and broken ring with 4.0 m sPSL particles due to
opposite directions of Udp and Uconv. The particle volume fraction,  = 7.5 × 10−4 and scale bars are 50 μm. (D-F) Experimental
data for outward velocities of tracked particles at 1 m above the glass substrate surface at half of the total droplet evaporation
time (t/te ~ 0.5, where te is complete evaporation time) and with dimensionless radial distance from droplet center (r/R: radial
distance from center/droplet radius) for 5.0 L drop (particle volume fraction,  = 1.5 × 10−4 ) for 2 mM each of NaCl (green),
potassium benzoate (PB, red), and potassium hydrogen phthalate (KHP, blue), with curves showing predicted total speed U total =
Uconv + vdo+ Udp under the same conditions (see Appendix A). There is attenuation of particle transport in case of KHP up to r/R
~ 0.9. Particle velocities were tracked for at least 20 s using the MOSAIC ImageJ plugin,26 and the velocity analysis was performed
with at least 40 particles in each case.

Systematic experiments were done to examine pattern formation in the presence of various salts
with sulfated polystyrene latex particles (sPSL, diameter 4.0 µm, p = -89.0 mV at 2 mM NaCl) under
controlled conditions (251˚C, 35% relative humidity). The particles move due to (a) the capillary
convection within the droplet (Uconv), (b) diffusioosmotic transport of fluid along the underlying substrate
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surface (vdo), and (c) diffusiophoretic transport of the particles in the salt gradient (U dp). Figure 4-1B and
Figure 4-1C describe the different patterns generated with 2 mM NaCl (thicker and compact ring) and 2
mM KHP (thinner and broken ring). The arrows in the figures point out the same and opposing directions
for Uconv and Udp that exist in NaCl and KHP systems, respectively, resulting in such characteristic patterns.
Note that modeling suggests that the magnitude of vdo is significantly smaller than Udp due to lower value
for the wall zeta potential (w) compared to particle zeta potential (p). We then compared experimentallytracked speeds of tracer particles with the modeled total velocities (Utotal) that include Uconv, Udp and vdo
(Figures 4-1D – 4-1F), with the experimental data supporting the model (see Appendix A, Appendix Figures
A-1 to A-4).
In order to understand our experiments quantitatively, we modeled our experimental systems using
capillary convection results from the literature,27 and included electrokinetic contributions (see Appendix
A). The modeling can be summarized by using a coffee ring number (CR), described below. The
diffusiophoretic particle speed is given by:
U dp 

 Zeζ p
εkT 
2kT 

ln 1  tanh 2 
βζ p 
ηZe 
Ze 
 4kT


 C



  C


(4-1)

Where ε is the dielectric permittivity and η is the viscosity of the medium, Z is the valence of a
Z:Z salt, p is the particle zeta potential, C is the local solute concentration, and ∇C is its gradient. The first
term in brackets is due to electrophoresis, while the second term is due to chemiphoresis. Approximating
that ∇C/C ~ 1/R and Uconv ~R/ te, where R is the droplet radius and te is the total droplet evaporation time
(~1000 s, depending on our droplet size), and assuming that electrophoresis dominates (first term in
equation 4-1), we define the dimensionless number:

CR 

U el
kTt e

 ( p   w )
U conv ZeR 2

(4-2)
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where the total electrokinetic velocity, Uel = Udp + vdo, and w denotes wall zeta potential. The CR
accounts for 1) the β value of the salt and, therefore, the direction of the E field, 2) the zeta potential of the
particle (p), which governs its electrophoretic transport, and 3) the zeta potential of the wall (w), which
causes electroosmotic fluid movement. CR is essentially independent of droplet size, since te/R2 is roughly
constant (see Appendix A). In essence, the dimensionless CR determines the relative contributions of
electrokinetic and convective transport, and predicts the nature of the pattern formed.
For a given particle radius (a) and volume fraction (), as the CR becomes less positive and finally
negative, the peripheral band becomes thinner and more broken (Figures 4-2A- 4-B; also see Appendix
Figure A-5). At the same time, the distribution of particles becomes more uniform throughout the final
deposited pattern (see below). For broken bands, we define a breakage coefficient (BC) as the fraction of
the peripheral length without particles (see Appendix A for BC measurement and Appendix Figure A-5).
Systems using salts with negative CR have more breakage, and thus a higher BC. When CR ≥ 0, the band
is thick and continuous, i.e. BC  0.
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Figure 4-2: Coffee ring thickness (δ) and breakage (BC) correlates with coffee ring number (CR). (A) The thickness of
the peripheral band depends on the CR (salt β value and the difference between the zeta potentials of the particle and substrate).
We have 5.0 μL droplet containing 2 mM salt with a particle volume fraction,  = 1.5 × 10−4 of 4.0 μm sPSL. The droplet was
evaporated under controlled conditions on a glass coverslip. β- salts give CR >0 for this system, while β+ give CR < 0.
Chemiphoresis is the only diffusiophoresis mechanism in KCl (β  0) which gives CR  0. The thickness of the coffee ring followed
the order: NaCl > [Bmim]Cl > KCl > KIO3 > KH2PO4 > PB > KHP. [Bmim]Cl (1-butyl-3-methylimidazolium chloride) is an ionic
liquid. (B) Average breakage coefficients (BC: length of unoccupied regions to the total length in band sections) correlates with
the salt and charge of sPSL particles, defined by the CR. The inset figures were taken in fluorescence mode. The error bars represent
standard deviation over at least three independent experiments. Scale bars represent 60 µm. (C) Peripheral band formed by 0.1
µm green fluorescent negatively-charged carboxyl modified polystyrene latex particles (cPSL) in 2 mM NaCl as seen under laser
scanning confocal microscope was thicker than the band formed in 2 mM KHP (E). (D) Band formed with 0.1 µm red fluorescent
positively-charged amine modified polystyrene latex (aPSL) in 2 mM NaCl was much thinner than in 2 mM KHP (F). (C-F)
demonstrates that reversing particle charge reverses the peripheral ring thickness in accordance with our model. The particle
volume fraction for C-F was 6.3×10-5. The scale bars are 100 m.

Since CR includes the particle and wall zeta potentials, we next examined carboxyl-modified
polystyrene latex (cPSL, diameter 100 nm, p = -70.0 mV at 2 mM NaCl) and amine-modified polystyrene
latex (aPSL, diameter 100 nm, p = +55.1 mV at 2 mM NaCl). We used a volume fraction,  = 6.3×10-5.
The data are shown in Figures 4-2C- 4-2F. For cPSL, CR = +0.011 for 2 mM NaCl, and -0.053 for 2 mM
KHP (see Appendix Table A-1). The resulting coffee ring was significantly thicker with NaCl (Figure 42C) than for KHP (Figure 4-2E). With aPSL, the reverse was true (CR = -0.178 in NaCl and +0.369 in
KHP), and the ring was thicker with KHP. It is important to note these differences are not due to Marangoni
convection, which does not depend upon the sign of the particle charge. Taking advantage of the highly
negative CR for aPSL in NaCl, elimination of the coffee ring and more uniform deposition of the particles
were obtained in spray coating applications (data not shown).
Understanding the role of diffusiophoresis in controlling pattern formation opens new
opportunities. Based on the relative magnitude of CR, it is possible to separate out particles with a specific
zeta potential from a mixture of particles with different zeta potentials, but identical sizes (Figure 4-3A).
We demonstrated this with a mixture of 1.0 m cPSL (negative, purple) and 1.0 m aPSL (positive, blue)
particles, each with a  = 7.9×10-5, on negatively-charged glass surface. As shown in Figure 4-3, aPSL
particles were isolated from a mixture of aPSL and cPSL in 5 mM KHP. As seen, the population of cPSL
particles was reduced at the outer ring with decreasing CR, leaving behind the aPSL particles in the band
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(Figures 4-3B- 4-3G). This reduction results from the movement of cPSL particles to the interior owing to
inward diffusiophoretic transport dictated by CR (Figure 4-3H and Appendix Figure A-6). Eventually,
amount of aPSL particles in the band reaching 95±4% of the total particle population at 5 mM KHP (Figure
4-3H). Such efficient sorting resulted from large difference in CR between aPSL and sPSL particles (aPSL:
+0.26, cPSL: -0.22 in 5 mM KHP). Likewise, with proper choice of conditions, it should be possible to
isolate negatively charged particles from a mixture of positive and negatively charged particles.
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Figure 4-3: Separation of differently charged particles of identical sizes by selective banding modulated by CR. (A) 1.0

m cPSL (purple, negatively charged) particles were separated from a mixture with oppositely charged 1.0 m aPSL (blue,
positively charged) particles ( = 7.9 × 10−5 each) at the peripheral band by evaporating 3 L droplets with appropriate salts
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which modulate the CR. Confocal images showing relative distribution of cPSL particles in peripheral band and in the interior
with 2 mM NaCl (CR = +0.052) (B-C), 2 mM KHP (CR = -0.161) (D-E), and 5 mM KHP (CR = -0.225) (F-G). As seen, the
population of cPSL particles was reduced at the outer ring with decreasing CR, leaving behind only the aPSL particles in the band.
The scale bars in B, D and F are 250 m and the scale bars in corresponding zoomed in images- C, E and G are 50 m. (H)
Measured total intensities of cPSL particles in the band with 2 mM NaCl, 2 mM KHP and 5 mM KHP, respectively (left y-axis).
Reduction of ~40 fold in cPSL intensity was obtained by using 5 mM KHP as compared to 2 mM NaCl. This reduction results from
the movement of cPSL particles to the interior (Appendix Figure A-6) owing to inward diffusiophoretic transport dictated by CR.
On the right y-axis, % aPSL in a mixture of aPSL and cPSL particles at the band, increased to 95.0 4.0% with 5 mM KHP
compared to 70.03.0% with 2 mM NaCl addition. The dotted line is guide to the eye.

Particle arrangement within the outer band can also be modulated by designing interactions in
tandem with favorable CR (Figure 4-4A). For this purpose we used 2 μm cPSL particles with p = -18.0 
4.4 mV in 3 mM KHP which resulted in CR = +0.12 (Appendix table A-1) and high particle accumulation
at the outer band by electrokinetic interaction. We also added low concentrations of lambda phage DNA
(-DNA in pM) or human DNA (in fM) to activate depletion interaction in the band. Since radius of
gyration of hypermethylated DNA can be ~30% larger than nonmethylated DNA as per worm-like chain
model,15 the Asakura-Oosawa (AO) depletion potential between colloidal particles is accordingly
modified.28 We assumed that DNA concentrations at the outer band region would be in semi-dilute regime28
(concentration ≥ 3.2 nM) of the AO model due to the evaporative concentration process, since the
evaporation was initiated with -DNA concentration in the dilute regime (concentration  1.6 nM). Based
on this assumption, we estimated that at 1 μm separation between two adjacent colloidal tracer surfaces and
at 3.2 nM -DNA concentration at the outer band, the depletion interaction with methylated lambda DNA
(me--DNA) would be ~1/3rd of the nonmethylated -DNA. Therefore, the evaporated patterns at the outer
band would be significantly dispersed in methylated--DNA compared to nonmethylated -DNA, which
was confirmed experimentally (Figure 4B-E).
In our experiments, we ruled out any major contribution arising from the adsorption of -DNA or
methylated--DNA on tracer particles. The p of 2 μm cPSL particles incubated in a solution of 3 mM KHP
with 0.1 nM -DNA and with 0.1 nM methylated--DNA were -25.36.5 mV and -24.87.9 mV,
respectively. We also observed similar values for p of cPSL particles incubated with 0.5 nM -DNA and
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methylated--DNA. These values of p are not significantly different from the value in the absence of DNA.
Lower mean gray values at the outer band were indicative of smaller depletion forces and therefore,
used for the detection of methylated--DNA at experimented concentrations (Figure 4-3F). Following this
procedure, we were able to detect 0.1 nM of methylated--DNA in 3 μL evaporated droplets. At higher
concentrations of -DNA and methylated--DNA (1 nM compared to 0.5 nM), the mean gray values were
enhanced due to larger depletion forces. However, the difference in mean gray values persists. We were not
able to observe any difference in mean gray values for -DNA and methylated--DNA in DI water,
primarily because of less particle accumulation at the outer band due to absence of favorable electrokinetic
driving force.
Using universal nonmethylated and hypermethylated human DNA, we again observed significant
differences in mean gray values at the outer band. With only 7 fM of human DNA (~15 μg/ ml) under
similar conditions as the viral DNA, the use of universal nonmethylated DNA pattern resulted in two fold
increase in mean gray value compared to that observed with universal hypermethylated DNA pattern
(Figure 4-3G and Appendix Figure A-7). Such large difference in the outer band pattern can be attributed
to the doubling of persistence length of hypermethylated DNA (924 nm) as compared to unmethylated
DNA (~50 nm).15,29,30
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Figure 4-4: Detection of methylated DNA at the outer band facilitated by CR. (A) Schematic of tandem interactions
consists of electrokinetic and depletion interactions forming aggregated and dispersed band patterns. Tracer particles were driven
by positive CR (+0.1237 for 2 um cPSL particles in 3 mM KHP) to the outer band where they rearrange according to depletion
interactions dictated by either nonmethylated or methylated DNA. Less aggregated and more dispersed outer band was formed
due to lower depletion forces arising from larger correlation length of methylated DNA. (B-C) Intense outer band resulted from
evaporation of a mixture of 2 μm cPSL particles ( = 3.0 × 10−4 ) and 0.5 nM nonmethylated lambda phage DNA (-DNA) diluted
in 3 mM KHP. The scale bars are 250 μm and 50 μm in B and C, respectively. (D-E) The outer band structure became more
dispersed due to the presence of 0.5 nM methylated lambda phage DNA (me--DNA) diluted in 3 mM KHP along with 2 μm cPSL
particles ( = 3.0 × 10−4). (F) Detection of me--DNA by measuring the lower mean gray value at the outer band at different
DNA concentrations (0.5 nM and 1 nM) in 3 mM KHP. In contrast, detection in DI water was not possible due to smaller particle
population at the outer band owing to the absence of favorable electrokinetic interaction. (G) Detection using universal
nonmethylated and hypermethylated human DNA (15 μg/ ml or 7 fM) diluted in 3 mM KHP. Nonmethylated DNA formed
significantly more aggregated outer band compared to methylated DNA (me-DNA). (H) The presence of 23.25 aM (50 ng/ ml)
hypermethylated DNA in a mixture of hypermethylated (50 ng/ ml) and nonmethylated (50 ng/ ml) DNA can be detected by
comparing with 46.5 aM (100 ng/ ml) of nonmethylated DNA. The error bars are based on standard deviation of n = 5-10 sample
size.

Our observations can allow rapid epigenetic screening and diagnosis, since almost all cancerous
cells have DNA segments that are hypermethylated.31–33 We were also able to detect ~23 aM
hypermethylated DNA in a mixture of nonmethylated (23.25 aM) and hypermethylated (23.25 aM) DNA
(Figure 4-4H and Appendix Figure A-7). In principle, this allows the detection of hypermethylated DNA
in blood or other body fluids where the concentration of cell-free DNA is in the order of ng/ ml (aM of
DNA).34,35 Overall, this would be particularly useful in remote locations and in poorer regions of the world
where elaborate and expensive techniques cannot be employed.36,37
Chemical control of patterning leading to uniform distribution of materials on different substrate
surfaces can be facilitated by CR. For surfaces with lower w, the vdo will be correspondingly lower. In
other words, the CR number would be more negative. Since diffusioosmotic fluid flow opposes the
diffusiophoretic transport of negatively charged particles, the net effect is suppression of banding leading
to uniform distr

+

salts. To illustrate this, we used

a copper foil substrate, for which w  -50 mV,38 compared with -111 mV for our glass surfaces in DI water.
Using 4.0 m sPSL particles at a volume fraction,  = 7.5×10-4, a distinct banding was observed in DI water
(Figure 4-5A). However, in presence of 5 mM KHP, the banding was completely suppressed and a uniform
distribution of particles was observed (Figure 4-5B). This basic demonstration with conductive Cu surface
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might lead to facile fabrication of high performance capacitors by sandwiching the uniformly distributed
dielectric particle layer between conductive surfaces.

Figure 4-5: Uniform dispersion of different particles (dielectric: sPSL particles; conductive: MWCNTs) on different
substrates (metal: Cu; metal oxide: ITO; plastic: PET) dictated by CR. (A) Particle distribution was non-uniform with thick banding
in DI water. 3 L drops of 4.0 μm sPSL particles with  = 7.5 × 10−4 was evaporated on metallic Cu surface. (B) Banding was
eliminated and the internal particle distribution was more uniform with 5 mM KHP on Cu surface with CR ~ -0.26. The observed
striations are due to inherent roughness of the copper substrate. The scale bars are 100 μm. (C) Strong outer band with sparse
deposition in the inner area on conductive ITO surface resulted from evaporation of 100 μL droplet containing 0.01% MWCNT
dispersed in DI water. (D) 0.01% MWCNT was evenly distributed on ITO surface with 5 mM KHP generating CR ~ -0.15. Scale
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bars are 1 mm. Evaporation of 1 ml droplet of 0.01% MWCNT dispersion on thin flexible PET films (100 μm thickness) demonstrate
non-uniform distribution with DI water (E) and uniform dispersion with 5 mM KHP driven by CR ~ -0.05 (F). Scale bar, 1 mm.
(G) 5 mM KHP dispersed MWCNTs on thin flexible PET films make conductive surfaces (R s ~ 41.6 k/ square) with more than
order of magnitude less sheet resistance than those obtained using DI water dispersed MWCNTs (Rs ~ 19.0 M/ square).

Uniform deposition of carbon nanotubes remains one of the technical challenges. Low cost wet
fabrication methods suffer from poor uniformity of the deposited films.39 Even surfactant addition results
in non-uniform and patchy nanotube distribution. However, uniform distribution of multi-walled carbon
nanotubes (MWCNTs) becomes possible using chemically-driven flows on different substrates (Figures 45C- 4-5F). The carboxyl functionalized MWCNTs have p  -40.4 mV in 5 mM KHP and therefore, respond
to electrokinetic flows generated during droplet evaporation with estimated CR = -0.15 and CR = -0.05 on
indium tin oxide (ITO) coated glass surface and on flexible thin PET film surface, respectively. Adding a
dispersion of 0.01% MWCNT in 5 mM KHP on PET substrate resulted in more than an order of magnitude
lower sheet resistance (Rs ~ 41.6±12.45 kΩ/ square) compared to deposition from DI water (Rs ~19.1±17.36
MΩ/ square) (Figure 4-5G).
Our preliminary experiments with dye sensitized solar cell (DSSC) using 0.01% and 0.1% uniformly
deposited MWCNT film on ITO electrodes (Figure 4-6A) resulted in significantly improved performance.
The average increments in short circuit currents (Isc) resulting from uniformly deposited films were 54%
and 63% using 0.01% and 0.1% of the MWCNTs, respectively, when compared with non-uniform films
deposited using drop casting from DI water (Figure 4-6B). This enhancement in Isc due to uniform film as
well as higher MWCNT loading can be attributed to the lower charge transfer resistance at the
electrolyte/MWCNT-ITO interface.40 The average efficiency of the DSSC increased more than 100%
compared to DSSC where MWCNT was deposited from DI water. Since, MWCNT has evolved as the
preferred catalyst over Pt in fabrication of DSSC counter electrodes,41–43 the demonstrated electrokinetic
drop casting method may be advantageous over currently practiced cumbersome doctor blading method
which requires high MWCNT loading (~10 wt%) and expensive binder materials (~1.0 wt%). 42 However,
the challenge remains to disperse higher loading of MWCNT in salt solutions.
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Figure 4-6: Proof-of-concept dye sensitized solar cell (DSSC) with counter electrode fabricated using chemically-driven
flows resulted in higher Isc. (A) DSSC with ruthenium based N-719 dye-coated mesoporous TiO2 working electrode; 0.01- 0.1%
MWCNT counter electrode drop-casted using 100 μL droplet with 5 mM KHP, and I-/ I3- redox couple-based electrolyte in ethylene
glycol solvent. Uniform dispersion of MWCNT resulted in >50% enhancement of short circuit current (Isc at V = 0). The scale bars
are 1 mm. (B) I-V characteristic of the fabricated DSSC using chemically-driven flows under AM 1.5 illumination (100 mW/cm2)
demonstrates improvement in Isc, devise fill factor, and lower series resistance (larger slope at I = 0), when compared to DSSC
with both 0.01% and 0.1% MWCNT counter electrodes drop-casted using DI water.

