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Abstract

The lterative Design of Aptamer-Functionalized Membranes to Enable Detection, Sequestration,
and Recovery of Small-Molecule Compounds

By Misael A. Romero-Reyes

Decontaminating our increasingly scarce sources of fresh water has become of paramount
importance. Of the available treatment purifications methods, membrane filtration is
advantageous due to its simplistic design, affordability, and applicability. However, one of the
biggest drawbacks is its inability to retain small molecules of interest (< 1 um). This matter
becomes more pressing because contaminants arise from multiple industries, human pollution,
and natural bacteria. This thesis is focused on exploring the preparation of a filtration system
capable of removing small molecules from water by leveraging the use of aptamers. Aptamers
are single-stranded DNA that have strong affinity and specificity to small molecules. When we
couple aptamers to current filtration systems, we can pave the way to remove small-molecule and
macromolecular contaminants, toxins, and microorganisms from water in a user-friendly manner.
In Chapter 1, | provide a literature review to introduce the concepts of water scarcity, current
technologies and methods for water decontamination, the use of membranes in decontamination,
and utilization of aptamers in environmental applications. In Chapter 2, | create the first aptamer-
functionalized membrane and demonstrate its ability to remove bisphenol A. In Chapter 3, |
explore this system further by optimizing each component of the preparation process and
therefore the increase of aptamer attachment. We also demonstrate the depletion of more than
one small molecule synergistically. In Chapter 4, | talk about applications of the membrane system
developed that go further than removal of small-molecule contaminants from water sources. |
evaluate the creation of a membrane that can self-regenerate by not only removing but also
degrading a small-molecule contaminant with the aid of an enzyme. In Chapter 5 | reflect about
my time in graduate school, where apart from research, | got intensive training on teaching,
science communication, and outreach. Finally in Chapter 6 | discuss the practical applications
and consider future directions of the system developed. Together, this research sheds a light in
the development efficient methods that can sequester and remove micro- and macro- molecules
from our water supplies, which due to the imminence of fresh-water scarcity, it has become critical

to study.
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Chapter 1

Combatting Small-Molecule Environmental Toxins:
Detection and Sequestration using Functional Nucleic
Acids.

In this chapter, we introduce the different technologies for water
decontamination and introduce aptamers as a viable way to decontaminate
water sources when attached to current purification methods.
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1.1 Abstract

Small-molecule contaminants pose a significant threat to the environment and thus human
health. While effective methods are available for water treatment in developed countries,
detection and remediation of toxins in more resource-limited environments and recreational water
sources remains a challenge. Functional nucleic acids, including aptamers and DNA enzymes,
have emerged as powerful options to address this challenge. The goal of this thesis is to outline
recent efforts toward the selection of aptamers and enzymes for waterborne toxins and describe
their application for toxin detection and remediation. We will explore different water
decontamination technologies and methods used with their limitations, that prompt the use of
membranes, a cheap and inexpensive technology that can be enhanced to include the removal
of micro- and macro- molecules with the help of aptamer systems. Finally, we will include an
outlook that addresses barriers that still exist to widespread adoption of these technologies and

propose a path forward toward addressing these barriers.
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1.2Introduction

Unbeknownst to the majority of people, of the available water on the surface of our Earth, only
0.03% of water can be used for human consumption.’ Due to the rapid changes in human
urbanization, pollution, and overpopulation there has been a decrease in water access.? This is
especially critical since we are approaching a time when there are different cities that have
reported complete drought, and many more that are in danger of experiencing scarcity in the
coming years.>*

Fresh water is often found in rivers lakes and reservoirs in continental land. This
constitutes the majority of the amount of water that can be used for human consumption and
unfortunately is often found as a mixed matrix, unable to be consumed right away.>® There are
various factors that have caused this over the past few decades including increase in
temperatures "® and contamination from various industries,® which increases the complexity of
the water by the increase in the amount of synthetic and natural contaminants in the water.
Synthetic contaminants include small-molecule organics, heavy metals, and polymeric
chemicals.'®"" Biological contaminants include the increase of bacteria and viruses in the water.