In terms of display applications, electrokinetic flows can be exploited to uniformly disperse
molecular dyes leading to superior prints. We estimated that in DI water alone, the β value of positively
charged Rhodamine 6G can be as low as -0.8 which leads to a strong outer band after evaporation. We
modified the dispersion process by choosing higher concentration of a salt with positive β value (KHP with
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β = +0.65) in order to nullify the innate electric field set up by dye droplet evaporation. The uniqueness of
this dye dispersion method is presented in comparison to using commonly employed Marangoni effect
(Figures 4-7A – 4-7B). We printed the letter “P” on a transparent cellulose acetate pad using 5 μL ink
droplets containing 1 mM Rhodamine 6G in 5 mM KHP. Dye was distributed uniformly as confirmed by
confocal image shown in Figure 4-7C. On the other hand, 5 μL ink droplets containing 1 mM Rhodamine
6G in 5 mM SDS (sodium dodecyl sulfate) resulted into non-uniform dye distribution with intense outer
band (Figure 4-7B and Figure 4-7D). Effective dispersion of polymeric colloids (Figure 4-5B) along with
uniform dye distribution shown here can lead to the development of low cost and high performance
polymer-dye composite gain media for solid state lasers.44,45

Figure 4.7: Uniform dispersion of Rhodamine 6G on flexible polymeric substrate using chemically-driven electrokinetic
flows. (A) Drop printing of letter “P” using 1 mM Rhodamine 6G on flexible polymer sheet with 5 mM KHP added to the ink. (B)
Non-uniform and patchy “P” resulted when 5 mM surfactant SDS was added to the ink. (C) Closer look on individual droplet
shows uniform distribution of the dye with electrokinetic effect. The confocal image in the inset clearly shows no banding and
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improved dye distribution. (D) Strong outer band formation with patchy distribution of the dye due to Marangoni effect as observed
in the inset confocal image. The scale bars are 1 mm.

4.4 Conclusion
Through a combination of experiments and modeling, we have shown that the distribution of
particles suspended in evaporating droplets can be finely tuned by the choice of salt and the charge on the
particle and the underlying substrate. Molecular tuning of particle distribution can be explained by the
coffee ring number (CR) which arises from modeling. It can be easily evaluated from the β value of the salt
and the charge on the substrate surface, allowing one to accurately predict the mode of particle transport
and assembly. This allows the design of uniform distribution of particles in spray coating and thin film
deposition.46–48 Conversely, where necessary, deliberate spatial banding of different particle populations
leading to hierarchical assemblies can also be engineered. The fundamental mechanism shown in this paper
can be employed for rapid, autonomous, separation and detection of particles without the use of an
externally applied electric field. This includes the detection of abnormal cells with different surface
charges.49,50Additionally, particle arrangement at the outer band can be modulated using tandem
interactions leading to alterations in evaporated crystal structure.51 This technique can be further developed
as a preliminary screening for cancer biomarkers, such as methylated DNA.52 As such it facilitates rapid
point-of-care diagnostic testing in remote locations.
On the other hand, potential devise applications can be realized by utilizing uniform distribution of
dielectric and conductive materials on non-conductive or conductive surfaces as predicted by CR. As an
example, we fabricated conductive surfaces with MWCNT films on flexible polymeric substrates using
chemically-driven flows resulting in more than orders of magnitude lower resistivity compared to
fabrication using DI water. Additionally, drop casted, uniform catalytic surfaces of MWCNT on ITO slides
resulted in more efficient dye-sensitized solar cells. Silicon-on-insulator (SOI) ring resonators are
ultrasensitive to dimensional variations due to change in effective refractive index. 53 Therefore, tuning of
ring architecture by evaporative patterning-based SOI circuits might lead to photonic devise fabrication
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with improved spectral response.54 On-chip photonic wave guides for information transfer45,53 might be
drop casted on any substrate using our proposed method of dispersing both polymeric colloids and dyes.
Overall, we anticipate that the generalized CR-guided design framework can be useful in systems requiring
spatial focusing or spreading of particles.
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Chapter 5
Chemotaxis of Molecular Dyes with Noncovalent Interactions
The objective of this chapter is to demonstrate that molecular chemotaxis can be driven by
noncovalent interactions, primarily in a microfluidic channel. The noncovalent interactions used in this
work are hydrophobic attraction and charge-dipole repulsion. The hypothesis is that a dye molecule would
chemotax in polymer concentration gradients in order to lower it chemical potential, extent of which can
be modulated by dye-polymer interaction specificity. The fundamental question that I sought to answer
here is how the structure-property of the dye molecule affects chemotaxis in gradients of polymer molecules
with structurally different monomeric units.

5.1 Introduction
Molecular chemotaxis is emerging as one of the autonomous transport phenomena important for
developing molecular separation, nanoscale sensors and more importantly, to understand intracellular
transport. Recent advances in molecular chemotaxis rely either on reaction or on surface guided interactions
of chemical or coulombic nature. Therefore, the underlying mechanisms of such transports vary widely.
For example, substrate-enhanced enzyme chemotaxis has been attributed to enhanced diffusion, bindingunbinding and conformational changes. Surface bound chemotaxis, on the other hand, primarily depends
on reversible binding-unbinding dictated by chemical potential gradients.
Interaction-driven structure synthesis and prediction of the same is not recent. The field gained
momentum after Pedersen’s classic synthesis of crown ethers and his demonstration of ion-dipole
interaction to bind and stabilize alkali metal ions with oxygen dipoles on such ethers.1 Donald J. Cram later
predicted that not only the host and guest molecules need to properly orient themselves before binding, but
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also the environment should have minimal interference on solvation.2 However, strong binding alone
cannot cause molecular motion and therefore, both binding-unbinding is necessary to explain movement.
Cheng et al. showed that macromolecules, like polypropyleneimine dendrimers can be moved on a glass
surface with aldehyde gradients by multiple imine bond formations and hydrolysis. 3 This observation led
to renewed interests in surface gradient driven molecular chemotaxis where ionic interactions between
multivalent ligand molecules and surface tethered charged receptor molecules propel the ligand towards
higher concentrations of binding sites according to favorable chemical potential gradients. 4–6 Recently,
Burgos et al. reported that surface diffusion of polyethylene glycol (PEG) molecules depends on the surface
hydrophilic gradients which enhances its diffusion coefficient more than an order of magnitude compared
to its orthogonal lateral diffusion.7
Apart from such hydrophilic and/ or ionic interactions, the other dominant interaction in nature is
hydrophobic attraction. Hydrophobic interactions are order of magnitude larger than van der Waals
interactions and operates in the range of 0-10 nm with an exponential decay over the length scale of 1 nm.8
This interaction provides the foundation for many biological molecules causing protein folding and
stabilization.9–11 Apart from explaining protein folding, hydrophobic interactions are used to design novel
noncovalent hydrogels12 and potent anti-viral molecules as inhibitors of flu virus surface proteins,13 protein
separation by chromatography,14 hydrophobic interaction microscopy,15 and even ~ 1 µm displacement of
20 nm nanoparticles at the interface of hydrophilic-hydrophobic surface gradients.16

In nature, molecules seldom interacts with static surface gradients. More specifically, in biological
systems, intracellular, extracellular and lipid-bilayer membrane interactions are not always associated with
free energy gradients on surfaces. Rather, interactions are dominated by hydrophobic, electrostatic or
hydrogen bonding forces between different entities. For example, hydrophobic interaction is one of the core
mechanisms of protein folding which is essential for substrate binding in chaperone assisted processes 17,18
and is the dominant factor in influenza virus fusion with lipid bilayer membranes.19
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In this communication, we demonstrate that these hydrophobic molecular interactions can translate
into active motion of molecules. Our experiments show that chemotaxis of molecular dyes can be
modulated by non-covalent interactions, which are facilitated by gradients of neutral polymers in
microfluidic channels. Chemotactic shifts were correlated to a combination of hydrophobic and chargedipole type noncovalent interactions between the dye molecule and the polymer. The driving force of
chemotaxis is the thermodynamically favorable decrease in Gibbs free energy of the dye-polymer mixture
than that of the pure constituents. While slower diffusion and associated higher concentration gradients of
larger polymers facilitate chemotaxis, the increase in viscosity from the polymer medium actually
attenuates chemotaxis. Specifically, high viscosity of concentrated polymer solution suppresses the dye
chemotaxis transport in two ways. First, increased viscosity lowers the dye mobility and consequently slows
the response to the polymer concentration gradient. Also, injecting viscous polymer solution narrows the
stream of non-viscous dye solution in the microchannel by hydrodynamics, which would cause focusing of
the dye stream leading to artificial chemotaxis. We define artificial in the context of effects not originated
from polymer concentration gradients and did not cause real chemotaxis. For example, introducing 5 wt%
Ficoll 400K solution in the mid channel can cause ~14% narrowing of the channel width due to viscous
hydrodynamics which is defined as artificial chemotaxis. However, the uncertainly in measured chemotaxis
under these conditions remained around the same magnitude (~13.3%). Therefore, the manifestation of
chemotaxis is a balance between chemical potential gradients and viscosity, which is more affected by
viscosity at higher concentrations or molecular weights of polymers. Additionally, the diffusion co-efficient
of the chemotaxing dye is another limiting factor according to the binding-unbinding theory. Interestingly,
molecular dyes in polymer medium show significant deviation from Stokes-Einstein behavior depending
on the nature of interactions- large positive deviation in the case of hydrophilic Ficoll 400K polymer and
negative deviation in the case of hydrophobic block copolymer (PPP 5.8K). The modulation of interaction
can be achieved by changing the solute polymer, molecular weights and concentrations as well as the
solvent. We demonstrated that changing the solvent from DI water to DMSO resulted in complete
suppression of chemotaxis behavior of the hydrophobic dye. The results and knowledge developed here
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was used to design a half-adder circuit implementing opto-chemical logic gates. Furthermore, we anticipate
that based on the interaction driven ‘chemotaxis hypothesis’, important insights can be developed regarding
particle and molecule penetration through lipid bilayers, protein folding and designing ‘active’ molecules
and delivery systems.

5.2 Results and Discussion
We used a PDMS based three inlet-one outlet microfluidic channel in order to measure dye
chemotaxis in polymer gradients. The typical channel dimension (L  W  H) is 4 cm  350 μm 50 μm.
We primarily used spreading mode of chemotaxis, where the dye solution in buffer (typically 1 mM KCl)
is entered through the mid channel and the polymer solution in buffer is entered through the side channels
(Figure 5-1A). The advantage of spreading mode as compared to focusing mode (Figure 5-1B) where both
the dye and the polymer solutions are entered through the mid channel is that the chemotactic shift is not
limited by viscosity increase in the latter. In all cases, the flow rate is maintained at 50 μL/h using a syringe
pump. Optical scanning was performed near the end of the channel (~38 mm from inlet) with a laser
scanning confocal microscope which scanned across the channel width, while focusing on the mid depth of
the channel (~20-25 μm). In order to quantitatively demonstrate the chemotactic shifts, we evaluated
normalized fluorescence intensity across the channel and compared it with the control case. 20 The total
chemotactic shift of the dye is simply calculated from integrating the area under the curve for control and
experimental cases and subtracting the latter from the former. In this method of analysis, any asymmetry
present in the normalized intensity can be easily eliminated. Enhancement of total fluorescence, represented
by the area under blue curve, is the outcome of normalization of dye chemotaxis, actual values of which
will be discussed in the modeling section in Figure 5-4.
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Figure 5-1. Chemotaxis of Rh6G dye in Ficoll 400K gradients in 3-inlet microfluidic channel. (A) Spreading mode of chemotaxis
where dye enters from the mid channel and polymer enters from two side channels. The shift in normalized intensity (blue curve)
is due to dye chemotaxis to the side channels. (B) Focusing mode of chemotaxis where both the dye and the polymer enter from the
mid channel. The shift in normalized intensity (blue curve) is due to dye chemotaxis towards the center of mid channel. (C)
Chemotactic shift (spreading mode) of 50 μM Rh6G increases with increase in Ficoll 400K concentrations between 0-5 wt% and
corresponding decrease thereafter due to viscosity increase and macromolecular crowding. (D) Different concentrations (25, 50,
75 and 100 µM) of Rh6G show similar chemotactic shifts in 5 wt% Ficoll 400K gradients.

We typically used 50 μM of Rhodamine6G (Rh6G) as the probe dye for both spreading and
focusing mode of chemotaxis. In gradients of 5 wt% Ficoll 400K, Rh6G spreads with a typical “horn” like
pattern (Figure 5-1A). The maxima of the horn pattern lies near to the interface of mid and side channels,
where the polymer concentration gradient is the highest. Note that the normalized blue curve generated
from dye spreading to the side channels is the combined outcome of both Fickian diffusion as well as
chemotactic shift of the dye. This shift in normalized intensity is severely suppressed in focusing mode
(Figure 5-1B) when both the polymer and the dye enter from the mid channel and the dye has to move
against outward Fickian diffusion and through the higher viscosity of the mid channel. In the spreading
mode, the total chemotactic shift of Rh6G in 5 wt% Ficoll 400K gradients was 28.14.1 μm which is much
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larger than the total chemotactic shift of -9.91.5 μm in focusing of Rh6G in 5 wt% Ficoll 400K gradients.
The negative sign represents inward net movement of the dye as opposed to positive movement outwards.
Note that both the positive and negative shift values represent chemotaxis with the sign indicating outward
or inward directions.Almost linear increase in chemotactic shift was observed between 0.5-5 wt% Ficoll
400K in a microfluidic channel (Figure 5-1C). This enhancement can be attributed to the increased
concentration gradients of the polymer, which overcomes transport limitation due to viscosity increase.
Chemotactic shift is closely related to dye velocity (VD) which can be represented by the following
expression derived from the work by Schurr et al.21VD = −DD

∇CD
CD

+ DD

Km
∇CP
1+Km CP

(5-1)

Where DD is the diffusion coefficient of the dye, CD and ∇CD are the dye concentration and its gradient,
respectively, Km is the measured equilibrium constant of dye-polymer binding-unbinding, CP and ∇CP are
the polymer concentration and its gradients, respectively. The first term of equation 1 is the Fickian
diffusion term and the second term is the cross-diffusion or chemotaxis term. Km is the equilibrium constant
of the following dye (D)-polymer (P) binding reactionKm

D + P ⇔ DP

(5-2)

The equilibrium constant is defined on the basis of molar concentrations of D and P with the following
form: K m = [DP]/ ([D][P]), where [DP] is the molar concentration of dye-polymer complex. We assumed
1:1 binding. In our experiments, we used [D]<<[P]. To estimate dye spreading velocity solely due to
chemotaxis, we can use the phenomenological equation (1) described in chapter 1. Overall, dye
chemotaxing velocity (or mobility) is ~ 80% of its diffusive velocity in the microchannel setup.

The decrease in chemotactic shift above 5 wt% Ficoll 400K gradients is the result of both increase
in viscosity and decrease in Km.22 The viscosity (η) of solution doubles as the Ficoll wt% is increased from
5% (η = 2.2 cP) to 10% (η = 4.5 cP), decreasing both the Fickian diffusion and the cross-diffusion terms.
Similarly, the estimated activity coefficient of Ficoll (ΥP ) is increased from 2.3 (5 wt%, polymer volume
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fraction: Φ = 0.16) to 6.9 (10 wt%, Φ = 0.32).23 This increase in activity co-efficient cannot be explained
by polymer volume exclusion alone which predicts ΥP = Vtotal⁄VP ~ 1⁄(1 − Φ).24 Therefore, other nonspecific interactions exist between polymer chains and in polymer-dye complexes which result in the
weakening of the chemotaxis term in equation (1). Nonspecific interactions would possibly alter activity
co-efficients of all the species present, resulting in decrease of Km.

We performed dialysis experiments in order to verify the movement of the dye molecules towards
higher concentration of polymer as observed in the microfluidics experiments. Initially, 50 μM dye was
present both inside and outside of the dialysis tube. Ficoll 70K or 400K was kept inside of the tube and its
transport across the membrane was stopped with a dialysis membrane of 20 kDa or100 kDa molecular
weight cut-off which allows free movement of the dye. Interestingly, after three days, the dye concentration
increased inside the tube to follow the polymer concentration. This observation confirms the fact that dye
molecules chemotax in order to bind to the polymer and lower its chemical potential. Additionally, we
found good agreement between Km evaluated from the microfluidic channel and Km evaluated from the
dialysis experiments. In case of 50 µM Rh6G dye and 5 wt% Ficoll 70K, K m |microfluidics = 115.4 ±
14.1 lit mol−1 and K m |dialysis = 125.1 ± 17.1 lit mol−1. Similarly, in case of 50 µM Rh6G dye and 5
wt% Ficoll 400K, K m |microfluidics = 642.2 ± 99.6 lit mol−1 and K m |dialysis = 689.5 ± 43.1 lit mol−1
(Appendix Table B-1).

In contrast, varying Rh6G concentrations in the range of 25 μM – 100 μM did not change the
chemotactic shifts at 5 wt% Ficoll 400K gradients (Figure 5-1D). The absence in change is obvious due to
absence of CD from the chemotaxis term in equation (1). Moreover, the number of binding sites on the
concentration, theoretically ~2921 monomeric binding sites (sucrose) per molecule of Rh6G exist.
Therefore, increase in dye concentration within the experimental range could not limit number of interaction
sites on the polymer.
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The chemotactic shifts of Rh6G was modulated using different molecular weights of sucrose
polymer and polyethylene glycol (PEG) in order to assess the effects of polymer molecular weights,
concentrations and nature of interaction (Figure 5-2). Total chemotactic shift of 50 µM Rh6G in the mid
channel was compared between a control case without any polymer, 5 wt% Ficoll 70K and 5 wt% Ficoll
400K in the side channels as shown in Figure 5-2A. Larger chemotactic shifts in the case of Ficoll 400K
can be attributed to larger concentration gradients produced with Ficoll 400K owing to larger hydrodynamic
radius than Ficoll 70K and therefore, diffuses slowly and maintains stronger gradients across the channel.
The concentration gradients in Ficoll 400K was estimated ~22% higher around the interface of mid and
side channels, as compared to Ficoll 70K. As a result, Ficoll 400K has a “hornlike” elevated profile of the
dye around that region. In contrast, sucrose cannot maintain a strong concentration gradient owing to its
smaller size and faster diffusion. Because of its quickly dissipating concentration gradients, no chemotactic
shift in sucrose was observed (Figure 5-2B). With an increase in molecular weights, as shown with
polysucrose 20K, Ficoll 70K and Ficoll 400K, the total chemotactic shifts increased (Appendix Table B2a). Total chemotactic shifts of Rh6G with different molecular weight (MW) PEGs increased
monotonically in the range of 6K – 20K molecular weights and reduced thereafter (Figure 5-2C and
Appendix Table B-2b). The primary factor behind this decrease in chemotaxis is an increase in viscosity
with higher MWs of PEG. For example, macroviscosity of only 0.3 wt% PEG 200K solution is 2.5 cP at
25ºC, whereas macroviscosity of 5 wt% Ficoll 400K is only 2.2 cP. Therefore, both the Fickian diffusion
and chemotaxis are negatively affected with increasing MWs for PEG. However, the chemotactic shifts
increased monotonically with increase in concentrations between 0.1 wt% - 0.5 wt% as shown with PEG
200K (Figure 5-2D), due to higher concentration gradients.