Due to the complexity of these water sources, there has been an increase in the research
regarding water decontamination. Most of decontamination techniques include the use of physical
or chemical treatment, or a combination of the two. Specifically, centrifugation, coagulation,
chlorination, and photochemical inactivation are the main techniques used to decontaminate
freshwater sources.'®"® All of these require the use of high amounts of energy, machinery, and
complex processes, which makes the overall process expensive.

For this reason, there is a necessity to research more user-friendly and point-of-use
systems, which aid in the decontamination of not only macromolecules, but also small molecule
toxins and contaminants.’® '™ To find the correct platform for this application, many considerations
must be met: effectiveness, practical application (easily performed by the user), inexpensive,

scalable, and sustainable design.15 Of the current methods available, membranes have been
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proven to be efficient. Membranes remove contaminants depending on their physical properties,
such as size.'® Although multiple membranes have been engineered from multiple materials, they
face the same limitations as other decontamination techniques: as the pore size gets smaller, the
machinery and resources needed to decontaminate water increases. Consequently, we have to
strike a balance between price and contaminant removal."”"'® Given that wider-pore membranes
are able to remove microorganisms and macromolecules, and at the same time are still accessible
and user-friendly, they are a great platform that can serve as a scaffold for decontamination of
water. Their only drawback is the inability to remove small molecule contaminants and toxins (<
1um).™

Some functional nucleic acids are single stranded oligonucleotides that have the ability of
either sequestering or performing a reaction in molecules.?’ Aptamers are single stranded DNA
or RNA molecules that have strong affinity and specificity for small molecules of interest.?’
DNAzymes on the other hand perform a reaction or are able to degrade small molecules of
interest.?? Their ability to recognize and bind small molecules of interest has given functional
nucleic acids broad use in multiple applications. These include biomedical applications such as
delivery, therapeutics, clinical diagnostics, imaging, and biomarker discovery.”®> More
interestingly, there has been an increase of its use in environmental applications such as the
detection and the bioremediation of molecules of interest. In view of its innate ability to sequester
small-molecule contaminants and toxins, aptamers can be a suitable system to decontaminate
water.?

In this thesis introduction we discuss the severity of freshwater contamination and the different
technologies up to date that decontaminate freshwater together with its limitations. We dive
deeper into the different types of membranes prepared up to date and how ultrafiltration
membranes serve as an excellent scaffold for our study. We do a deep study on the aptamers

used for environmental applications for detection and removal to date and define the types of
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molecules we are interested in removing for water. We summarize the objectives that we are

trying to accomplish by attaching functional nucleic acids to membranes.

1.3Earth’s Freshwater Crisis

Most of the water in the atmosphere is in the form of saltwater (in the sea) while freshwater
accounts for just 1%. Of this 1%, mostly comprised of ice, snow or groundwater, only 0.03% is in
liquid form on the surface.?® Fresh water is considered to be any water body that is not salty and
thus is considered suitable for consumption. Freshwater does not only relate to the water itself

t.2% Because it is a resource for humans, current

but also the ecosystems and diversity within i
extraction practices have increased and are huge pressure on these ecosystems. This has had
catastrophic consequences in the biodiversity of the world.?” Human consumption of water is
attributed mostly to population growth, economic development, and dietary changes. Almost
every activity or device humans use include the use of water in some related or unrelated way,
so it is not surprising that these sources are being depleted.?®

Because surface water is being depleted at such increased rates, people and industries have
relied on the use of groundwater as a source for consumption. Groundwater refers to the water
available under the soil or rock formations.?® Because it is not accessible, most of the extraction
of this water requires different technologies and methods. These methods include the use of drills
to make wells and pumps that bring water to the surface.® Because of its native location, most
groundwater is susceptible to contamination, mostly due to human activity (extraction, agriculture,
commercial, and residential). But, special importance must be paid to contamination due to
extraction of ground water because different phenomena can occur such as contamination due
to the zone of contribution, or interaquifer leakage. Regardless of these consequences, most of

the freshwater is used in the crops that we grow for human consumption or animal feeding; these

activities use the most amount of water with an exorbitant amount of 90% of all freshwaters used
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US irrigation per state

14.90% Nebraska
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Figure 1.1 State shares of US irrigated acres in the year 2012. Adapted from USDA Irrigation and water
use.