Note that the chemotactic shifts of dyes are dependent on the monomeric or repeating units of the
respective polymer. This is why 0.5 wt% PEG 20K caused greater chemotactic shift of Rh6G (14.9±1.3
µm) than 0.5 wt% polysucrose 20K (4.7±2.2 µm). Mechanistically, ethylene glycol does not stabilize the
surrounding water molecules to that of sucrose. Therefore, the former monomeric unit can allow more
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interaction between the dye and the polymer with less interference from water. [Malcom Smith,
Biochemistry, 1979] To test our hypothesis of the monomer dependency of chemotaxis, we conducted
experiments with a triblock copolymer of PEG and PPG (polypropylene glycol), abbreviated as PPP (PEGPPG-PEG) 5.8K containing 70 wt% hydrophobic PPG. We compared the chemotactic shifts of Rh6G in
0.3 wt% hydrophilic PEG 6K and hydrophobic PPP 5.8K in a microchannel (Appendix Table B-3a). We
did not measure any significant chemotaxis with PEG6K gradients at the side channels (Figure 5-2E), which
was much larger in the case of PPP 5.8K gradients (Figure 5-2F) due to enhanced hydrophobic interaction
between the hydrophobic dye and the polymer. This differential chemotactic behavior was more evident
when PEG 6K and PPP 5.8K were used in the two sides of the same microchannel (Figure 5-2F). Total
chemotactic shift of 20.1±3.3 µm was obtained in the PPP 5.8K side channel and no such shift was observed
in the PEG 6K side channel. Additionally, hydrophobicity enhanced chemotaxis was used to identify
methylated molecules (Appendix Table B-3b) and was correlated to the degree of methylation of a
particular molecule (Appendix Table B-3c). Increasing salt concentration in the buffer enhanced the
chemotactic shifts. The highest effect was observed when 1 mM KCl was used instead of just DI water
(Appendix Table B-3d). This phenomenon is akin to enhancing hydrophobic interaction by partially
depleting the water layer adjacent to the polymer molecule by reducing both electrostatic and van der Waals
interactions between water and polymer molecules due to salt addition.25
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Figure 5-2. Modulation of Rh6G chemotaxis with different polymers, polymer molecular weights, concentrations (wt%) and
solvents. (A) Normalized average intensity vs distance plot across the microfluidic channel shows larger chemotactic shift in
presence of Ficoll 400K and generation of “horns” (red curve) due to higher concentration gradients. (B) The chemotactic shifts
increase due to increase in polysucrose molecular weights at 5 wt% concentration. (C) The chemotactic shifts increase in the case
of 0.3 wt% PEG gradients until 20K molecular weight and decrease thereafter primarily due to increase in viscosity. (D)
Chemotactic shift increases linearly with increasing PEO 200K concentration between 0 - 0.5 wt%. Negligible chemotactic shift
(intensity shift) of Rh6G at 0.3 wt% hydrophilic PEG 6K gradients (E), large chemotactic shift of the same dye under similar
operating conditions at 0.3 wt% hydrophobic PPP 5.8K gradients (F) and chemotactic shift enhancement in case of hydrophobic
polymer (PPP 5.8K) as compared to hydrophilic polymer (PEG 6K) (G). (H) Chemotactic shift in presence of 5 wt% Ficoll 400K
gradients ceases in DMSO solvent due to enhanced solvation.

Interestingly, we found that solvent is a prime mediator and is required for successful chemotaxis.
Changing the solvent from DI water (with 1 mM KCl) to DMSO (no salt) significantly suppressed the

109
chemotactic shift of Rh6G in 5 wt% Ficoll 400K gradients (Figure 5-2H). This is in accordance with Cram’s
preorganization principle that low solvation is necessary prior to binding.2 The dipole moment of DMSO is
3.9 D compared to 1.8 D of water.26 Therefore, strong solvation of methylated Rh6G by methylated DMSO
prevents interaction with more hydrophilic Ficoll, which leads to chemotactic suppression. Surprisingly,
addition of 1 mM LiCl to DMSO could enable the chemotactic shift, but instead of spreading, it resulted in
focusing (Appendix Table B-3e). Such negative chemotaxis might be attributed to the exclusion of strongly
hydrophobic and solvated dye from more hydrophilic Ficoll due to salt addition. Overall, the same dye can
be propelled in either direction dictated by the solvent.

Figure 5-3. Chemotactic shifts of different xanthene dyes is correlated to hydrophobic and charge-dipole interactions through
Chemotaxis Index (C.I.). (A) Chemotactic shift decreases with decreasing C.I. in 5 wt% Ficoll 400K gradients due to loss of
hydrophobic attraction and increasing charge-dipole repulsion with the highly oxygenated polymer. AF 488 (C.I. = -3) shows
negative chemotactic shift due to large charge-dipole repulsion with the polymer. (B) Chemotactic shift rapidly decreases with
decreasing C.I. in hydrophobic 0.3 wt% PPP 5.8K gradients owing to rapid decrease in hydrophobic attraction due to structural
changes of the dye. AF 488 does not show larger chemotaxis due to relatively smaller charge-dipole repulsion with lower
concentration of the hydrophobic polymer. (C) General structure of xanthene dyes and the corresponding C.I. Note that C.I. = (#
of alkyl groups) + (# of +ve charges) – (# -ve charges) on the dye.

Several xanthene dyes were investigated for chemotaxis with 5 wt% Ficoll 400K and 0.3 wt% PPP
5.8K gradients (Figure 5-3A – 5-3B and Appendix Table B-4a – B-4b). We presented the chemotactic shift
data correlated to an empirical chemotaxis index (C.I.). C.I. is defined from the structure of the dye and is
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simply the addition of the number of alkyl groups and the number of positive charges on the dye, minus the
number of negative charges (Figure 5-3C). Therefore, C.I. represents structure-property behavior of the
dye, which corresponds to hydrophobic and charge-dipole interactions, irrespective of its diffusion
coefficient. Additionally, the number of oxygen atoms on the dye or polymer was not considered. In spite
of these simplifying assumptions, chemotaxis of xanthene dyes can be correlated with a decreasing trend
according to decreasing C.I. for the same polymer system (Figure 5-3A – 5-3B). Interestingly, we observed
significant negative chemotactic shift of Alexa Fluor 488 (AF 488, C.I. = -3) in highly oxygenated Ficoll
400K, but almost no chemotactic shift in PPP 5.8K, possibly due to reduced charge-dipole repulsion in the
latter case. Furthermore, higher viscosity effect in case of Ficoll 400K at the side channels might cause
hydrodynamic focusing of less interacting AF488 dye in the mid channel. Larger dye molecules with more
complicated structure, such as ATTO 647N (estimated C.I. = 7), require the decrease in dye diffusion coefficient (~26% w.r.t. Rh6G) to explain the observed decrease in chemotactic shift (~28% w.r.t. Rh6G in
0.3 wt% PPP 5.8K). In other words, the C.I. has to be normalized with diffusion coefficients of different
dyes in order to incorporate the effect of dye diffusion co-efficient on chemotaxis. Additionally, diffusivity
measurements with Fluorescence Correlation Spectroscopy (FCS) showed that dye with higher C.I. (eg.
Rh6G) manifested higher positive deviation from Stokes-Einstein diffusion coefficient in hydrophilic Ficoll
400K than dye with smaller C.I. (eg. RhG) (Appendix Table B-5a – B-5c). This phenomenon was confirmed
in our microfluidic experiments as well. Therefore, the nature of polymer-dye interactions affect the
diffusion co-efficient of dye molecules.
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Figure 5-4. Modeling of chemotactic shifts of Rh6G using binding-unbinding theory for Rh6G-Ficoll system agrees with the
experimental results. (A) Schematic of the geometry of the 3-channel microfluidic system and associated flow patterns using
COMSOL. The injected 50 μM dye flows in through the mid channel and the polymers enter from the side channels at 50 μL/h. The
optical scan is performed near the end of the channel. (B) The bell-shaped concentration profile illustrates only Fickian diffusion
of the dye in the control case. (C) “Table”-like concentration profile results from dye spreading to the side channels due to Ficoll
70K gradients. Monomer normalized binding-unbinding equilibrium constant (Km) is 0.560.07 lit/mol for Rh6G-Ficoll 70K
system. (D) “Horns” appear in the concentration profile due to enhanced spreading of the dye caused by larger gradients imposed
by Ficoll 400K. Monomer normalized binding-unbinding equilibrium constant (Km) is 0.550.08 lit/mol for Rh6G-Ficoll 400K
system. The blue dots represent experimental data and the red curve represents modeling.

The system was modeled using spatio-temporal diffusion equation across the channel in COMSOL
Multiphysics (Figure 5-4A). The flux of the dye (JD ) in presence of polymer was modeled incorporating
cross-diffusion co-efficient of Rh6G in Ficoll (DXD) as followsJD = −DD ∇CD − DXD ∇CP

(5-3)

Where DD and ∇CD are the diffusion coefficients and concentration gradient of Rh6G. We obtained good
agreement between experimental data and theoretical model as shown in Figures 4B-D. Furthermore, we
calculated negative values of DXD for both Ficoll 70K and 400K cases (Appendix Table B-6), which
indicates attractive interaction between Rh6G dye and Ficoll. Interestingly, we obtained similar values of
cross diffusion co-efficients for both Ficoll 70K and 400K, when normalized on the basis of number of
monomeric sucrose units. Additionally, estimated Km ~ 0.55 lit mol-1 monomer-1 for both Ficoll 70K and
400K. These similar values further corroborates our hypothesis of monomer dependency of chemotaxis.
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For Rh6G dye and PPP 5.8K polymer, we found K m ~ 7.71±0.24 lit mol-1 monomer-1 , >10 times higher
than Ficoll, which explains that even at very low wt% (0.3%) PPP 5.8K is able to cause considerable
chemotaxis of Rh6G because of strong hydrophobic interaction when compared to 5 wt% Ficoll 400K.

As a preliminary application of dye chemotaxis, we developed a basic optochemical field
programmable logic gate array (FPGA) with our microfluidic channel. By optochemical FPGA, we define
different logic operations which can be obtained by user defined designs in terms of placement and
concentrations of polymer in the channels as well as ways of accessing the output using user set conditions.
Although one input NOT gate or two input NAND or NOR gates can be easily realized using the 3-inlet
microchannel, here we particularly explained design of an optochemical half adder where both AND and
XOR gates can be implemented together (Figure 5-5A). We defined the presence of polymer (Ficoll 400K)
as input “1” and absence of polymer as input “0”, with equal concentrations of dye (50 µM) flowing in all
the channels (Figure 5-5B). We then defined the sum (S) of the half adder output as the modulus of the
intensity slope and the carry (C) of the half adder output as the modulus of intensity magnitude. The Boolean
condition table is user defined with parameters set to extract the output from intensity scans (normalized)
at the end of the channel. The conditions were set such that rapid evaluation of S and C could be made by
scanning at 100 and 200 µm to estimate S and scanning at 150 µm to estimate C (Figure 5-5C). The
complete half adder truth table is evaluated based on such scans with the user defined parameters and is
listed in Figure 5-5D with corresponding color codes. The advantage of this dye chemotaxis driven
microfluidic logic circuit is its flexibility and programmable nature which allows different logic operations.
For example, a NOR gate can be defined based on optical scans at 150 µm and 250 µm with outputs 0 and
1 as higher and lower slopes of intensity by magnitude, respectively. Additionally, the current design is
advantageous over previous reports of chemical half adders where expensive enzymes and
oligonucleotides,27 multiple lasers and complex setup28 or proprietary dyes, high energy lasers and
photochemical reactions29 were used.
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Figure 5-5. Application of chemotaxis in developing optochemical half-adder circuits with features of field programmable gate
arrays. (A) Schematic of the half-adder logic circuit at the mid channel using dye chemotaxis. Two inputs (A and B) are fed through
the side channels and the outputs (S and C) are scanned at the end of the channel. Note that the dye enters in all the channels at
equal concentration. (B) Presence of polymer is defined as input “1” and absence of polymer is defined as input “0”. The output
S is defined from the magnitude of slope of normalized intensity and the output C is defined from the magnitude of normalized
intensity at the mid channel as listed in the Boolean condition table. (C) Normalized intensity profile of the half-adder at different
input values (eg. 0-0, 1-0, 0-1 and 1-1). The outputs can be taken as 2 point scans at 150 μm and 200 μm distance from the top
channel. (D) Construction of complete half adder truth table from the optical point scans.

5.3 Conclusions
In summary, we reported the phenomenon of molecular chemotaxis of dye due to hydrophobic and
charge-dipole interactions in polymer gradients. Starting with Rh6G dye and Ficoll polymer in a
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microfluidic channel, we unraveled the molecular and thermodynamic underpinning of this surprising
phenomenon. Rh6G molecules move towards higher concentration of polymers to lower its chemical
potential in both microfluidic and dialysis experiments. The chemotactic shift of the dye is dependent on
the nature of the polymer, size and concentration gradient of the polymer, and the nature of the solvent. Our
experiments show that the monomeric unit of the polymer is the crux of the chemotaxis phenomena and
affects the binding-unbinding equilibrium constant. On the other hand, the solvent is another important
mediator and can selectively promote or suppress chemotaxis. The structure-property of different dyes that
undergo chemotaxis was correlated to C.I, which explains the relative contributions of hydrophobic
attraction and charge-dipole repulsion. We anticipate that in nature not only dyes, but several other
molecules might chemotax depending on the interaction and chemical potential. This principle might aid in
designing powerful drugs for selective delivery and in developing interaction or chemical potential driven
separation of closely related molecules. Furthermore, new insights could be developed in cooperative
protein folding based on the interaction driven movement between different segments of peptide chain as
well as the coevolution of amino acids based on the chemotaxis mechanism.30 Finally, optochemical logic
circuits based on dye chemotaxis might be advantageous in specific applications, such as in actuation and
as feedback controllers. For example, chemotactic flow meters can be implemented based on different
extent of intensity changes of dye with change in liquid flow rates. However, the practical potential of
programmable logic gates is yet to be realized.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions
In this dissertation, the primary emphasis was to present the mechanism and modulation of particle
and molecular movement in artificial and natural chemical potential gradients. Engineering the chemical
potential gradients present in manmade artificial processes, naturally existing concentration gradients as
well as externally imposed concentration gradients hold great promise to solve challenges in water
treatment, cancer diagnosis, solar energy harvesting as well as drug delivery and communication. The other
important insight that has been generated is the role of thermodynamics which controls all the nonequilibrium processes discussed in this thesis through chemical potential and all equilibrium processes
through osmotic pressure. Additionally, complex fabrication method was avoided in most cases and only
commercially available materials were used to impart reproducibility and ease of application. The only
fabrication method that this thesis contains is bottom-up modification of RO/ NF membranes to enable
surface catalytic reactions. This is necessary to induce in situ bubble generation in order to activate
micromixing and eliminate fouling and concentration polarization. The modification technique used is also
scalable, inexpensive and allows many different nanoparticles to form on the membrane surface. Therefore,
the versatility of such fabrication method can allow other applications, for example environmental pollutant
degradation (eg. bisphenol A) using catalytic membrane route. Overall, this thesis explored ways to explain
concentration gradient driven phenomena and engineered these to tune to particular applications. A list of
ideas and future work generated in this thesis is presented below.
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6.2 Chemotactic force generation in Actin polymerization
Actin polymerization is essential for force generation and cell motility. It is known that the
monomeric G-actin (defined as Actin) can bind to either ATP (adenosine tri-phosphate) or ADP (adenosine
di-phosphate) to generate ATP-Actin or ADP-Actin1. After chain polymerization reaches equilibrium, the
unassembled monomeric Actin concentration in equilibrium is known as critical concentration (C critical)
which is instrumental in deciding the maximum thermodynamic force generation per monomer addition to
the chain (FBinding ~ 5 pN given CActin ~ 500 µM, dActin ~ 5 nm and T ~310 K). In other words, Ccritical ~ Kd ~
K-/ K+, where Kd is the equilibrium dissociation constant of polymerization (defined as binding in Figure
6-1), K- is the dissociation rate and K+ is the association rate of the Actin monomer to the polymeric chain.
Under typical cellular environment, Ccritical for ATP-Actin is ~ 0.1 µM and Ccritical for ADP-Actin is ~ 0.8
µM2. The Gibbs free energy of binding (∆GB = ∆Gelec + γ ∆A + ∆G0 ) was defined as addition of Gibbs
free energy due to electrostatic interaction (∆Gelec ), free energy change due to change in surface area (γ ∆A)
because of hydrophobic interaction and removal of water molecule from the binding region and finally
accounting for loss of entropy of the ADP-Actin or ATP-Actin protein (∆G0 ) due to binding3. As always,
the thermodynamics of the process is coupled to the kinetics of the process by the following simple relation
at equilibrium: ∆GB = RT ln K d . Where R is the universal gas constant and T is the temperature in K.
Therefore, we can conclude that ∆GB ATP−Actin < ∆GB ADP−Actin which would result in larger chemotactic
potential of binding (∆μBinding ) of ATP-Actin than ADP-Actin. Following this, we can hypothesize that
larger chemotactic shifts of ATP-Actin is responsible for the rapid polymerization of actin filaments. This
might answer the fundamental question that how cells can selectively choose ATP-Actin monomers to
elongate the polymer chain out of significant concentration of ADP-Actin monomers1.
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Figure 6-1: Schematic of Actin polymerization-depolymerization based on chemotaxis hypothesis. The binding force is higher for
larger chemotaxing ATP-Actin monomer than lesser chemotaxing ADP-Actin monomer. The polymerizing end of the chain (barbed
end) selects ATP-Actin in order to elongate the chain and to generate significant force due to larger chemotactic shifts of ATPActin.

6.3 Chemotactic level controller/ flow meter with potential extension to temperature sensor
Chemotactic level controller and flow meter are designed based on the sensitivity of chemotaxis in
microchannel w.r.t. residence time of the flow (Figure 6-2). Chemotaxis depends on the flowrate in the
microchannel- higher the flowrate, lower the residence time or diffusion time of the dye at the same
scanning spot across the microchannel. This leads to smaller intensity peaks. Conversely, at lower flow
rates and higher residence times, the diffusion of the dye to the mid channel will be sufficient to cause
intensity profiles with higher peaks. Note that the flow rate in case of a filling tank is correlated to its height
and hydrostatic pressure. Therefore, a prior calibration with different flow rates/ pressures/ heights can be
used to read mid channel intensities. This calibration can be compared with actual measured intensity during
a tank filling process. If the measured intensity (I) corresponds to the set height (hset), then an actuator can
be activated to close the inlet valve. In addition to this, provision for interactive user input can be kept in
the next microchannel arranged in series. When I ~ hset is measured, the user can choose whether to open
the outlet valve. Upon activating this option with a switch, a small pump can start the flow of dye from two
side channels, resulting in larger intensities in the mid channel due to dye chemotaxis from the side
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channels. Note in the mid channel, dye-polymer mixture from the previous microchannel is used.
Subsequently, higher intensity in the mid channel can actuate the opening of the outlet valve.
Change in chemotactic shifts at different temperatures might pave the way to use the
aforementioned setup as a temperature detector/controller. Additionally, studying only chemotactic shifts
at several different temperatures can underpin K m = Km (T) relationship and relative strength of different
interactions. For example, temperature dependency of hydrophobic interaction4 is expected to surpass
Coulombic charge-dipole type interactions and van der Waals interaction5. However, all these interactions
would increase at higher temperatures leading to increase in K m and larger chemotactic shifts. On the other
hand, if hydrogen bonding prevails, the interaction would decrease. Note that at higher temperatures,
diffusion co-efficient of the dye would increase and thereby, chemotaxis would be positively affected from
this diffusion contribution. A more accurate correlation of equilibrium binding constant than the linear van’t
Hoff type equation with temperature is given below5ln

Km (T)
Km (T0 )

1

1

∆U

= (T − T ) k
0

B

(1)

Where T0 is the reference temperature, k B is Boltzmann’s conatnt and ∆U = H/NA is defined as the depth
of the potential well or enthalpy of binding reaction.
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Figure 6-2: Conceptual design schematic and execution of chemotactic level controller. The pressure at the bottom of the tank is
used to drive the pistons which provide fluid flow in the microchannel. A laser scanner and detector senses the intensity (I) in the
mid channel and reads the flowrate/ pressure (P) / height of the liquid in the tank (h) by reading a standard calibration chart.
When the set height (hset) equals the measured intensity, the inlet valve can be closed. A second layer of control to open the outlet
valve can be kept in series with the previous microchannel, taking input from the user.

6.4 Chemotactic separation/ extraction of molecules
Chemotactic separation of two closely related molecules can be achieved using particular polymer
gradients where one of the molecules does not show chemotaxis behavior. Following this principle, Rh6G
can be separated from Fluorescein at the side channels based on larger chemotactic shift of the former in
presence of 0.3 wt% PPP 5.8K gradients. ~63% recovery of the chemotactically active Rh6G is achieved
at the side channels in a single pass (Figure 6-3A). The novelty of this separation is that no external electric
field or chromatographic column was employed.