for this purpose in the US.*'*? As seen in Figure 1.1 most of the irrigation happens in the western
states, as they are more viable to grow crops due to environmental factors. As population keeps
increasing, the demand for water and food will increase as well. It is expected that by 2050 there
is going to approximately 10 billion people in the world and the demand for water will increase by
25%, an increase of the already high demand.*® Multiple agencies and governments have set
policies in place to have a greener and more sustainable use of water, but unfortunately, we are
at a place where we are depleting sources at a higher rate in which they can be regenerated. The
problem relies on the virtual water, which is the water used to develop the different products,
services, and processes, and oftentimes consumers do not see.®* There have been various
proposed solutions that humans can adopt to alleviate this pressing water usage. One example,
being the most important, yet controversial, is the change to a vegetarian diet. It has been shown
that if people switch to a vegetarian diet can sustainably reduce water consumption by 27%-41%.
This would incredibly increase the water availability in the coming decades.>>%®

Another thing to consider about water availability throughout our earth is the unequal

distribution of it. Some continents, or even states, have more water bodies and annual

precipitation than others, leading to a lack of access of water to a numerous amount of people. It
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is known that 30% of its current people (population 7.6 billion people) suffer from lack of access
to safe drinking water. As a consequence, people drinking contaminated water suffer curable
diseases (cholera, diarrhea, typhoid fever, etc.) and are more likely to die. Because of this, the
United Nations has set forth a plan to tackle this crisis by 2030: United Nations’ Sustainable
Development Goals.?’

Because of the current freshwater crisis, scientists have moved towards investigating the
potential to reuse water. By decontaminating, that is, removing toxic contaminants from water, it
can be reused especially in crops and other non-human intake applications. Special attention has
been given to decontaminating the water for human consumption, as this is the most pressing
issue in water scarcity.®® As we move forward, special focus will be given to the different
techniques and technologies used in water decontamination in both developed and undeveloped
countries. We will observe the current gaps in the decontamination technologies and why the
usage of a user-friendly decontamination system is important and of maximum importance in

today’s day and age.

1.4Technologies and Methods used in Water Decontamination

Water decontamination has been changing over the last few years. This is because the
number of contaminants in water has also been increasing. With the increase of temperature in
our planet, there are lower levels of dissolved oxygen, due to their inverse relationship. Because
of this, there is an increase in pathogens, nutrients, and invasive species in the water.>*° An
example of this is the increase in algal blooms, which we have observed a rise of in the last few
years. On a chemical perspective, an increase of temperature also increases the concentration
of some pollutants, such as ammonia, due to their chemical response to warmer temperatures.*’
The final consequence of an overall temperature increase is the increased rates of

evapotranspiration from waterbodies, which result in the shrinking of waterbodies themselves.
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Because of the increase in temperature, and pollution involved during human activities, there
are four types of contaminants associated with water contamination: inorganic contaminants,
organic contaminants, biological contaminants, and radiological contaminants.*? In terms of
inorganic contaminants, we often talk about the chemical parameters of the water (e.g. hardness
of carbonates). Most importantly we talk about heavy metals (arsenic, lead, copper chromium,
mercury, antimony, etc.) that can go into our water sources.*® In terms of organic contaminants,
the major sources are pesticides, domestic waste, and industrial waste. These types of
contaminants are often the most harmful for humans because they can cause a variety of
diseases including cancers, hormonal disruptions, and nervous system disorder.** In terms of
biological contaminants, which are caused by the presence of living organisms include algae,
protozoan and viruses. Of these, algae are oftentimes the most harmful because they are able to
have excess growth, but most importantly (and critically) their release of toxins are capable of
damaging the liver, nervous system, and skin.** Lastly, radiological contaminants, are
contaminants that are derived from radioactive elements, thus are more centralized near water
bodies that are close to nuclear industries or near natural deposits of radioactive minerals. The
outstanding consequence of drinking radiological contaminated water is the increase risk of
cancer.*®

There is a diversity of the contaminants in our water sources. For this reason, there have been
numerous attempts to solve this issue. The suitable technology that can remove all contaminants
from water and is affordable has still not been found, although there is a promise if a combination
of these technologies can be done in parallel. The common water purification methods can be
divided into sedimentation, boiling/distillation, chemical treatment, disinfection, and filtration.*” We
will disseminate the aforementioned techniques by identifying their current status in water

decontamination.
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1.4.1 Sedimentation

Sedimentation is the most convenient and often first step in water decontamination. It
relies on the physical process of using gravity to remove suspended solids from water (Figure
1.2). There are often two ways of achieving this 1) turbulence of moving water or 2) naturally in

the still water of lakes and oceans.*® Since this is a time driven process, oftentimes a turbulence

PS Time
]
)
3 o & card od o
oS0 950 950

Q 7 S 4

Figure 1.2: Sedimentation process. This process used the physical properties of the different contaminants
and gravity to remove suspended solids from water.

in the top to achieve sedimentation faster is opted for. This mechanical assistance is called
thickening. This process is often done as a starting point in the decontamination procedure
because it minimizes the need for other decontamination strategies such as coagulation and
flocculation, in which chemicals are needed. The complexity of this procedure depends on the
concentration of the particles to be removed. Oftentimes, small concentrations can get by without
mechanical assistance, but as concentration and diversity of particles increase, there are more
barriers to achieve sedimentation.*® Because of this, various specialized tanks have been created,
including horizontal flow, multi-layer, radial flow, and settling tanks. Sedimentation is
accomplished by a decrease in velocity of the water to a point which they no longer remain in
suspension. Out of the techniques and technologies discussed here, this is the least invasive
technology, but at the same time removes only visible suspended contaminants that are big

enough. This technology is also defined as clarification.*
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1.4.2 Boiling/Distillation

Distillation is the most common separation technique. This technique relies on the
differences of the mixed components when heat is applied. It is based on the differences in their
boiling points. Because of this it is dependent on the vapor pressure characteristics of the
components present. It is most commonly used in the separation of water and inorganic
substances such as lead, calcium and magnesium. Because of the increased temperature it can
also destroy bacteria. Due to the innate characteristic of water having a boiling point of 100 °C,
organics with lower boiling points than that cannot be removed effectively from water and become
even more concentrated. Because of this, oftentimes distillation has to be coupled with a carbon

filter or some other technology that can tackle organic contaminants. Apart from the inability to

Figure 1.3: Distillation procedure. Mixed components are separated by the application of heat and
recondensed in a separate container.

remove some organic contaminants, another concern of using distilled water is that although its
safe, it does not have nutrient minerals for drinking water purposes. In summary, the benefit of
this technology is that it can remove a broad range of contaminants, is continuous, does not

require the use of additional processes or the use physical barriers. However, this technology
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consumes an enormous amount of energy (heating and cooling), some contaminants remain in
the condensate, requires careful maintenance, and is not as effective with lower volatility

organics.®'?

1.4.3 Chemical Treatment

Oftentimes different chemicals are added to the water to promote the removal of
contaminants (precipitation and coagulation) or are attached to a surface or a column
(adsorbents) to promote trapping of different contaminants.®® The use of different chemicals is
important as they accelerate the decontamination process. A lot of care must be taken when
deciding which kind of chemicals should be added to the water, as these can also give rise to by-
products, which further contaminate the water. Most of the times, the best method of control is
through management practice and optimization of chemicals that come in contact with water,
rather than through monitoring chemical analysis. In this section, the most important processes

dealing with chemical treatments will be discussed.

1.4.3.1 Precipitation

Precipitation is a process in which one or more substance is removed from a solution by
adding reagents so that insoluble solids disappear. It is based on the solubility rules and ion
concentrations in solution. Because precipitation occurs between molecules in the water, it is
considered one of the simple methods to purify water.> These chemicals usually form particles
which settle at the bottom and can often be dewatered and disposed of. This technique is also
used for softening the water (removal of inorganics: Ca/Mg in terms of carbonate, bicarbonate,
chloride and sulfate), removal of heavy metals, arsenic, phosphorous fluorides and dyes.**
Overall, precipitation is a simple process, which is effective for the removal of multiple heavy
metals and can be applicable to the removal of natural organic matter and dissolved organic

carbon. Albeit these great benefits, there are some concerns in using precipitation as a water
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Softening of Water Removal of heavy metals