Similarly, it would be possible to extract one of the chiral molecules depending on its differential
interaction with the polymer, from its respective racemic mixture. According to the scheme presented in
Figure 6-3B, the racemic mixture can be flowed at a slow rate through a microdialysis tube immersed in a
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particular polymer solution in a small volume chamber. Partial extraction of chemotactically more active
molecule is then possible in the small chamber, given the concentration gradients of the polymer is
generated through the wall of the microdialysis hollow fiber. In this way important pharmaceutical
compounds such as methadone, verapamil etc. can be enriched/ extracted using different extent of
chemotactic activities of respective chiral molecules. For example, S-(-)-verapamil is active as a
cardiovascular medicine and R-(+)-verapamil is active in cancer chemotherapy6. Therefore, using the later
molecule in the former application should be avoided. Initially, as a proof-of-concept, extraction of S-(+)Ibuprofen from an equimolar mixture of S-(+)-Ibuprofen and R-(-)-Ibuprofen could be performed to test
the efficacy of the process. This extraction or enrichment process would be limited by the solubility of
Ibuprofen in water (~ 1 mM at 25ºC), the differential binding constant (difference between the binding
constants of chiral molecules) of the polymer and also by microdialysis membrane parameters.
A

B

Figure 6-3: Separation and extraction of closely related and similar molecules using chemotaxis in polymer gradients.(A)
Extraction of red Rh6G dye at the side channels of a microfluidic setup from a mixture of Rh6G and green Fluorescein dye using
0.3 wt% PPP 5.8K gradients. (B) Schematic outline of the extraction of a chiral molecule from the respective racemic mixture
using polymer induced chemotaxis.
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6.5 Preliminary screening test for cancer
With the advent of next generation sequencing (NGS) techniques along with advances in liquid
biopsy, cancer diagnosis at an early stage is getting possible now-a-days. Cancerous DNA fragments are
shredded in the blood stream, urine, stool and other bodily excretions. Such circulating tumor DNAs
(ctDNAs) are the primary biomarkers for liquid biopsy and other NGS techniques. ctDNAs can be 180-300
bp (base pairs) long and heavily methylated7,8. The methylation pattern is the hallmark of different cancers
and several NGS techniques have been developed to perform genome wide methylome analysis, such as
bisulfite sequencing. However, genome wide bisulfite sequencing is time consuming, costly and most of
the reads (70-80%) provide no information on carcinogenesis. In one of the cheaper NGS methods, specific
antibody coated on a magnetic bead is used to capture 5-methyl cytosines (5-mc) which are the typical
methylation spots of ‘CpG islands’, the core target sequence of DNA methylation. These beads are then
separated from nonmethylated DNA, followed by DNA extraction and NGS processing to yield methylation
profile at 150-200 bp resolution. A similar ELISA based method where anti-5-mc monoclonal antibody is
used to conjugate with methylated DNA fragments and subsequently, the global methylation is read using
a fluorescence plate reader, is also time consuming, not accessible to common healthcare professionals and
certainly not cheaper. Additionally, these work flows cannot be employed in remote or poorer regions.
I propose persistence length based DNA screening and detection using colloidal droplet
evaporation technique which is simpler in terms of work flow, quicker, cheaper and at the same time can
be accessed by health professionals anywhere, irrespective of the geographical landscape or economic
scenario. The core concept of the proposed method is different extent of methylated CpGs in the DNA,
which can alter the persistence length of the chain and will be manifested in the depletion interaction
between colloidal particles in an environment of such altered chains, resulting in different patterns or
particle distributions. In order to demonstrate that this idea works, we experimented with a commercially
available cancer DNA (Jurkat genomic DNA) and compared the results with different set of control DNAs.
Jurkat DNA is derived from human acute T-cell leukemia cells (clone E6.1) grown under controlled
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conditions. Note that in leukemia, particularly in aforementioned acute lymphocytic leukemia (ALL),
multiple promoter CpG islands can be methylated9.
A

B

Figure 6-4: Detection of cancerous Jurkat DNA by reading and comparing the mean gray values at the outer band of 3 µL
evaporated colloidal droplet with 2 µm cPSL particles, 15 µg/ml DNA and 3 mM KHP. (A) Jurkat DNA showed intermediate
methylation compared to nonmethylated and hypermethylated (near complete methylation) cases. (B) Jurkat DNA showed patterns
comparable to DNA methylation of CpG islands i.e. 98% CpG methylated Jurkat DNA (middlde). Normal DNA demonstrated less
CpG methylation and intense outer ring formation (inset).

Our experiments showed that Jurkat DNA was moderately methylated, in between a completely
nonmethylated and hypermethylated DNA (Figure 6-4A). This is reasonable given the fact that methylated
DNAs are stiffer and are having larger persistence lengths which induce less depletion force between
colloidal particles at the outer band of the evaporating droplet. Additionally, from reading the normalized
gray value at the outer ring, we found that Jurkat DNA indeed showed CpG methylation comparable to
enzymatically CpG methylated Jurkat DNA (Figure 6-4B). We also tested normal human DNA in this
regard and found that the Jurkat DNA is more hypermethylated10. The next step would be to study the
sensitivity of the process along with building a library of patterns with different cancer DNAs. If future
experiments are successful, this technique would be a simple yet valuable addition to the liquid biopsy
toolbox.
6.6 Detection of H2O2/ HCl concentrations at ppm level
Micromolar concentrations of ions, locally produced in reaction, perturbs the evaporative
diffusiophoresis to significant extent (Figure 6-5A) which opens up several new applications, ranging from
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particle dispersion (Figure 6-5B) to analyte sensing (Figure 6-5C and 6-5D). In presence of ppm level of
H2O2 on Cu surface, slowest moving Cu+2 ions can generate an additional perpendicular electric field which
brings sPSL particles diffusiophoretically near the surface and also binds them to the surface due to stronger
inter-particle attractions. This method of H2O2 concentration measurement might be advantageous in terms
of ease of analysis and cost, over currently practiced expensive enzymatic assays involving fluorescence.

Figure 6-5: Concentration sensing using in situ ion generation induced evaporative diffusiophoresis. (A) Schematic of analyte
(H2O2) induced ion generation on Cu surface and subsequent development of a perpendicular electric field (due to slow-moving
Cu+2 ions) which diffusiophoretically moves the negatively charged particles towards the surface. (B) Coffee ring formation on Cu
surface after evaporation of 3 L drops of 4.0 μm sPSL in DI water with  = 7.5 × 10−4 and mitigation of such coffee rings and
more uniform particle dispersion with 1000 ppm H2O2 addition. The inset images show peripheral banding and internal particle
distribution in each case. (C) Coffee ring thickness decreases linearly with H2O2 concentration between 0-30 ppm and nonlinearly
thereafter, under similar particle concentration as in (B). (D) Coffee ring thickness decreases non-linearly with HCl concentration
between 0-100 ppm. The inset shows thicker and compact coffee ring in DI water due to weaker attractions between particles and
thinner and fluffy ring at 100 ppm HCl solution due to stronger inter-particle attractions. The error bars are standard deviations
over at least three independent experiments. All the scale bars are 110 m.
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Appendix A
Supplemental Information for Chapter 4

A.1 Abbreviations

1-butyl-3-methylimidazolium chloride, [Bmim]Cl; potassium hydrogen phthalate, KHP; potassium
benzoate, PB; sulfated polystyrene latex, sPSL; carboxyl modified polystyrene latex, cPSL; amine modified
polystyrene sulfate latex, aPSL.
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Table A-1. Coffee ring number parameters of salt-particle-substrate systems
Salt system

β

Particle

𝛇𝐩 (mV)

Type

𝛇𝐰 (mV)

CR

(glass
coverslip)

2 mM NaCl

-0.208

4 μm sPSL

-89.0

-63.2

+0.0407

2 mM [Bmim]Cl

-0.988

4 μm sPSL

-58.1

-55.4

+0.0211

2 mM KCl

-0.017

4 μm sPSL

-90.5

-61.1

+0.0035

2 mM KIO3

+0.298 4 μm sPSL

-84.7

-63.1

-0.0502

2 mM KH2PO4

+0.397 4 μm sPSL

-76.0

-47.5

-0.0883

2 mM PB

+0.466 4 μm sPSL

-89.9

-60.1

-0.1070

2 mM KHP

+0.654 4 μm sPSL

-79.4

-56.0

-0.1245

5 mM KHP

+0.654 4 μm sPSL

-76.9

-34.7

-0.2170

(glass surface)
5 mM KHP

+0.654 4 μm sPSL

-79.4

-30.0a

-0.2630

(Cu surface)
2 mM NaClb

-0.208

0.1 μm aPSL

+55.1

-54.0

-0.1785

2 mM KHPb

+0.654 0.1 μm aPSL

+39.4

-32.5

+0.3692

2 mM NaCl

-0.208

0.1 μm cPSL

-70.0

-63.2

+0.0112

2 mM KHP

+0.654 0.1 μm cPSL

-66.3

-56.0

-0.0530

2 mM NaCl

-0.208

1 μm aPSLc

+35.7

-54.0

-0.1467

2 mM NaCl

-0.208

1 μm cPSLc

-85.3

-54.0

+0.0512

2 mM KHP

+0.654 1 μm aPSLc

+27.7

-32.5

+0.3091

2 mM KHP

+0.654 1 μm cPSLc

-63.8

-32.5

-0.1607

5 mM KHP

+0.654 1 μm aPSLc

+23.5

-27.2

+0.2601

5 mM KHP

+0.654 1 μm cPSLc

-70.9

-27.2

-0.2246
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3 mM KHP

+0.654 2 μm cPSL

-18.0

-42.1

+0.1237

5 mM KHP

+0.654 MWCNT

-40.4

-10.5

-0.154

(ITO surface)
-31.5

-0.046

(PET surface)
All zeta potential measurements were performed at 298 K at 2 mM for each salt dissolved in DI
water (pH  5.8). The particle zeta potential was measured using disposable cuvettes (DTS1061) in a
Zetasizer Nano ZS90 (Malvern, MA, model ZEN3690) and the glass microcoverslip zeta potential was
measured using a clamping cell in SurPASS (Anton Parr, VA). 1.0 μm positively charged aPSL particle
suspensions (same concentration as used in experiments) were incubated for ~ 3 h with glass
microcoverslips under slow shaking and washed repeatedly with DI water and thereafter, dried, before
performing the zeta potential measurements.
a

The wall zeta potential (ζw) was based on Cu particles.1

b

In order to estimate the CR number, wall zeta potential (ζw) was assumed same as with 1.0 µm

aPSL-incubated microcoverslip.
c

cPSL and aPSL particles were used as a mixture.
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A.2 Modeling of diffusiophoresis in evaporating saline droplets with colloidal suspension
A.2.1 Dimensionless terms
We have defined a dimensionless concentration, Cdli, a dimensionless radial distance from center,
η, a dimensionless height from substrate surface, δ, and a dimensionless time  as
Cdli= Ci/C0, η= r/R, δ = z/h and  = t/te
Where Ci is the concentration of i-th solute and C0 was the initial solute (salt) concentration in the
droplet, r/R is the ratio of radial distance from center to droplet radius, h is local droplet height, and t e is the
time for complete evaporation. For our systems, te was 10-30 min, depending on droplet size.

Figure A-1. Schematic of a contact line pinned saline droplet with colloidal particles on a glass substrate. The modeling was
developed in cylindrical co-ordinates with z and r dimensions. The characteristic length of the sysetm was the droplet radius, R.
The particle velocity was considered at a height z = particle radius (a) from the substrate surface during modeling of experimental
values.

A.2.2 Assumptions
1. The colloidal particle velocity was modeled using a combined electrokinetic and creeping flow
hydrodynamic approach. With the assumption of Ci=Ci(r) only, i.e. neglecting salt concentration variation
along z direction, we simplified the overall modeling.
2. The estimated Peclet number of the ions (Pe ~ u R⁄Dsalt ) was of the order of 0.1, ~100 m from
the droplet edges and even smaller in the interior at ~ 60% of evaporation time. We therefore decoupled
particle diffusiophoresis from capillary convection for analytical simplicity, and later superimposed them
to estimate the total velocity.
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3. Marangoni effects in our system were not considered. Solution surface tension increases only
~3% for 1 M NaCl, and in our systems we start from 100-1000 times lower than this concentration.2 Most
of the diffusiophoresis occurs before the salt concentration approaches anywhere close to 1 M. Importantly,
when we changed the sign of the particle surface charge at the same initial salt concentration, the reverse
pattern formation occurred, indicating that electrokinetics, rather than Marangoni convection, was the
dominant effect.
4. The viscosity of the evaporating droplet was assumed to be constant at 0.89 cP at 25˚C. Since
the solution viscosity can increase to ~0.96 cp at 1 M NaCl concentration,3 the variation is ~8%, and since
our systems started well below 1 M, the viscosity increase was neglected.
5. The thin film approximation (lubrication approximation) was intrinsic in our modeled system.
Therefore, we calculated particle speeds at sufficiently larger time (τ ~ 0.5) after initiation of evaporation,
when h/R<<1. Moreover, for such an approximation it is reasonable to assume negligible temperature
heterogeneity in the system.

A.2.3 Concentration profile using electrokinetics
The Nernst-Plank flux equation for salt flux can be written as

ji = −Di ∇Ci + uCi +

Di zi e
Ci E
kT

(1)

Where u represents the convective velocity in the system and E is the salt diffusion-induced internal
electric field along the r direction, given by
βkT ∇Cdli
Cdli

E = ZeR

(2)

After rearranging equation (1) and neglecting the convective term, since for the salt, Pe ~ u R/ D i
<< 1, we obtain
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ji = −

Di C0 ∂Cdli
R
∂η

+

Di C0 zi e
Cdli E
kT

(3)

The species conservation equation for the i-th solute component can be written as∂Ci
∂t

+ ∇. ji = 0

(4)

The dimensionless form of equation (4) is then
∂Cdli
∂τ

t

1 1 ∂
1 ∂ji
(η ji ) +
]
η
∂η
h
∂δ
0

+ Ce [R

(I)
Term (I) can be expanded as

𝟏 𝐣𝐢
[
𝐑 𝛈

+

=0

(5)

(II)

𝛛𝐣𝐢
]. Following equation (5), the terms ji/η and 𝛛𝐣𝐢 ⁄𝛛𝛈 can be simplified
𝛛𝛈

and rewritten as-

ji
η
∂ji
∂η

=
=

Di C0
(β −
R
Di C0
(β −
R

∂Cdli
η ∂η

(6)

∂2 Cdli
∂η2

(7)

1)

1)

Term (II) can be expanded and simplified as follows1 ∂ji
h ∂δ

1
h

= [−

Di C0 ∂ ∂Cdli
Dze
∂
(
) + i i C0 (Cdli E)]
R ∂δ ∂η
kT
∂δ

(III)

(IV)

(8)
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Term (III) can be neglected as −

𝐃𝐢 𝐂𝟎 𝛛 𝛛𝐂𝐝𝐥𝐢
(
)
𝐑 𝛛𝛈 𝛛𝛅

~ 0, since, Cdli=Cdli(η). On the other hand, the E field can be

rewritten in dimensionless form as

𝐄=

𝛃𝐤𝐓 𝛛𝐥𝐧𝐂𝐝𝐥𝐢
𝐙𝐞𝐑 𝛛𝛈

= 𝐄(𝛈)

(9)

Therefore, term (IV) can be expanded and simplified based on equation (9) as follows:

Di z i e
∂
C0 ∂δ (Cdli E)
kT

=

Di zi e
𝜕𝐶
C0 [E 𝜕𝛿𝑑𝑙𝑖
kT

𝜕𝐸

+ 𝐶𝑑𝑙𝑖 𝜕𝛿 ] ≈ 0
0

(10)
0

After rearranging equation (5), we found that a dimensionless number (inverse Peclet number for
saline droplet evaporation, PeR =

βDi te
R2

=t

te

, where t D is the time scale of solute diffusion: R2/Di)

D /β

appeared naturally in the spatio-temporal concentration profile equation of an evaporating droplet:
∂Cdli
∂τ

+ (PeR −

te
∂2 Cdli
)
[
tD
∂η2

1 ∂Cdli
]
∂η

+η

=0

(11)

This equation can be solved with the following initial condition and two boundary conditions:
Cdli (η, τ = 0) = 1

(12)

∂Cdli
(η
∂η

(13)

= 0, τ) = 0
1

Cdli (η = 1, τ) = (1−τ) ek⁄(1−τ)

(14)
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Equation (13) followed from symmetric considerations. Equation (14) results from a mass balance
at the edge of the droplet. The details are shown in the droplet boundary condition section. We estimated k
~ 0.05 for a typical droplet.
PeR represents the ratio of the evaporation time to the “powered diffusion time” (t D /β). Therefore,
the smaller the powered diffusion time due to larger β, the higher the PeR number. The negative values of
such powered diffusion can be interpreted as promoting outward convection (e.g., NaCl), and positive
values can be defined as hindering convection (e.g., KHP). It is important to mention that concentration
gradients will exist in the droplet system until complete evaporation is achieved, since t D ~R2/Dsalt ~ 4000
s > te (~1000 s). Therefore, diffusiophoresis is expected to remain active throughout the droplet evaporation.
Additionally, if β = 1 for a particular solute system, PeR =

te
tD

and Cdli would remain constant in the droplet,

ceasing diffusiophoresis.

A.2.4 Fluid velocity profile combining low Re hydrodynamics and electrokinetics
Since measured velocities in an evaporating droplet was low, we can write the Navier-Stokes
equation along z-direction in the low Re number regime as
ηf

∂2 u
∂z2

−

dp
dr

=0

(15)

Where ηf defines fluid viscosity, u represents the convective fluid velocity and dP⁄dr is the
pressure gradient.
After rearranging equation (15) and defining m = dP⁄dr, we obtained:
∂2 u
m
−
∂z2
ηf

=0

(16)

Equation (16) can be solved using the following boundary conditions:
u (z = 0, t, r) = 0

(17)

du
(z
dz

(18)

= h, t, r) = 0
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Equation (17) results from no slip boundary condition at the wall and equation (18) follows from
no shear stress at the liquid-air interface.4 Solving equation (16) and simplifying further, we can obtain the
following expression for um z2
(
ηf 2

u=

− hz)

(19)

The diffusioosmotic fluid velocity component (vdo) is now added to the capillary convective
equation (19) and thus the final fluid velocity (represented by same “u”) expression is given by the
following equation:
u=

m z2
(
ηf 2

− hz) −

εζw E

(20)

ηf

Where ε denotes the dielectric permittivity of the medium, ζ w is the wall or substrate surface zeta
potential, and E represents the internal spontaneous electric field due to salt gradients. We note that the
diffusioosmotic term (with potential E) is different from the “streaming potential” (Es).5 We have estimated
that the spontaneous electric field responsible for generating diffusioosmotic flow is several orders of
magnitude higher than the streaming potential field (E/Es > 1000 at r = 0.99 R and t = 0.98 te).
The height-average radial velocity of fluid is derived in earlier work of Marin et al. 4 as
follows:
Q

R3
1
( 2 2
e −t) √R −r

u̅(r, t) = rh = 4 r(t

−

R2 −r2
)
R3

(21)

Where, Q is the volumetric liquid flow rate inside droplet due to fluid convection. In order to
estimate the expression m, we equate equation (21) with the definition of height average
h

velocity,1⁄h ∫0 u dz using equation (20) and obtain the following equation:
h m z2

εζw E

f

ηf

1⁄h ∫0 ( η ( 2 − hz) −

R3
1
( 2 2
e −t) √R −r

) dz = 4 r(t

−

R2 −r2
)
R3

(22)

Solving for m and simplifying it further results in the following:
m=−

1
h2
( )
3ηf

R3

[4 r (t

e

(
−t)

1

√R2 −r

−
2

εζw E
R2 −r2
)
+
]
3
R
ηf

(23)
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The final dimensionless expressions of u, h and m used in the modeling are as follows:
u(η, δ, τ) =
h(η, τ) =

m(η,τ)
1
h(η, τ)2 (2 δ2
ηf

8 Dvap−air ΔC

m(η, τ) = −

πρR

1
h2 (η,τ)
(
)
3ηv

− δ) −

εζw E

(24)

ηv

(1 − η2 )(1 − τ)t e

R
1
(
4ηte (1−τ) √1−η2

[

− (1 − η2 )) +

(25)
εζw E
ηv

] (26)

A.2.5 Droplet boundary condition
The concentration boundary condition at the droplet edge can be derived based on a material
balance of the respective solute species present. We assumed a thin concentric section of width ∆R and
height h at the droplet periphery (Figure A-2). We can perform a solute material balance within this
concentric section, where the inlet fluid capillary velocity can be approximated as an average over the small
section and therefore, represented by uavg. The solute concentration at the droplet edge, Ci is estimated from
the following:
Accumulation = in – out
i.e.

d(∆V Ci )
dt

= QCi − Deq A

dCi
dr

(27)

Where, ∆V ~ 2π R ∆R h is the section volume and A ~ 2π ∆R h is the section area for convection
and diffusion. The volumetric fluid flow rate is denoted by Q ~uavg A.
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Figure A-2. Schematic of top and side views of a concentric section at the edge of the droplet. The thickness of the edge section is
∆𝑹 and height is h. In the control volume of thickness ∆𝑹, the accumulation is due to the balance of incoming solute flux caused
by average capillary velocity 𝒖𝒂𝒗𝒈 at height, h = a μm and the outgoing diffusion flux. No salt is escaping from the droplet. The
concentration of solute (Ci) in the thin concentric section (∆𝑹) is assumed to vary only with time.

After de-dimensionalizing equation (27) in t, Ci and r, we can obtain the following form:
∆R

d(h Cdli )
dτ

=

Deq h
R

t e (Pe Cdli −

dCdli
)
dη

0
(28)

We note that the Pe ~ order of 10 and therefore, the diffusion term in equation (28) can be
neglected compared to the convection term. We can further simplify equation (28) by denoting f = hCdli and
rewriting the equation as follows:
df
dτ

=

uavg te
∆R

f

(29)

Equation (29) can be solved with an initial condition: f0 = h0Cdli0 = h0 (since, Cdli0=1). Therefore,
expression of Cdli at the boundary can be obtained after integrating equation (29) which results in the
following form:
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Cdli =

1
ek⁄(1−τ)
(1−τ)

(30)

Here, k is a constant depending on droplet parameters. We estimated k ~ 0.05, assuming h
= 1.0 μm, t e =1000 s and ∆R = 0.05.

A.2.6 Zeta potential estimation
In our modeling approach, we estimated the surface charge density (ρs) of colloidal particles
according to Hunter’s approximation6 valid for large surface potential and thin double layer (κa > 10) as
follows:
Ze ζ p

kT

ρs ≈ εκ (Ze ) [2sinh (

2kT

4

Ze ζ p

) + κa tanh (

4kT

)]

(31)

Where radius of the colloidal particle is ‘a’. Once ρs was estimated, ζ p was back-calculated
following the inverted form of nonlinear Gouy-Chapman surface potential as follows:
ζp ≈

(32)

2kT
ρs
sinh−1 (
)
Ze
2√2εkTCdli C0

For multi-ion cases, such as KHP, we can also estimate ζ p using the flat plate approximation:
ζp ≈

ρs
ε

(33)

1
∑i

2
2Z2
i e C0
εkT

Cdli

A.2.7 Diffusiophoretic velocity of particle
The diffusiophoretic velocity (Udp ) of a particle with a zeta potential ζ p in a symmetric Z:Z
electrolyte is given by7
Udp = η

ϵkT
{β ζ p
vZeR

−

2kT
Ze

Ze

ln [1 − tanh2 (

ζp

4kT

)]}

∇Cdli
Cdli

(34)

Cdli/Cdli can be estimated solving equation (11) and therefore, Udp can be evaluated from equation
(34). To analyze the relative influence of electrophoresis and chemiphoresis, we can rewrite equation (34)
in two separate forms as follows-
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ϵkT

Uelectrophoretic = η Z e R β ζ p
Uchemiphoretic =

∇Cdli
Cdli

ϵkT
2kT
{−
ηZeR
Ze

(35)
Zeζp

ln [1 − tanh2 (

4kT

)]}

∇Cdli
Cdli

(36)

Dividing (35) by (36), we get:

Uelectrophoretic
Uchemiphoretic

=

βζp
2kT
−
Ze

1
Ze

ln[1−tanh2 (

ζp

4kT

(37)
)]

To analyze the relative contributions of electrophoresis and chemiphoresis in diffusiophoresis, we
can define: ζ̅ = ζ p /(−

2kT
);
Ze

where at room temperature, −2kT/Ze ≈ −51.4 mV. Thereby, simplifying

equation (37), we obtain

Uelectrophoretic
Uchemiphoretic

=

βζ̅

(38)

ζ̅
2

ln[1−tanh2 (− )]

With the progression of evaporation, the salt concentration increases and ζ p is suppressed. In the
case of ζ p = -85 mV, ζ̅ = 1.65 and therefore,

Uelectrophoretic
Uchemiphoretic

= 0.55 for NaCl, i.e. chemiphoresis

dominates the diffusiophoretic mechanism. However, due to the radial increment of salt concentration, the
electrophoretic contribution stays more dominant around the outer edges. For PB and KHP, due to higher
β values, electrophoresis dominates on chemiphoresis over the entire droplet. Note that for PB and KHP
(β+ salts), the electrophoretic velocity is opposite to the chemiphoretic velocity component which is always
directed outwards, towards higher salt concentration.
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A.2.8 Concentration profile for multi-ion case: KHP
A multi-ion diffusiophoresis model was used to calculate internal electric field and
concentration profiles of constituent ions of KHP. K+ (zi = 1), H+ (zi = 1) and P2- (phthalate dianion, zi = 2) were the generated ions in solution. The internal spontaneous electric field (E) is given by the following
equation:
∂Cdli

k T ∑i zi Di ∂η
2
i zi Di Cdli

E = eR ∑

(39)

The concentration profiles of such multi-ion case is evaluated from the approach of Chiang and
Velegol8 as follows:
∂Cdli
∂τ

+

Di te
∂2 Cdli
[−
2
R
∂η2

−

1 ∂Cdli
η ∂η

zi Cdli

+ zi

∑i zi Di

1 ∂Cdli
η ∂η

∑i z2i Di Cdli

(∑i z2i Di Cdli )(∑i zi Di

+ zi

∑i zi Di

∂Cdli
∂η

∂Cdli
∑i z2i Di Cdli ∂η

+

∂2 Cdli
∂C
∂C
)−(∑i zi Di dli )(∑i z2i Di dli)
∂η
∂η
∂η2
(∑i z2i Di Cdli )2

]=0

(40)

The diffusiophoreric velocity of a charged colloidal particle of zeta potential ζ p in multi-ion
solution is given by 8:
∂C

Udp =

dli
εkT ∑i zi Di ∂η
eηR ∑i z2i Di Cdli

∂C

ζp +

2 dli
ε ∑i zi ∂η
8ηR ∑i z2i Cdli

ζp

2

(41)

A.2.9 Total velocity of particles
We estimated the total particle velocity (Utotal) by superimposing the fluid velocity with the particle
diffusiophoretic velocity such that
Utotal (η, τ) = Uconv + vdo + Udp = u + Udp

(42)

Utotal was measured experimentally and estimated theoretically at a height equal to particle radius,
a, from the substrate surface. It is important to note that u includes both the capillary convection (Uconv)
and the diffusioosmotic transport (vdo ) of fluid.
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A.2.10 Coffee Ring Number (CR)
In order to explain the observed dependence of coffee ring patterns on the salt systems used, we define the
coffee ring number (CR) as
Uel

CR = U

(43)

conv

Where, Uel is the net electrokinetic velocity defined as the combination of particle diffusiophoretic
(Udp) and fluid diffusio-osmotic velocities (vdo). Uconv represents the velocity due to fluid capillary
convection.
The net electrokinetic particle velocity is expressed as
Uel = η

εkT
β( ζ p
v ZeR

− ζw )

∇Cdli
Cdli

(44)

Here, we have assumed that electrophoresis dominates over chemiphoresis in determining the
banding pattern. However, when KCl is used, the chemiphoresis is the dominant term since K+ and Cl- ions
have very similar diffusivities; however, both chemiphoresis and electrophoresis are small.
After rearranging the Uel term and scaling Uconv ~ R/te and ∇Cdli⁄Cdli ~ 1/R, we can rewrite the CR
as
CR =

ε k T te
β( ζ p
ηv Z e R2

− ζw )

(45)

The CR defined in equation (45) has several similarities with the evaporation Pe number (PeR)
defined in equation (11). The dependencies on β and te/R2 exist for both CR and PeR. However, the CR is
also dependent on the particle surface charge and substrate surface charge. The te/R2 factor is a function of
temperature, humidity and initial contact angle of the droplet (θ0 ) as follows 4:
te
R2

=

πρ
16

θ0

1
Dvap−air ∆C

(46)

Where ρ is liquid density, Dvap−air is the diffusion coefficient of water vapor into surrounding air,
and ∆C represents the vapor concentration differential between the drop surface and the environment.
Therefore, CR is strongly dependent on the initial conditions (e.g., contact angle) which were maintained
constant for different cases (Figure A-3). CR also depends on the specific salt-particle-substrate systems
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used through β, ζ p and ζ w . We have also found experimentally that te/ R2 was essentially invariant with
different size droplets for the same salt system (eg. NaCl/ [Bmim]Cl/ KHP etc.) under similar initial
physical conditions.

Figure A-3. Droplet evaporation rates and initial three phase contact angles were similar for different salts. The contact angles
were measured using Rame-hart contact angle goniometer in sessile drops mode. (A) Rate of change of height of pinned 5 μL
droplets remained linear (first 10 minutes of evaporation) and almost invariant from solute to solute. (B) Equal rates of evaporation
and linear mass decrease with time for different initial droplet volumes for 2 mM KCl. (C) Initial mean contact angles for different
2 mM salt systems with 4 m sPSL particles (volume fraction, =7.5 × 10−4 ) were similar to each other. Inset showed image of a
2 mM KHP droplet on glass microcoverslip surface.
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Figure A-4. NaCl addition generates thicker band than KHP at all particle volume fractions; the ratio of band thicknesses between
NaCl and KHP remains almost invariant with particle volume fraction. (A) Thick, ordereded and compact band formed in 2 mM
NaCl with sPSL particle volume fraction, =7.5 × 10−4 . Inset showed non-uniform deposition of particles. (B) Thinner and broken
band formed in 2 mM KHP with sPSL particle volume fraction, =7.5 × 10−4. Inset showed more uniform deposition of particles.
The scale bars are 50 m and inset scale bars are 200 μm. (C) Band thickness increased non-linearly with particle volume fraction
for both NaCl and KHP. However, the thickness ratio stayed constant and therefore, diffusiophoresis was not affected by increase
of particle volume fraction, in the range studied.

A.3 Image Analysis
A.3.1 Coffee ring thickness measurement
Nikon inverted microscope (Eclipse TE2000-U) equipped with a fluorescent light source (Nikon
HMX-4 Mercury/ Xenon lamphouse) and CCD camera (Q-Imaging) was used to capture coffee ring
formation with 4.0 µm sPSL particles. The band thickness of an evaporated droplet of colloidal suspension
was measured using Fiji.9 Figure 4-2A in the main article was constructed from average data of band
thicknesses from at least three different experiments. We considered an arc of band spanning ~ 60˚ and
performed the thickness measurements with Fiji using a calibrated scale. Each measurement was taken at
an interval of ~ 6˚ and therefore, for a particular image, the thickness was the average over 11 measurements
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(Figure A-5A). Since, we also captured the broken regions of the band following this method, the variation
in thickness with angular sweep represented true nature of the band. For example, KHP produced thinner
and broken ring and therefore, some of the local radial ring thicknesses were almost zero. On the contrary,
NaCl produced thicker and uniform ring which generated relatively smooth profile.

A.3.2 Breakage coefficient (BC) measurement
To quantify the degree of breakage of the band, we developed a mathematical formulation. The
defined parameter, Breakage Coefficient, BC, which can vary from zero to unity, with unity having no band,
is as follows:
BC = 1 −

∑i Li
S

(47)

Where,Li was the length of small sections of the ring with minimum assigned thickness of twice
the particle diameter (Li > 2a). This thickness condition was set to neglect single particles at the rim from
being considered as part of the ring. This summation was divided by the total length of the ring fraction or
arc S (equation 47). These parameters- Li and S were depicted in Figure A-5B. Each small section of the
outer ring was specified based on the minimum thickness and was measured with respect to calibrated
length scale. In order to apply such mathematical expression to different micrographs of particles and to
calculate the values of BC, a customized image analysis code was developed using Matlab 10.0 image
processing tools. BC’s were calculated for each droplet with specific salt and was averaged over 5 to 8
samples for each salt type.
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Figure A-5. Methods of measuring band thickness and breakage coefficient of evaporated droplets. (A) Thickness measurement
was performed at an interval of 6˚ along the coffee ring arc. (B) Fluorescent micrograph of evaporated droplet suspension
containing 4 μm sPSL particles and 2 mM KH2PO4. Li was the length of each small section of the ring occupied by the particles
and 𝑆 was the total length of the ring arc. Using equation (47), the BC was calculated to be 0.14.
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A.4 Separation of differently charged particles
Experiments were performed with a suspension of two different types of particles, amine-modified
polystyrene with positive surface charge (aPSL,  = 7.9 × 10−5 ) and carboxylate-modified polystyrene
particles with negative surface charge (cPSL,  = 7.9 × 10−5 ). The suspension also contained either 2 mM
NaCl, 2 mM KHP or 5 mM KHP. After evaporation, the pattern formation was observed with a confocal
microscope (Figures 4-3 and A-6).
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Figure A-6. Separation of differently charged particles of identical sizes by selective banding. Behavior of 1.0 m fluorescent cPSL
particles in a mixture of cPSL and aPSL particles in 3.0 L evaporated droplets containing (A-B) 2 mM NaCl, (C-D) 2 mM KHP
and (E-F) 5 mM KHP. 2 mM NaCl generated a thicker and more compact band with most of the cPSL particles in the band. In
KHP, banding was suppressed and the particles were driven to the interior. (G) The intensity distribution obtained from B,D and
F. Contrast the behavior of cPSL particles with that of aPSL particles, as seen in Figure 4-3 in the main article. The scale bars
represent 100 m.
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Figure A-7. Outer band patterns with nonmethylated human DNA and hypermethylated human DNA at fM and aM concentrations.
The outer band is formed from evaporating suspension of fluorescent 2.0 μm cPSL particles at  = 𝟑. 𝟎 × 𝟏𝟎−𝟒 in 3 mM KHP with
nonmethylated or hypermethylated DNAs. (A)7 fM nonmethylated DNA produced aggregated outer band. (B) 7 fM hypermethylated
DNA produced dispersed outer band. (C) 46.5 aM nonmethylated DNA produced intense outer band. (D) Less aggregated band
pattern was produced by a mixture of 23.5 aM nonmethylated and hypermethylated DNA, each. The scale bars represent 50 m.
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Appendix B
Supplemental Information for Chapter 5

Table B-1. Comparison of measured equilibrium constants (Km) from microfluidics and dialysis of Ficoll 70K and
Ficoll 400K from cross diffusion model
Measured equilibrium binding-unbinding constant of Ficoll Measured equilibrium binding-unbinding constant of
70K in lit/mole
Ficoll 400K in lit/mole
Microfluidics (Km)

Dialysis (Km)

115.4±14.1

Microfluidics (Km)

125.1±17.1

642.2±99.6

Dialysis (Km)
689.5±43.1

Table B-2a. Chemotaxis of Rhodamine6G in hydrophilic polysucrose concentration gradients (spreading mode):
effect of globular polymer molecular weights
Probe
Dye
(50 µM)
Rh6G

Chemotax
is Index
(C.I.)
5

Solvent Methyl
(1 mM groups
on
KCl)
solvent
water

No

Polymer

146.1 mM
Sucrose

Methyl
groups
on
polymer

Chemotaxis
of probe
(µm)

No

-0.1±2.2

(eqv. to 5%
Ficoll70k/
400K)
Rh6G

5

water

No

5%
Polysucrose
20K

No

12.7±2.1

Rh6G

5

water

No

5% Ficoll

No

16.5±2.1

No

28.1±4.1

70K
Rh6G

5

water

No

5% Ficoll
400K
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Table B-2b. Chemotaxis of Rhodamine6G in hydrophilic PEG concentration gradients (spreading mode): effect of
linear chain-like polymer molecular weights
Probe
Dye
(50 µM)

Chemotax
is Index
(C.I.)

Rh6G

5

Rh6G

5

Rh6G

5

Solvent Methyl
(1 mM groups
on
KCl)
solvent

Polymer

Methyl
groups
on
polymer

Chemotaxis
of probe
(µm)

No

0.3% PEG
8K

No

3.2±2.4

water

No

0.3% PEG
12K

No

7.2±2.7

water

No

0.3% PEG

No

12.5±2.6

water

20K
Rh6G

5

water

No

0.3% PEG
35K

No

10.5±2.7

Rh6G

5

water

No

0.3% PEO
200K

No

12.0±2.5

Table B-3a. Chemotaxis of Rhodamine6G with solute hydrophobicity (spreading mode): effect of methyl groups on
pure (hydrophilic) Vs block co-polymer (hydrophobic/ hydrophilic)
Probe
Dye
(50 µM)

Chemotax
is Index
(C.I.)

Solvent
(1 mM
KCl)

Rh6G

5

water

Rh6G

5

water

Methyl
groups
on
solvent
No

No

Polymer

Methyl
groups on
polymer

Chemotaxis
of probe
(µm)

0.3% PEG 6K

No

1.6±3.4

0.3% PPP
5.8K

Yes

41.6±3.3

153

Table B-3b. Chemotaxis of Rhodamine6G with solute hydrophobicity (spreading mode): effect of methyl groups on
pure hydrophilic (PEG) Vs pure hydrophobic (PPG) polymers
Probe
Dye
(50 µM)

Chemotax
is Index
(C.I.)

Solvent
(50 mM
HEPES
buffer)

Methyl
groups
on
solvent

Polymer

Methyl
groups on
polymer

Chemotaxis
of probe
(µm)

Rh6G

5

water

No

0.1% PEG
1.5 K

No

-1.0±2.6

Rh6G

5

water

No

0.1% PPG
1.5 K

Yes

7.5±2.9

Table B-3c. Chemotaxis of Rhodamine6G with solute hydrophobicity (spreading mode): effect of different
methylation of the same block co-polymer (hydrophobic/ hydrophilic)
Probe
Dye
(50 µM)

Rh6G

Chemotax
is Index
(C.I.)

Solve
nt
(1
mM
KCl)

5

water

Methyl
groups
on
solvent
No

Polymer

5

water

No

Chemotaxi
s
of probe
(µm)

Yes
(less)

3.8±2.0

0.3% PPP 2K

Yes

9.1±2.0

(10% PEG)

(more)

0.3% PPP 2K
(50% PEG)

Rh6G

Methyl
groups on
polymer
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Table B-3d. Chemotaxis of Rhodamine6G with hydrophobic modulation (spreading mode): effect of salt addition in
solvent
Probe
Dye
(50 µM)

Chemotax
is Index
(C.I.)

Solvent

Rh6G

5

water

Rh6G

5

Rh6G

Rh6G

Methyl
groups
on
solvent

Polymer

Methyl
groups
on
polymer

No

5% Ficoll
400K

No

Chemotaxi
s
of probe
(µm)
28.1±4.1

DMSO

Yes

5% Ficoll
400K

No

1.4±2.5

5

1 mM
LiCl/
DMSO

Yes

5% Ficoll
400K

No

-5.2±0.7

5

1 mM
LiCl/
DMSO

Yes

0.3% PPP
5.8K

No

-0.3±2.3

Table B-3e. Chemotaxis of Rhodamine6G in 5% F400K concentration gradients (spreading mode): effect of solvent
Probe Dye
(50 µM)

Chemotaxis
Index (C.I.)

Solvent

Rh6G

5

Water with 0
mM KCl

Rh6G

5

Rh6G

5

Methyl
groups
on
solvent

Polymer

Methyl groups
on polymer

Chemotaxis
of probe (µm)

No

0.3% PPP
5.8K

Yes

31.3±5.6

Water with 1
mM KCl

No

0.3% PPP
5.8K

Yes

41.6±3.3

Water with 10
mM KCl

No

0.3% PPP
5.8K

Yes

45.3±3.3
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Table B-4a. Chemotaxis of Rhodamine dyes in 5% F400K concentration gradients (spreading mode): effect of
Chemotaxis Index
Probe
Dye
(50 µM)

Chemotaxis
Index (C.I.)

Solvent Methyl
(1 mM groups
on
KCl)
solvent
water
No

Polymer

Methyl
groups
on
polymer
5% Ficoll
No
400K

Chemotaxis
of probe
(µm)

Rh6G

5

28.1±4.1

RhWT

3

water

No

5% Ficoll
400K

No

20.3±3.4

RhG

-1

water

No

5% Ficoll
400K

No

10.0±3.0

Fluoresce
in

-2

water

No

5% Ficoll
400K

No

5.3±1.7

Alexa
Fluor
488

-3

water

No

5% Ficoll
400K

No

-17.7±3.0
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Table B-4b. Chemotaxis of Rhodamine dyes in 0.3% PPP5.8K concentration gradients (spreading mode): effect of
Chemotaxis Index
Probe
Dye
(50 µM)

Chemotaxis
Index (C.I.)

Solve
nt
(1
mM
KCl)

Methyl
groups
on
solvent

Polymer

Methyl
groups
on
polymer

Chemotaxis
of probe
(µm)

Rh6G

5

water

No

0.3 %
PPP 5.8K

Yes

41.6±3.3

RhB

4

water

No

0.3 %
PPP 5.8K

Yes

34.7±4.0

RhWT

3

water

No

0.3 %
PPP 5.8K

Yes

12.8±1.7

RhG

-1

water

No

0.3 %
PPP 5.8K

Yes

4.7±3.0

Fluoresce
in

-2

water

No

0.3 %
PPP 5.8K

Yes

2.8±2.4

Alexa
Fluor
488

-3

water

No

0.3 %
PPP 5.8K

Yes

0.6±3.1
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Table B-5a. Non Stokes-Einstein diffusive behavior of Rhodamine dyes in F400K polymer system at ~ 24ºC:
comparison of measurements from microfluidics channel Vs FCS

Conc. of
polymer

Viscosity
of
solution
(Pa-s)

Probe
Dye

Chem
otaxis
Index
(C.I.)

Solvent
(1 mM
KCl)

Methyl
groups
on
polymer

Diffusion
co-efficient
(in 10-10
m2/s) from
FCS

StokesEinstein
diffusion coefficient (in
10-10 m2/s)

% Deviation
from
Stokes-Einstein
diffusion coefficient

0%
Ficoll
400K

0.00089

Rh6G

5

Water

No

4.04±0.06

-

-

RhG

-1

Water

No

5.10±0.2

-

-

5%
Ficoll
400K

0.0022

Rh6G

5

Water

No

2.46±0.04

1.64

50.0

RhG

-1

Water

No

3.01±0.03

2.10

43.3

10%
Ficoll
400K

0.0045

Rh6G

5

Water

No

2.00±0.03

0.80

150.0

RhG

-1

Water

No

2.10±0.07

1.02

106.0

15%
Ficoll
400K

0.01

Rh6G

5

Water

No

1.05±0.02

0.36

191.7

RhG

-1

Water

No

1.21±0.10

0.46

163.0

Table B-5b. Deviation (%) from Stokes-Einstein diffusive behavior of Rhodamine dyes in Ficoll 400K polymer system
at ~ 24ºC: measurements with FCS
Probe Che
Solvent
Conc. of
Methyl
Diffusion coDiffusion coStokes-Einstein
Dye
mota (1 mM
groups
efficient
(in
efficient
diffusion copolymer
-10
2
-10
2
xis
KCl)
on
10 m /s)
(in 10 m /s) efficient
Index
polymer
( in 10-10 m2/s)
from
from FCS
(C.I.)
microfluidic
channel
0% Ficoll
Rh6G
5
Water
Yes
3.75±0.10
4.04±0.06
400K
Rh6G

5

Water

5% Ficoll
400K

Yes

2.8±0.10

2.5±0.20

1.64
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Table B-5c. Deviation (%) from Stokes-Einstein diffusive behavior of Rhodamine dyes in PPP 5.8K polymer system
at ~ 24ºC: measurements with FCS
Conc. of
polymer

Viscosity
of
solution
(Pa-s)

Probe Dye

Chem
otaxis
Index
(C.I.)

Solvent
(1 mM
KCl)

Methyl
groups
on
polymer

Diffusion
co-efficient
(in 10-10
m2/s) from
FCS

0% PPP
5.8K

0.00089

Rh6G

5

Water

No

4.04±0.06

-

-

Fluorescein

-2

Water

No

4.88±0.28

-

-

Rh6G

5

Water

No

3.28±0.13

3.10

5.7

Fluorescein

-2

Water

No

3.39±0.28

3.75

-9.6

Rh6G

5

Water

No

1.10±0.03

1.97

-44.2

Fluorescein

-2

Water

No

1.33±0.02

2.38

-44.2

Rh6G

5

Water

No

0.43±0.00

0.76

-43.4

Fluorescein

-2

Water

No

0.57±0.01

0.92

-38.1

0.3%
PPP
5.8K

0.00116

2.0%
PPP
5.8K

0.00182

10.0%
PPP
5.8K

0.00470

StokesEinstein
diffusion coefficient ( in
10-10 m2/s)

%
Deviation
from
StokesEinstein
diffusion
co-efficient

Table B-6. Cross-diffusion co-efficients (Dcross) and equilibrium constants of binding-unbinding (Km) of Rh6G with
Ficoll 70K and Ficoll 400K
Cross Diffusion Model (Dcross) in microfluidic channel

Binding/ Unbinding Model (Km) in microfluidic
channel

Ficoll 70K (m2/s)

Ficoll 400K (m2/s)

-0.210.02 x 10-11

-0.110.02 x 10-10

115.414.1

689.543.1

-10.43 x 10-15

-9.52 x 10-15

0.56±0.07

0.55±0.08

Ficoll 70K (lit/ mole)

Ficoll 400K (lit/ mole)

(normalized by number of (normalized by number of (normalized by number of (normalized by number of
monomers/ sucrose)
monomers/ sucrose)
monomers/ sucrose)
monomers/ sucrose)
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B.1 Fabrication of Microfluidic Channels. Microchannel masters were fabricated on silicon wafers with photolithography
and etching in the Nanofabrication Laboratory of Materials Research Institute, Penn State. Wafers were cleaned by putting
them in an M4L plasma etch at 350 watts for 1 minute with 200 sccm of O2 and 50 sccm of He. The wafers were then spin
coated with an adhesion layer of hexamethyldisilazane (HMDS) at 500 rpm for 15 seconds and 2500 rpm for 15 seconds
followed by baking at 100°C for 30 seconds. Next, the wafers were spin coated with 5 mL of SPR 955 (Megaposit) at 500
rpm for 10 seconds, 750 rpm for 1 second, and 1500 rpm for 35 seconds followed again by baking at 100°C for 2 minutes.
The previous step was repeated to have a second layer of SPR 955 on the wafer but instead with baking at 100°C for 1
minute. The microchannel geometry was modeled in CAD and printed over a chrome-on-glass mask (Nanofabrication
Laboratory, Materials Research Institute, Penn State). For photolithography, the mask was placed in direct contact with the
photoresist over the wafers. The resist was then exposed to UV radiation for 2 cycles of 8 seconds in a Karl Suss MA/BA6
Contact Aligner and baked for 1 minute at 100°C to cross link the exposed film. MF CD26 developer was used to remove
unexposed SPR 955 from the wafers. Specifically, the mold was developed for about 2 minutes while being agitated,
followed by thorough washing with deionized water. After drying with nitrogen gas, the wafers underwent deep reactive
ion etching (Alcatel) to yield a master pattern with a depth of 50 µm. The etched wafers were then exposed to sigmacote
(Sigma Aldrich) silanizing agent to prevent adhesion when peeling microfluidic channels off the master pattern.
Polydimethylsiloxane (PDMS, SylgardTM 184, Dow Corning) elastomer solution was prepared by mixing prepolymer with
a cross-linking agent in weight ratio of 10:1 and poured on top of the wafers to the desired thickness. Air bubbles in the
PDMS mixture were removed by degassing it in a vacuum desiccator for 1.5 hours. The microfluidic channels were then
cured in an oven at 60 °C for 3 h. After curing, the PDMS channels were peeled from the mold and inlets/outlets were made
using a micro drill press. The devices were sealed to glass slides (VWR), by exposing both the channels and glass slides to
oxygen plasma and manually pressing them together. Note that the PDMS channel is on top of the glass slide. For fluid flow
through the microchannels, the drilled holes in the device were connected with polyethylene tubes (Becton Dickinson and
Company, Internal diameter 0.61 mm) but fluid was not introduced into the microfluidic channel for at least 24 hours to
ensure proper sealing.
B.2 Modeling in COMSOL
To simulate the diffusion of the dye and polymer as well as their mutual interaction throughout the 3-inlet 1-outlet
microfluidic system, we coupled physics of transport of diluted species and laminar flow using COMSOL Multiphysics
(v5.2) in stationary state solution. These physics are available within the Chemical Species Transport and Fluid Flow
modules of the software.
To simulate the fluid flow in the channel, we used Laminar Flow physics with a 3D geometry as can be seen in the
Figure S1. The depth of the channel is much smaller than both the width and length (50 µm compared to 350 µm and 4 cm).
The flow rate entering each of the three inlets is set equal to 50 µl/hr. Water is chosen in the material section of the software.
The exit of the channel was also defined as outlet.

Figure B-1. 3D Schematic picture of the 3-inlet microfluidic channel constructed in COMSOL Multiphysics software. The dimensions are
50µm×350µm×4cm (H×W×L). Length is not shown in scale.
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In the diffusion module, two species were defined, polymer and dye, with diffusion of the dye dependent to the
polymer concentration in order to capture the crowding effect. The set of equations to be solved are as following:
For the polymer: 0 = −𝛻. ( 𝐷𝑝 𝛻𝐶𝑝 ) + 𝒖 . 𝛻𝐶𝑑
For the dye:

0 = −𝛻. ( 𝐷𝑑 𝛻𝐶𝑑 + 𝐷𝑐𝑟𝑜𝑠𝑠 𝛻𝐶𝑝 ) + 𝒖 . 𝛻𝐶𝑑

(1)

(2)

Where 𝐶𝑑 and 𝐶𝑝 are the dye and polymer concentration; 𝐷𝑑 and 𝐷𝑝 are the diffusion coefficients and u is the fluid
velocity being calculated by the laminar flow physics of the software. For the dye, in addition to the convective mass transfer
(u Cd ) and Fickian diffusion ( Dd ∇Cd ), a cross-diffusion term (Dcross ∇Cp) is added in order to account for the dye interaction
with the polymer. To accommodate for the cross-diffusion which is not predefined in the software by default, a reaction is
artificially set for the dye to act as the cross-diffusion term as the following:
−𝑅𝑑 = 𝛻. (𝐷𝑐𝑟𝑜𝑠𝑠 𝛻𝐶𝑝 ) = 𝑑(𝐷𝑐𝑟𝑜𝑠𝑠 𝑐𝑝𝑥, 𝑥) + 𝑑(𝐷𝑐𝑟𝑜𝑠𝑠 𝑐𝑝𝑦, 𝑦) + 𝑑(𝐷𝑐𝑟𝑜𝑠𝑠 𝑐𝑝𝑧, 𝑧)

(3)

For control and spreading experiment, the concentration of the dye entering from the middle inlet was set to 50 µM.
For the spreading experiment, concentration of Ficoll-70K and Ficoll-400K in the side inlets were set to 714 µM and 125
µM. Dcross is defined as a parameter in the software so that the simulation could be run for different values of it using
Parametric Sweep option of the software.
After applying proper mesh size, first the model was solved for control experiment in which the dye diffuses out
freely from the middle part of the channel just to confirm the dye diffusion. Next, diffusion coefficient of the dye was
evaluated in the presence of 5 wt% Ficoll-400K in all three inlets to evaluate how diffusion is hindered by the crowded
polymer environment. Then, this two dye diffusion values are fitted to an Arrhenius form equation to account for crowding
𝐷𝑅𝑑6𝐺=𝐷0 × 𝐸𝑥𝑝−𝐶𝑓400𝐶0
(4).
𝐷𝑅𝑑6𝐺 = 𝐷0 × 𝐸𝑥𝑝 (−

𝐶𝑓400
𝐶0

)

(4)

Where 𝐷0 is the dye diffusion in the absence of polymer and 𝐶0 is the concentration of polymer at which the dye
diffusion decreases by 64%. Running the model using the dye diffusion equation, dye concentration profile from modeling
was fitted against the confocal microscopy data to get the best value for the dye cross-diffusion coefficient Dcross. The
results for Ficoll-70K and Ficoll-400K is summarized in the table below:
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Table B-7. Summary of the simulation results for the Rhodamine 6G dye interacting with Ficoll-400K and Ficoll70K in 3-inlet microfluidic channel. Polymer diffusion is calculated based on the hydrodynamic radius of the polymer
molecules. The Dye diffusion as well as the cross-diffusion were obtained by fitting the modelling to the dye intensity
profile for both control and spreading experiments.
Polymer

𝑫p (m2/s) × 𝟏𝟎𝟏𝟐

Ficoll-400k

31.0

Ficoll-70K

45.3

𝑫Rd6G (m2/s) × 𝟏𝟎𝟏𝟐

375 × Exp(−

𝑫𝒄𝒓𝒐𝒔𝒔(m2/s) × 𝟏𝟎𝟏𝟐

𝐶𝑓400
)
0.00043

−11.0

𝐶𝑓70
)
0.0024

−2.1

375 × Exp(−
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Appendix C
Living Biofouling-Resistant Membranes:
A Model for the Beneficial Use of Engineered Biofilms

Membrane systems are being increasingly used for water treatment, recycling water from wastewater, during food
processing, and energy production. They are thus a key technology to ensure water, energy and food sustainability. However,
biofouling, the build-up of microbes and their polymeric matrix, clogs these systems and reduces their efficiency. Realizing
that a microbial film is inevitable, we engineered a beneficial biofilm that prevents membrane biofouling by limiting its
own thickness by sensing the number of its cells that are present via a quorum-sensing circuit. The beneficial biofilm also
prevents biofilm formation by deleterious bacteria by secreting nitric oxide, a general biofilm dispersal agent as
demonstrated by both short-term dead-end filtration and long-term crossflow filtration tests. In addition, the beneficial
biofilm was engineered to produce an epoxide hydrolase so that it efficiently removes the environmental pollutant
epichlorohydrin. Thus, we have created a living biofouling-resistant membrane system that simultaneously reduces
biofouling while providing a platform for biodegradation of persistent organic pollutants.
C.1 Introduction
Water is vital for all forms of life and access to clean and safe water is essential to human survival (1) and continuing
progress. In addition to satisfying the needs of the public, water also plays an important role in many sectors of the economy
including manufacturing, agriculture, electric power generation and extraction of minerals and energy resources (2). As the
demand for fresh water increases worldwide, membrane technologies have emerged as cost-effective approaches to utilize
lower-quality water sources including brackish water, seawater and recycled wastewater (3). While microfiltration and
ultrafiltration membranes are used to remove particulate matter and microbes from process waters, polyamide thin film
composite nanofiltration (NF) and reverse osmosis (RO) membranes are leading technologies for removing salts and other
dissolved contaminants from water (4).
Membrane fouling by bacterial biofilms has remained a persistent and unmet challenge for membrane-based water
purification systems (5-7). Bacterial biofilms reduce membrane permeability and contaminant rejection, and modify
membrane module hydrodynamics resulting in excessive pressure drops, both across the membrane and along the membrane
axis in membrane modules, leading to increased energy consumption (8). In solute-rejecting membranes such as NF and
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RO, biofilms reduce membrane permeability by trapping salt in the biofilm built on the membrane and increasing the
osmotic pressure that needs to be overcome to conduct filtration (this phenomenon is termed biofilm enhanced osmotic
pressure (9)). Accumulation of solutes on the membrane surface also leads to higher leakage and thus lowers actual solute
rejection (9). Growth of biofilms on membrane modules leads to increased pressure drops across the length of the membrane
modules (along the membrane longitudinal axis), a major challenge in brackish water treatment and wastewater reuse
applications (10, 11).
There are several membrane biofouling control strategies including adding disinfectants and biocides, adding specific
molecules to influence quorum sensing (QS) in biofilms to trigger their dispersal (12-14), and modifying the membrane
surface or spacers to reduce biofilm attachment and growth (15-17). However, most current biofouling control techniques
are either only initially effective due to the ability of the biofilm to adapt over time to the conditions imposed or need
repeated application to effectively control biofouling in the long run; hence, new methods are needed to control persistent
biofouling.
One of the most prevalent biofouling strains in membrane systems is Pseudomonas aeruginosa since it is ubiquitous in
soil and water, and as a result, it has been isolated from biofilms on water treatment membranes (18). For example, 72% of
all the bacteria on RO membranes are from the phylum proteobacteria, 19% of these are sub-class -proteobacteria, and the
most prevalent order that was identified is pseudomonadales that includes P. aeruginosa (19, 20); hence, Pseudomonas spp.
are the most prevalent fouling bacteria in RO systems. P. aeruginosa is also used as a model bacterium for membrane
fouling studies because of its ability to form biofilms and because the genetic basis of its biofilm formation is well-studied
(21). Sphingomonads are also another key biofouling organism in membrane systems since they colonize the entire
membrane and spacer surfaces rapidly and cover them with their extracellular polymeric substances (22). Therefore,
Sphingomonas wittichii (23) was also used as a model bacterium for biofouling in this study.
Temporal control of mixed-species biofilm formation and dispersal was achieved in a previous study using a synthetic
gene circuit based on the LasI/LasR QS system of P. aeruginosa by combining it with the engineered Hha and BdcA biofilm
dispersal proteins (24). LasI/LasR is one of the best characterized QS systems in P. aeruginosa, and it plays a key role in
controlling virulence factor production, swarming motility, biofilm maturation, and the expression of antibiotic efflux
pumps (25). Through this QS system, cells monitor their own cell density via exported signals produced by LasI; once a
high cell density is reached, the signals diffuse back into the cells and activate genes by binding to the transcription regulator
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LasR. Previous applications have used the QS signal from one strain to control other strains. However, gene circuits have
not been used previously to impose self-regulation: control of biofilm formation and thickness by the strain producing the
QS signal itself.
The final stage of biofilm formation is dispersal which contributes to survival and biofilm propagation in distant regions
and thus contributes to disease transmission by virulent strains (26). Passive dispersal of cells from biofilms may be caused
by fluid shear, abrasion, and grazing whereas active dispersal is caused by cell regulation (26). Active dispersal may be
triggered by changes in the environment including nutrient levels, oxygen, pH, and temperature and occurs under favorable
and unfavorable conditions since both make sense for expanding the bacterial cellular population (26). Upon these changes
in the environment, active dispersal is regulated via QS cues like acylhomoserine lactones and 2-heptyl-3-hydroxy-4quinolone (26), fatty acid signals like cis-2-decenoic acid (27), nitric oxide (NO)(28), and cyclic diguanylate (c-di-GMP)
(29). As biofilms disperse, cells degrade their extracellular matrix; for example, upon dispersal, P. aeruginosa uses
endoglycosidase PslG to degrade its primary biofilm exopolysaccharide Psl (30) as well as degrades extracellular lipids and
proteins of the biofilm matrix (31).
The dispersal signal and secondary messenger c-di-GMP is ubiquitous in Gram negative bacteria and is synthesized by
diguanylate cyclases and degraded by phosphodiesterases. c-di-GMP enhances biofilm formation (32); for example, c-diGMP increases cellulose biosynthesis in Acetobacter xylinus (33), and c-di-GMP enhances extracellular polysaccharide
production by binding the PelD protein that is a c-di-GMP receptor in P. aeruginosa PA14 (34). Thus, biofilm formation
and dispersal are controlled by a signal cascade mediated by c-di-GMP levels: high levels promote biofilm formation and
low levels lead to reduced biofilm formation and increased dispersal. NO induces biofilm dispersal by enhancing the activity
of phosphodiesterases resulting in the degradation of c-di-GMP (35). NO is effective in dispersing a variety of different
biofilms (28) including P. aeruginosa biofilms (35), and NO synthase (NOS) from Bacillus anthracis is active in E. coli
(36). Also, sphingomonad biofilms should be dispersed by NO since strains like S. wittichii contain 40 diguanylate cyclases
and phosphodiesterases (37). Hence, NOS was used in this study to generate NO to disperse deleterious biofilms.
Epichlorohydrin is a common precursor for synthesizing glycerins, epoxy resins, elastomers, pesticides, textiles,
membranes, paper, and pharmaceuticals (38). As a water contaminant, epichlorohydrin harms the skin, liver, kidneys, and
central nervous system, and is a potential carcinogen (39). Both the United States Environmental Protection Agency
(USEPA) and the World Health Organization have recognized epichlorohydrin as a water contaminant, and the USEPA has
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set a concentration limit of zero for this contaminant in water supplies (40, 41). Epichlorohydrin also represents a class of
environmental contaminants that have epoxide groups by design or where epoxide groups result from biological
transformation of water pollutants such as pesticides and prescription drugs. Examples that are found in water supplies and
in wastewater streams include aldrin epoxide (42), heptachlor epoxide(43), chlordane epoxide, and carbamazepine-10,11
epoxide (43). Microsomal and soluble epoxide hydrolase (EH) present in mammalian systems play a major role in
detoxifying these and other epoxide-containing xenobiotic compounds (44). Epichlorohydrin is degraded by EH from
Agrobacterium radiobacter AD1 (45), and engineered variants of EH (F108L/I219L/C248I) enhance epichlorohydrin
degradation six fold (46); hence, engineered EH from this organism was used in this study to degrade epichlorohydrin. Thus
a wide range of epoxide based water pollutants can potentially also be detoxified using this biomimetic approach.
Here we describe a system to significantly reduce the biofouling of water-treatment membranes while degrading an
important class of contaminants. Specifically, we engineered a beneficial biofilm of E. coli via genetic circuits (i) to limit
its biofilm formation, (ii) to prevent biofouling by deleterious bacteria such as P. aeruginosa, and (iii) to degrade the model
environmental pollutant epichlorohydrin. To create these beneficial traits, the LasI/LasR QS system of P. aeruginosa was
fused to the engineered biofilm dispersal protein BdcA of E. coli to create the first self-controlled biofilm. Additionally,
nitric oxide was generated in the beneficial biofilm by NO synthase from B. anthracis to prevent biofouling. The
effectiveness of this strategy in creating biofouling resistant membranes was demonstrated using both short-term dead end
filtration tests as well long-term (several days long) crossflow tests under a variety of conditions. We also demonstrate that
epichlorohydrin (which passes through the membrane) is degraded by cloning the gene encoding EH from A. radiobacter
AD1 into the beneficial biofilm.

C.2 Results and Discussion

Biofilm formation is limited in the self-controlled strain. To form a beneficial biofilm layer on membranes, we desired
a protective biofilm that does not attain a large thickness and that prevents the growth of other bacteria so that membrane
permeability and salt rejection are maintained and crossflow pressure drops are minimized. Hence, we devised a genetic
circuit in which the bacterium senses its own presence to limit its biofilm formation (Figure C-1). To accomplish this, we
utilized the LasI/LasR QS system of P. aeruginosa (47) to produce the autoinducer molecule N-(3-oxo-dodecanoyl)-Lhomoserine lactone (3oC12HSL) signal which accumulates as the cell density increases and induces the formation of a
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biofilm dispersal protein, BdcA (24), which limits the biofilm quantity and thus thickness of the protective strain. We used
the BdcA E50Q variant since it causes six-fold higher levels of biofilm dispersal (48). Specifically, the response regulator
LasR is produced continuously and monitors the presence of QS signal 3oC12HSL produced by LasI; as the 3oC12HSL
signal increases due to increasing cell density, additional 3oC12HSL signal is produced as LasR bound to 3oC12HSL
activates lasI. Increased production of the 3oC12HSL signal leads to activation of dispersal protein BdcA which leads to
dispersal of the beneficial biofilm.
The resulting self-controlled biofilm strain is E. coli TG1/pBdcAE50Q-lasI-lasR (henceforth “self-controlled strain”);
E. coli TG1/pBdcAE50Q-rfp-lasR (24), which lacks LasI (QS signal minus strain) was used as a negative control. To
demonstrate that the self-controlled biofilm strain can self-regulate its biofilm, both a 96-well plate crystal violet biofilm
assay and a confocal microscope biofilm assay were performed. For the 96-well plate assay, the self-controlled biofilm
strain had approximately nine-fold less biofilm after 24 h compared to the QS signal minus control strain. This result was
corroborated using confocal microscopy where after 2 days, the self-controlled biofilm was six fold less than the QS signal
minus control strain (average biomass 0.6 ± 0.6 µm3/µm2 vs. 3.5 ± 1 µm3/µm2 and average thickness 1.5 ± 1 µm vs. 7.6 ± 2
µm, for the self-controlled and control biofilms, respectively, representative figures shown in Figure C-1b. Therefore, using
this gene circuit, biofilm formation was successfully controlled as a function of cell density using the biofilm dispersal
protein BdcA under the control of a QS circuit.

167
Figure C-1. The self-controlled strain can regulate its own biofilm growth. (a) Gene circuit for the self-controlled biofilm strain. E. coli was engineered
to limit its own biofilm formation using the LasI/LasR QS module of P. aeruginosa. The LasI protein and the engineered biofilm dispersal protein BdcA
E50Q are controlled by the lasI promoter. When LasI is produced, it synthesizes the QS signal 3oC12HSL, and upon reaching a threshold value based
on increasing cell density, the QS signal binds to LasR (which is constitutively produced via the CP25 promoter along with RFP to visualize the cells).
The 3oC12HSL+LasR complex activates the lasI promoter which leads to increasing production of dispersal protein BdcA E50Q as cell density
increases. The BNos and epoxide hydrolase are induced by adding arabinose. (b) Biofilm formation visualized with confocal microscopy on glass
surfaces after 48 h for the QS signal minus control strain that lacks LasI (TG1/pBdcAE50Q-rfp-lasR) and the LasI/LasR self-controlled biofilm strain
(TG1/pBdcAE50Q-lasI-lasR). Scale bar indicates 20 µm. LasI (control) vs. LasI/LasR biofilm values for these figures were 4.2 m3/m2 vs. 0.52
m3/m2 for average biomass and 9.11 m vs. 1.18 m for average thickness, respectively.

Membrane flux is higher with the self-controlled biofilm. Biofilms of the self-controlled biofilm strain and the QS signal
minus strains were grown on commercially available NF90 thin film composite (TFC) polyamide nanofiltration membranes.
The QS signal minus strain formed thick and more uniform biofilms over the polyamide NF90 membrane (Figures C-2a
and C-2b) while the self-controlled strain developed considerably thinner and more heterogeneous biofilm with
approximately 42-fold lower biomass amounts (0.2 ± 0.1 m3/m2) than the QS signal minus control strain (8.4 ± 7
m3/m2) (Figure C-2c). This result confirms our previous results showing the QS circuit reduces biofilm formation (Figure
C-1b). More importantly, it shows that the synthetic circuit we assembled regulates its own biofilm amount and thickness
on commercial membranes.
Water fluxes through the membrane were measured at different feed salt (NaCl) concentrations to compare the effect
of biofouling by the self-controlled strain to that by the QS signal negative strain. By measuring filtered water flux, known
as permeate flux, at a series of NaCl concentrations; the resistance of the membrane to water flow can be evaluated.
Comparing clean membrane fluxes (incubated with medium) to fouled membrane (incubated with medium and biomass)
fluxes provide a measure of the biofilm resistance. On the other hand, tracking salt rejection for different biofilms provides
an understanding of the extent of salt accumulation (or degree of concentration polarization) at the membrane surface, and
its contribution to flux decline. An accounting of the clean membrane resistance and biofilm resistances under various
conditions are provided in the published article mentioned in the acknowledgement section.
A series of flux experiments for three independent colonies of each strain revealed that application of the self-control
synthetic circuit can decrease flux decline caused by uncontrolled fouling by 50% (Figure C-2d). Moreover, NaCl rejection
was improved by 11% for the case of the self-controlled strain, which was indicative of lower concentration polarization.
Overall, by controlling its biofilm formation, the self-controlled biofilm increases operating membrane flux significantly by
reducing biofouling.
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Figure C-2.The self-controlled strain biofilm increases membrane permeate flux. Comparison of growth and resulting permeate fluxes for E. coli
TG1/pBdcAE50Q-lasI-lasR (self-controlled strain) and E. coli TG1/pBdcAE50Q-rfp-lasR (24), which lacks LasI (QS signal minus strain) on NF90
membranes. (a) Representative image of the uncontrolled biofilm formed for the QS signal minus strain on membranes after 24 h. (b) Representative
image of the biofilm formed by the self-controlled strain on membranes after 24 h. Scale bars, 20 m. (c) Biofilm biomass and average biofilm thickness
for the QS signal minus strain and the self-controlled strain. (d) Permeate flux comparisons membranes with the self-controlled strain and the QS
signal minus control strain. All values are averages of three independent colonies (N = 3) and the error bars are standard deviation from 6 samples.

Deleterious biofilm formation is reduced and permeate flux is increased by the beneficial biofilm that produces NO.
To create a strain capable of dispersing a wide-range of biofilms so as to limit biofouling on RO membranes, the gene
encoding NO synthase from B. subtilis (bNos) (36) was added to the self-controlled strain to form the strain that limits its
own biofilm formation as well as produces NO to disperse deleterious biofilms. This strain is referred to as E. coli
TG1/pBdcAE50Q-lasI-lasR/pBNos, henceforth “beneficial biofilm strain”. A 96-well plate assay was performed to confirm
that the QS circuit was still active after the addition of pBNos plasmid; the beneficial biofilm strain had six-fold less biofilm
after 24 h compared to the negative control strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBad). After 24 h, the beneficial
biofilm strain produced 11 ± 4 µM of NO which was 3 to 6 fold higher than the control strain (E. coli TG1/pBdcAE50QlasI-lasR/pBad) which lacks NO synthesis (Figure C-3a).
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Figure C-3. The NO producing beneficial biofilm decreases P. aeruginosa biofilm formation on membranes. (a) NO production for the beneficial
biofilm strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos) after 24 h in M9G medium with 15 mM arginine (substrate for NO synthase) compared to
the control strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBad). Arabinose induces the bNos gene. Confocal microscopy was used to discern the biofilm
formation of P. aeruginosa and the E. coli beneficial biofilm consortium developed on the reverse osmosis membrane after 48 h. The biofilm formation
of each bacterium in the consortium is shown separately. P. aeruginosa consortial biofilm (“PAO1”) (b) and consortial biofilm of the E. coli control
strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBad) that does not produce NO (“E. coli NO-”) (c). Consortium of the P. aeruginosa biofilm (d) and the
beneficial biofilm strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos, “E. coli NO+”) (e). Scale bars, 20 m. (f) COMSTAT analysis of consortia biofilm
biomass and average thickness. The error bars represent standard deviations from a sample size of 15. (g) RO flux measurements with the P. aeruginosa
(“PAO1”)/E. coli biofilm consortia on NF90 membranes. The error bars are standard deviations from three independent experiments for each type of
consortial challenge, PAO1/E. coli NO- and PAO1/ E. coli NO+.

To demonstrate that the beneficial biofilm strain can inhibit biofilm formation on membranes by deleterious bacteria,
the activity of NO against the biofilm formation of P. aeruginosa was assayed by tagging the beneficial biofilm with the
red fluorescent protein (RFP) and P. aeruginosa with the green fluorescent protein (GFP). Using confocal microscopy
(Figure C-3b – C-3e), the beneficial biofilm strain reduced the amount of the P. aeruginosa biofilm biomass by around 40
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fold and reduced the average biofilm thickness by around 100 fold (Figure C-3f) compared to the negative control that does
not produce NO (E. coli TG1/pBdcAE50Q-lasI-lasR/pBad). Critically, in the absence of NO, the P. aeruginosa biofilm
dominates over the beneficial biofilm by forming sporadic patches on the membrane, often where E. coli was present
(PAO1/E. coli NO-), reducing membrane flux by almost 31% after 24 h compared to the self-controlled strain without P.
aeruginosa (PAO1/E. coli NO- in Figure C-3g). However, production of NO by the beneficial biofilm strain reduced
biofouling by reducing the biofilm of the deleterious species. Without the presence of the beneficial biofilm, the control
biofilm generated 165% more resistance to flux due to P. aeruginosa infiltration into the biofilm. Thus, the control consortial
biofilm generated an additional resistance which approximately doubles the clean membrane resistance while the beneficial
biofilm essentially negated this increase. The beneficial biofilm produced similar permeate flux (LasI/LasR in Figure C2d) compared to the self-controlled strain, so the production of NO by the beneficial strain did not affect permeate flux. As
a positive control for NO dispersal of P. aeruginosa, sodium nitroprusside (SNP) was used to generate NO which dispersed
the P. aeruginosa biofilm in 96 well plates; at 5 M SNP, normalized P. aeruginosa biofilm was reduced by 80%. Therefore,
by controlling the biofilm formation of the deleterious strain by the production of NO, the self-controlled biofilm increased
membrane operating flux.
We also investigated the ability of the beneficial biofilm to inhibit the biofilm of another prominent biofouling organism,
S. wittichii. Compared to P. aeruginosa, S. wittichii produced less biofilm under all conditions tested. On membranes with
consortia, without the presence of NO, the control strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBad) could not prevent S.
wittichii biofilm formation after two days as evident from larger total biofilm biomass found on the membrane (Figure C4a) relative to the E. coli control strain portion of the consortial biofilm (Figure C-4b); in fact, most of the consortial biofilm
was that of S. wittichii. In contrast, in the presence of NO produced by the beneficial biofilm strain (E. coli
TG1/pBdcAE50Q-lasI-lasR/pBNos), total biofilm formation (Figure C-4c) was reduced by more than an order of magnitude
(Figure C-4e). Since the biofilm biomass of the portion of the consortium that is the beneficial strain (Figure C-4d) is roughly
the same as the total biofilm (Figure C-4c), the S. wittichii biofilm was almost completely eliminated when NO was
produced. Hence, S. wittichii biomass was reduced 17-fold when NO was produced by the beneficial biofilm strain (Figure
C-4e). Therefore, our beneficial strain is a general solution for preventing biofouling since it reduced the biofilm formation
of both P. aeruginosa and S. wittichii. Note that unlike the consortial biofilm experiments with P. aeruginosa in which the
pseudomonad was tagged with GFP, to determine the S. wittichii biofilm levels, we subtracted the E. coli biofilm levels
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(determined by RFP levels) from the total biofilm that was determined by staining both strains with SYTO9 (green).

Figure C-4. The NO producing beneficial biofilm decreases S. wittichii biofilm formation on membranes. (a) Total biofilm of the consortium of S.
wittichii with the control (“E. coli NO-”, E. coli TG1/pBdcAE50Q-lasI-lasR/pBad) after 48 h challenge at 30˚C in M9G medium supplemented with
15 mM arginine and 1.6% arabinose. The confocal images were taken after SYTO9 staining to observe total biofilm on the membranes. (b) Consortial
biofilm of the RFP-tagged control strain which did not produce NO (“E. coli NO-”). (c) Total biofilm of the consortium of S. wittichii and the beneficial
biofilm strain which produces NO (“E. coli NO+”, E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos). (d) Consortial biofilm of the RFP-tagged, NOproducing, beneficial biofilm strain. Scale bars, 20 μm. (f) COMSTAT analysis of S. wittichii and E. coli consortial biofilm biomass and average biofilm
thickness. The error bars represent standard deviations from a sample size of 6. E. coli biomass (RFP-tagged) was subtracted from the total biomass
(stained with SYTO9) to get the S. wittichii biomass.

We also conducted long-term, crossflow filtration challenge tests to determine the robustness of our approach under
shear and pressure conditions typically seen in spiral-wound membrane systems operating at plant scales. We conducted
these tests (2 to 5 days leading to substantial productivity declines reaching over 50%) with a well-validated crossflow
system (Osmonics SEPA® Cell) with Dow NF90 membranes and a computerized control system built to allow operation at
constant pressure. In all experiments, the membranes were first conditioned with either the control strain (self-controlled
strain but with no NO release capabilities, “E. coli NO-”, TG1/pBdcAE50Q-lasI-lasR/pBad) or the beneficial strain (self
controlled strain with NO release capabilities, “E. coli NO+”, TG1/pBdcAE50Q-lasI-lasR/pBNos) for 24 hours in crossflow
mode but with minimal permeation by maintaining a transmembrane pressure of 40 psi. The system conditioned with control
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biofilms (E. coli NO-) showed rapid flux decline in 4000 minutes (~3 days) to ~55% of initial flux, while the beneficial
biofilm restricted the flux decline to ~34%, a decrease of ~40% (Figure C-5). Critically, the beneficial biofilm enhanced
membranes could be run for ~4 days under challenge conditions without the flux decline reaching 50%. In these experiments
the conditioning biofilms were started with an initial E. coli turbidity at 600 nm of 0.01 in the system feed and challenged
with P. aeruginosa PAO1 at an initial turbidity of 0.002 in the system feed. Another set of experiments was conducted with
higher microbial loads (initial conditioning films with E. coli turbidity of 0.05 and P. aeruginosa PAO1 at a turbidity of
0.002) and led to similar differences in flux decline but over a shorter time scale (~24 h of challenge experiment).
Biofilm analysis of the membranes subjected to the long-term, crossflow (3 to 4 day) tests corroborated the permeate
flux results in that an order of magnitude less colonization of the membranes was seen by the challenge organisms (P.
aeruginosa PAO1) when the membranes were conditioned by the beneficial biofilm (E. coli NO+) compared to when
membranes were conditioned by the control biofilm (E. coli NO-) (Figure C-5). The total biomass for the beneficial biofilm
conditioned membranes challenged by P. aeruginosa PAO1 was limited to 0.017 (± 0.001) m3/m2 while it was 0.35 (±
0.02) m3/m2 for the membranes conditioned by control biofilms. Since both of these biofilms (control and beneficial)
were based on the self controlled LasI/LasR system, the overall biofilm formation was limited as expected. The biomass
values of the control strain alone was ~0.10 m3/m2 (i.e., the difference between the total biomass and the P. aeruginosa
PAO1 biomass) at the end of ~four days, similar to that seen after 1 day for the batch experiments (Figure C-2, ~ 0.20
m3/m2) indicating the self control was maintained.
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Figure C-5. The beneficial biofilm reduces P. aeruginosa PAO1 biofilm formation on membranes and mitigates flux decline under crossflow conditions.
(a) P. aeruginosa PAO1 consortial biofilm (“PAO1”) on an NF90 membrane, (b) E. coli control strain (TG1/pBdcAE50Q-lasI-lasR/pBad) that does
not produce NO (“E. coli NO-”) consortial biofilm on an NF90 membrane under similar conditions as (a), (c) Consortium of the P. aeruginosa PAO1
biofilm and (d) the beneficial biofilm strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos, “E. coli NO+”) under similar hydrodynamic conditions as (a)
and (b). Scale bars, 20 m. (e) COMSTAT analysis of consortia biofilm biomass and P. aeruginosa PAO1 biomass in μm3/μm2. The error bars represent
standard deviations from a sample size of 6. (f) Average normalized flux profile measured at ~200 psi applied pressure under crossflow conditions
with the P. aeruginosa (“PAO1”)/E. coli biofilm consortia on NF90 membranes.

Epichlorohydrin degradation by the beneficial biofilm. Epichlorohydrin is a water contaminant for which treatment
techniques are not well studied. Further, this small hydrophobic compound passes through the membrane used in this study.
To add to the ability of the beneficial biofilm to simultaneously perform bioremediation while preventing biofouling, the
beneficial biofilm was engineered to produce an engineered EH that degrades epichlorohydrin (46). As planktonic cultures,
the beneficial strain that produces EH (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos-echA) degraded epichlorohydrin at a rate
of 3.7 ± 0.4 nmol/min/mg of protein whereas there was no epichlorohydrin degradation in the control strain that lacks EH
(E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos). Furthermore, when grown on the NF90 membrane, the beneficial biofilm that
produces EH degraded epichlorohydrin by more than 39 ± 4% in single pass batch filtration (Figure C-6). Therefore, the
beneficial biofilm that produces EH is capable of degrading the environmental pollutant epichlorohydrin while controlling
its own biofilm formation and limiting the biofilm formation of deleterious strains.
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Figure C-6. The beneficial biofilm degrades the micropollutant epichlorohydrin that passes through the membrane. Epichlorohydrin removal was
tested using biofilms of E. coli (TG1/pBdcAE50Q-lasI-lasR/pBNos (EH-) and E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos-echA (EH+)) developed in 24
h on NF90 membranes in M9G medium with 15 mM arginine and 1.6% arabinose. The control biofilm was challenged with 10 mM epichlorohydrin in
5 mM NaCl feed solution (pH ~ 9.0). Epichlorohydrin adsorption to the cellular biomass was subtracted from the total removal amount to determine
the actual enzymatic removal levels shown here. (a) No enzymatic removal was observed with the control biofilm of E. coli TG1/pBdcAE50Q-lasIlasR/pBNos (EH-) on NF90 membranes (b) Removal of epichlorohydrin by beneficial biofilm (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos-echA or EH+)
was 39% at 30 min after the filtration began under similar process and feed conditions. The error values are standard deviation for three independent
colonies.

C.3 Conclusion
We have demonstrated a novel approach as a proof-of-concept and as an industry-relevant system for combating
biofouling in membrane systems by using the feature of biofilms that makes them a challenge in many systems, their
persistence, in a beneficial manner. At the core of this work is a QS circuit we engineered to create a beneficial biofilm that
effectively limits its own biofilm formation. We also produce the biofilm dispersing agent NO in the beneficial strain and
effectively limit the biofilm formation of the deleterious bacteria P. aeruginosa and S. wittichiii; both organisms have been
demonstrated as important fouling agents for membranes. We further developed the biofilm into a platform for treating
refractory pollutants that escape or are modified through the upstream treatment process and can even pass through RO
membranes. Currently micropollutants that pass through NF and RO membranes, such as N-nitrosodimethylamine (49) and
1,4-dioxane (50), have to be treated using even more advanced techniques such as high intensity ultraviolet radiation (51).
To further develop the presented approach, the plasmid based systems shown to work here should be stabilized by
integration of the required functional elements into the chromosome, which will limit transfer of these genetic elements to
other microorganisms. Also, our system needs to be tested further for its long-term effectiveness against more-complex
environmental samples, recognizing that each environmental system may require a different beneficial strain.
We designed the membrane experiments to demonstrate the effectiveness of the beneficial biofilm while carefully
considering and balancing actual membrane system operation and the need to obtain reproducible data. Hence, beneficial
biofilm development for forming the conditioning film on the membrane was conducted both with and without filtration. In
full scale plants, this approach can be implemented by using the cleaning setup to flow cultures through the system in
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recirculation mode without filtration to build up the beneficial biofilm. This operation is common during chemical cleaning.
Additionally, all flux measurements were conducted both under filtration conditions in a stirred cell that simulates shear
that is seen in crossflow membrane systems (52) and is a widely used technique for rapid evaluation of fouling trends (53)
as well as under cross-flow under nanofiltration/reverse osmosis, practice-relevant conditions. The challenge experiments
with P. aeruginosa and S. wittichii were conducted initially without shearing and filtration to provide the most conservative
estimate of the efficacy of the beneficial biofilms in preventing colonization by these challenge strains (54). Under the shear
conditions of filtration, we hypothesized that formation of extracellular polymeric substances would be exacerbated for the
preformed beneficial biofilm (55) and make it more stable while the challenge bacteria (typically present at low
concentrations) may have more difficulty colonizing the preformed biofilm. To test this hypothesis, we evaluated the
beneficial biofilm by challenging it with P. aeruginosa under shear stress using industrially-relevant, crossflow and pressure
conditions and found that the beneficial biofilm maintained an order of magnitude less biofilm biomass than the control
strain (Figure C-5a- C-5e). This was reflected in ~30-40% less flux decline with the beneficial strain compared to the
control strain under similar hydrodynamic and temporal conditions (Figure C-5f). Therefore, the beneficial strain has been
demonstrated to be effective in minimizing biofilm not only in batch systems, but also under high pressure and sheardominated crossflow conditions used in large scale applications.
Possible additional industrial settings for the use of the beneficial biofilm include biofilms in cooling towers, water
distribution systems as well as in building HVAC systems (implicated in Legionnaires’ disease(56, 57)). The approach
proposed can also be extended to other membrane technologies such as membrane bioreactors and forward osmosis for
contaminant degradation and biofouling prevention with proper controls on engineered biofilm proliferation.
Biomedical applications could include biofilm prevention in medical catheters (58), biomedical implants (59), and
perhaps even biofilm related human diseases (60) such as cystic fibrosis (61), endocarditis (62), dental plaque (63) and
chronic rhinosinusitis (64). The use of beneficial biofilms to combat biofilm related diseases could reduce the use of
antibiotics and help combat the rise of antibiotic resistance. Treatment of antibiotic resistant Helicobacter pylori infection
is relevant in this context (65), since, the first line of antibiotics is proving increasingly ineffective against H. pylori biofilms
(66), and the beneficial biofilm after suitable modifications, could possibly be used as an alternative treatment strategy.
Overall, the general scheme we developed has the potential for combating many problems that arise due to uncontrolled
proliferation of bacteria in biofilms.
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C.4 Methods
Bacterial strains and culture conditions. All strains and plasmids used in this study are summarized in Table C-1. All
strains were grown in lysogeny broth (LB) (67) or minimal medium with 0.4% glucose (M9G) (68) at 37 ºC.
Chloramphenicol (Cm) 300 g/mL was used to maintain pCA24N-based plasmids in E. coli, carbenicillin (Cb) 250 g/mL
was used to maintain pBad in E. coli, and Cb (250 g/mL) was used to maintain pMRP9-1 in P. aeruginosa PAO1; pMRP91 allowed P. aeruginosa to be tagged with GFP. During co-culture with E. coli, P. aeruginosa was grown with Cm (300
g/mL) since it is naturally-resistant to this antibiotic. S. wittichii RW1 was obtained from Dr. Sharon L. Walker from the
University of California, Riverside and was grown in M9G, nutrient medium containing peptone (5 g/L) and beef extract (3
g/L), or LB at 30 ºC.
Table C-1. Bacterial strains and plasmids used in this study. CmR and CbR denote chloramphenicol and carbenicillin
resistance, respectively.
Strains or plasmids

Description

Source
(68)

P. aeruginosa PAO1-UW

supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5, (rK-mK-) F' [traD36
proAB+ lacIq lacZΔM15]
Wild-type from University of Washington

Plasmids
pHha13D6-gfp-lasI
pBdcAE50Q

CmR; lacIq, pCA24N PT5-lac::hha13D6+
CmR; lacIq, pCA24N PlasI::bdcAE50Q+

(24)
(24)

pBdcAE50Q-rfp-lasR

CmR; lacIq, pCA24N PlasI::bdcAE50Q+ PCP25::rfp+-lasR+

Strains
E. coli TG1

pBdcAE50Q-lasI-lasR
pBNos
pBNos-echA
pBad/Myc-HisB
pMRP9-1

R

+

q

+

+

Cm ; lacI , pCA24N PlasI::bdcAE50Q -lasI PCP25::rfp -lasR
+

CbR; pBad PAra::nos
CbR; pBad PAra::nos+- echA(F108L/I219L/C248I)+
CbR; araC
CbR ; pUCP18 carrying a gene encoding enhanced green
fluorescent protein (GFP)

(74)

(24)
+

This study
(36)
This study
Invitrogen
(75)

Plasmid construction. Plasmid pBdcA E50Q-lasI-lasR contains bdcAE50Q (48) and lasI under the control of lasI promoter
and rfp and lasR under the control of the constitutive CP25 promoter. lasI was amplified from pHha13D6-gfp-lasI (24)
using the lasI-SalI-f and lasI-HindIII-r primers and cloned into pBdcAE50Q (24) at the SalI and HindIII restriction sites to
form pBdcAE50Q-lasI. The constitutive promoter CP25, rfp, and lasR fragment was obtained by digesting the pBdcAE50Qrfp-lasR plasmid (24) with BlpI and was inserted into the pBdcAE50Q-lasI plasmid at BlpI site downstream of lasI gene to
form pBdcAE50Q-lasI-lasR.
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To construct pBNos-echA plasmid, the echA gene was amplified by PCR using pBSKan(EH, F108L/I219L/C248I) (46)
as the template with the EH HindIII forward and EH SalI reverse primers. The PCR products were double digested with
HindIII-HF and SalI-HF and ligated into pBNos (36) yielding pBNos-echA.
All plasmids were verified by DNA sequencing. The oligonucleotides were synthesized by Integrated DNA
Technologies (Coralville, IA).
Biofilm formation assay using crystal violet. Biofilm formation was assayed in 96-well polystyrene plates using 0.1%
crystal violet staining as described previously (69) with some modifications. Diluted overnight cultures at an initial turbidity
at 600 nm of 0.05 were inoculated into 96-well-plates with M9G with appropriate antibiotics and the bacteria were cultured
for 24 h at 37 C without shaking. For the P. aeruginosa biofilm dispersal control, SNP was used (Sigma-Aldrich, St. Louis,
MO). After the crystal violet was added to each well, the wells were rinsed and dried, and ethanol was added to dissolve the
crystal violet. The total biofilm formation samples were measured at 540 nm, whereas cell growth was measured at 620 nm.
Biofilm formation was normalized by the bacterial growth to reduce any growth effect. At least three independent cultures
were used for each strain.
Biofilm formation assay using confocal microscopy. The overnight cultures were diluted to an initial turbidity at 600 nm
of 0.05 and thereafter, inoculated into glass bottom dishes (catalog number 150680, Nunc, Thermo Scientific) in M9G for
24 h at 37 C without shaking. Fresh M9G medium 1 mL was added into the dishes, and they were incubated for another
24 h at 37 C. For the biofilm experiments with P. aeruginosa, diluted overnight cultures of E. coli (turbidity at 600 nm of
0.01) were inoculated into glass bottom dishes in M9G for 24 h at 37 C without shaking. Overnight cultures of P.
aeruginosa were added into the dishes at an initial turbidity at 600 nm of 0.1, and 15 mM of arginine and 1% arabinose
were added to the culture. The dishes were incubated for another 24 h at 37 C.
Confocal microscopy images were taken using a 63x /1.4 oil objective lens (HCX PL APO CS 63.0 x 1.4 OIL UV) with
a TCS SP5 scanning confocal laser microscope (Leica Microsystem, Wetzlar, Germany). Using the confocal z-stack images,
3-D reconstruction of the biofilm architecture was performed using IMARIS software (Bitplane Inc., CT, USA). Biomass
was obtained using COMSTAT image-processing software (70). At least three different areas were observed, and average
biomass was reported. At least three independent cultures were tested in this manner, and representative images are shown.
Confocal images were obtained using an argon laser with emission set between ~500 to 540 nm in one photomultiplier tube
(green channel) and emission set between ~550 to 650 nm in the other photomultiplier tube (red channel). A double dichoric
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lens was used to filter emitted light to visualize RFP (E. coli) and a triple dichoric lens was used to filter emitted light to
observe both RFP (E. coli) and GFP (P. aeruginosa). For consortia of S. wittichii and E. coli, membrane samples were
incubated with 5 mL 5 μM SYTO 9 in 0.85% NaCl for 1 h under light-insulated conditions to stain the total biofilm from
both S. wittichii and E. coli and were washed with 0.85% sterile NaCl solution to remove excess dye. The samples were
analyzed using the same procedure except the red channel emission was collected between ~560 to 650 nm (for RFP-tagged
E. coli) to minimize interference from the green channel. The S. wittichii biofilm cells were determined by subtracting the
red E. coli biofilm signal from the total green signal.
NO assay. The final products of NO produced in vivo are nitrite and nitrate; thus, the sum of the nitrite and nitrate
concentrations is directly correlated to the level of NO production (36). Nitrate and nitrite concentrations were measured
using a nitrate/nitrite colorimetric assay kit (Cayman Chemicals). Diluted overnight cultures at an initial turbidity at 600
nm of 0.05 were inoculated into M9G for 48 h at 37 C. Arginine 15 mM was added as the substrate, and 1% arabinose was
added to induce NO production. At least 3 independent cultures were tested.
EH assay. A chromogenic reaction of epoxide epichlorohydrin with 4-nitrobenzylpyridine was used to measure the activity
of EH (71) using planktonic cells. The assay was performed in 1.5 mL microcentrifuge tubes as described previously (46).
Diluted overnight cultures at an initial turbidity at 600 nm of 0.05 were inoculated in LB with 1% arabinose at 37 C. The
culture (100 µL) at an initial turbidity at 600 nm of 1 was contacted with 400 µL of 5 mM epichlorohydrin in TE buffer (pH
9.0) at 37 C, then 250 µL of 4-nitrobenzylpyridine (100 mM in 80 vol% ethylene glycol and 20 vol% acetone) was added.
After heating the samples at 80 C for 10 min, 250 µL of 50% trimethylamine (in acetone) was added. The samples were
measured at 520 nm. At least 3 independent cultures were tested. The protein content of E. coli TG1 (72) (0.22 mg of
protein/mL/OD) was used to calculate the epichlorohydrin degradation rate.
Dead-end filtration membrane biofilms. Biofilms were grown on membranes for 24 h in M9G in a VWR gravity
convection incubator (Radnor, PA, USA). The membrane used was the commercially available DOW NF90 thin film
composite polyamide type. An Advantec MFS UHP-76 (Dublin, CA, USA) stirred cell with effective membrane area of
35.3 cm2 was used for growing biofilms on membranes as well as for conducting permeability tests. A flat sheet of the NF90
membrane was placed under the O-ring and above the spacer of the stirred cell. The inner volume (450 mL) of the stirred
cell was sterilized with 95% ethanol, and cells were adjusted to a turbidity of 0.5 at 600 nm in M9G medium. The cells were
added to the stirred cell to a total liquid volume of 300 mL and grown without stirring for 24 h to form the biofilm. Small
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pieces of the membranes (~ 5 x 5 mm) were utilized for confocal laser scanning microscopy.
Dead-end filtration consortial biofilms. To challenge the beneficial biofilm with P. aeruginosa PAO1/pMRP9-1 (GFP
tagged) and to ascertain the dispersal activity of the beneficial strain, both the NO- control strain, E. coli TG1/pBdcAE50QlasI-lasR/pBad, and the E. coli NO+ beneficial strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos) (both RFP tagged) were
grown as biofilms on NF90 membranes for 24 h as described above. The medium was discarded and replaced with fresh
M9G medium (300 mL) containing 15 mM L-arginine (substrate for NO synthase) and 1.6% L-arabinose inducer for bNos.
An overnight culture of P. aeruginosa in LB with 1.6 % arabinose and 15 mM of arginine was added to each stirred cell to
make an initial turbidity of 0.1 at 600 nm. The stirred cells were incubated for 24 h. Small sections of the membranes from
different regions were imaged for biofilms under confocal microscopy using combined green and red fluorescence lasers.
At least 15 different membrane biofilm samples, spanning 3 independent cultures, were analyzed to get average biofilm
thickness and biomass.
The beneficial biofilm was grown under similar conditions for challenging with S. wittichii. After 24 h of growth of the
E. coli NO+ beneficial strain (E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos) or the NO- control strain (E. coli
TG1/pBdcAE50Q-lasI-lasR/pBad), the medium was removed, and the stirred cell was washed with M9G without any
antibiotics. An overnight culture of S. wittichii in LB with 1.6% arabinose and 15 mM of arginine was added to each stirred
cell to make an initial turbidity of 0.5 at 600 nm in M9G medium without antibiotics. The stirred cells were incubated for
48 h at 30˚C, the medium was removed, and the membrane samples were stained with SYTO9.
Dead-end filtration membrane flux assays. All flux measurements were conducted under filtration conditions in a stirred
cell that simulates the shear that is seen in crossflow membrane systems; this is a widely used technique for rapid evaluation
of fouling trends (52, 73) and has been used for the development of fouling indices. Flux experiments were performed
immediately following biofilm growth using 0, 5, 10, and 15 mM NaCl. After removing the medium, the stirred cell was
washed three times with 15 mM NaCl, and the stirrer and sample withdrawal tubes were loaded into the cells.
Simultaneously, solutions of 25% feed NaCl concentrations were loaded into the 1 L Amicon reservoir (EMD Millipore,
Billerica, MA, USA). In this way, any variation of feed concentration during the flux experiment in the dead-end filtration
mode was minimized. The reservoir NaCl concentrations were 0, 1.25, 2.5, and 3.75 mM. Thereafter, the reservoir and the
stirred cell were pressurized to 50 psi using N2, and the stirring speed was maintained at 400 rpm. Permeate water weight
was collected every 30 seconds using an automated A&D FX-300i balance (Bradford, MA, USA) and analyzed using
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WinCT RS Weight software (V 3.00). The experiments were continued for 20-30 minutes for each feed concentration.
Conductivities of permeate and feed were measured using an Orion Versastar conductivity meter (model VSTAR 50) from
Thermo Scientific. The measured flux in grams/min was converted into liter/m2/h (LMH) for membrane performance
comparison.
Long-term crossflow filtration biofilm challenge experiments. Biofilm development under crossflow conditions were
performed according to Herzberg and Elimelech (9) with some modifications. A 0.5% bleach solution was circulated
through the crossflow RO system built around an Osmonics SEPA® cell (Sterilitech, Kent, WA) for 2 h in recirculation
mode to disinfect the system. Following disinfection, deionized (DI) water was introduced in flushing mode to rinse the
system for 10 min and then trace organic matter was removed with 5 mM EDTA at pH ~11 (1 mM NaOH) under
recirculation mode for 30 minutes. The unit was rinsed again with DI water for 30 minutes in flushing mode, and 95%
ethanol was recirculated through the system for 1 h for further sterilization. Autoclaved DI water was then introduced to
flush the system of residual ethanol. An ethanol-sterilized and autoclaved water-washed NF90 membrane was then loaded
in the system along with a feed spacer (as indicated) and membrane compaction was performed overnight with autoclaved
DI water with the temperature adjusted to 27˚C at 200 psi. Four liters of M9G minimal media were introduced with 300
μg/mL chloramphenicol (Cm) and 250 μg/ mL carbenicillin (Cb) without arginine/arabinose, and the membrane was
conditioned for 4 h at 27˚C at 200 psi. Centrifuged E. coli NO- or E. coli NO+ cells (5000 rpm for 10 minutes at 4˚C) from
overnight cultures were added to the 4 L M9G minimal media to an initial turbidity at 600 nm of 0.01 or 0.05. The E. coli.
biofilms on the membranes were developed for 24 hr at ~40 psi at 27˚C in recirculation crossflow without any filtration.
The feed solution was then removed, the system was flushed with fresh 4 L M9G medium, and centrifuged P. aeruginosa
PAO1 cells (5000 rpm for 10 minutes at 4˚C) from overnight cultures were added to another freshly prepared 4 L M9G with
300 μg/ mL chloramphenicol (Cm) and 250 μg/ mL carbenicillin (Cb) supplemented with 15 mM L-arginine and 1.6% Larabinose at an initial turbidity of 0.002 or 0.01. The challenge experiment was continued for ~72 to 96 h (depending on
system stability) at ~200 psi at 27˚C with collection of flux data. After the completion of the experiments, the membranes
were collected in 0.85% sterile NaCl solution and immediate confocal microscopy analysis was performed on different
sections of the membrane.
EH removal via once-through membrane treatment. E. coli TG1/pBdcAE50Q-lasI-lasR/pBNos-echA and control (E.
coli TG1/pBdcAE50Q-lasI-lasR/pBNos) biofilms were grown on NF90 membranes using M9G supplemented with 15 mM
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L-arginine (substrate for NO synthase) and 1.6% L-arabinose (inducer of bNos) under static conditions for 24 h. The medium
was removed from the stirred cell, and the biofilm was challenged with 10 mM epichlorohydrin in 5 mM NaCl solution
with the pH adjusted to 9(46) to maintain a constant pH throughout the experiment and analysis and thus minimizing
unwanted dissociation. After incubating 5 min, the membrane system was pressurized to 50 psi via N2, permeate samples
between 10 to 20 minutes and between 20 to 30 minutes were collected, and 100 L samples were used for the EH assay.
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