Addition of Ca(OH); H,Cr,0; + 6FeSO, + 6H,S0, > Cry(SO,); , +
Ca(HCO,), + Ca (OH), > 2CaCO; | + 2H,0 Cry(S0y)3 + TH,0

MgSO, + Ca (OH), > Mg(OH), ; + CaSO, Cry(S0,); + 3Ca(OH), > 2Cr(OH); | + 3CaSO,

Addition of Na-aluminate Removal of fluorides

MgSO4/ Clz + NaAI204 + 4H20 > Mg(OH)zl +
Nast4/NaC| + 2 AI(OH)3

Heat CaCl, + 2 HF - CaF, | + 2HCI

2 HF + Ca(OH), > CaF, + 2H,0

Ca(HCO;), + heat > CaCO;, + H,0 + CO,

Figure 1.4: Common precipitation techniques. Most of the components removed are inorganic based
contaminants. This table is adapted from reference 5.

decontamination technique. First and foremost, it requires a continuous supply of chemicals which
in turn produces a huge amount of by-products that need to be handled and disposed of
correctly.®® The most common removal techniques using precipitation can be found in Figure
1.4. Oftentimes, the disposal of the precipitation sludge is a concern because it ends up in landfills

that directly or indirectly connect to freshwater waterways and contaminate all over again.

1.4.3.2 Coaqulation and Flocculation

Coagulation is a process in which the addition of a “coagulant” is added to destabilize a
charged particle. Oftentimes this technique is coupled with flocculation, which is a physical
technique that promotes agglomeration and setting of the particles by mixing. Although pretty
similar to precipitation, the main difference between this technique and precipitation is that
precipitation is carried out on a single-phase system, while coagulation and flocculation in two or
more phases. Coagulant chemicals often have charges opposite to those of the suspended solids,
which neutralize such non-settable solids and allow them to be deposited to the bottom of the
chamber. After coagulant chemicals are added, a gentle mixing stage is carried out that increases

the particle size from submicroscopic to visible suspended particles. These suspended
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agglomerates then settle on the bottom of the tank and are able to be removed, so that this
process can be carried out multiple times.>® Oftentimes this process is used as a first step in the
treatment process because most of the particles are removed and the water is clarified. This way,

subsequent steps (e.g. chlorination, a disinfection technique discussed later), will require less

Coagulant
Addition
° _

ghf:{gled Neutral Settled
articles Agglomerates

Figure 1.5 Coagulation-Flocculation process. This process is based on adding coagulant chemicals to
contaminated water that bind to charged particles forming neutral agglomerates.

usage of resources. The complete process of coagulation-flocculation is described on Figure 1.5.
There are two types of commonly used coagulants and they often fall into two categories: ones
that are Al based, and ones that are Fe based.®” Aluminum sulfate, aluminum chloride and sodium
aluminate are common coagulants of the former group while ferric sulfate, ferrous sulfate, ferric
chloride and ferric chloride sulfate are the most common in the latter category. Although these
inorganic coagulants constitute the most common coagulant used, oftentimes organic coagulants
are also used. Organic coagulants, which are generally used for solid and liquid separation and
sludge generation include the use of polyamines, polyDADMACSs, melamine formaldehydes and
tannins. The first two act as cationic neutralizers while the latter two absorb organic materials

such as oil and grease. While the inorganic coagulants are most cost effective, scientists have
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opted to do combinations of both (organic and inorganic) to achieve the advantages of both

coagulants and decrease the amount of chemical added to the water that is meant to be treated.*®

1.4.3.3 Adsorbents

This is another physical process in which dissolved contaminants adhere to a surface,
usually porous, containing solid particles. It is a physical outcome of surface energy, that bases
itself on the Van der Waals attractive forces that pull the solute of the solution and into the surface.
Oftentimes, the absorbent systems are added directly to the water supply or mixing throughout.
Unlike the previous methods discussed, this method has good processing effect, low cost, and
less secondary pollution to the environment. This process relies on various materials to absorb
different contaminants. These include activated carbon, activated, alumina, chitosan, zeolite, and

clay minerals.*®

While these materials all perform similar activities, the difference relies in the
types of contaminants they remove from water. The major differences are as follows:

Activated Carbon. Activated carbon is the most common type of adsorbent and is similar
to the common charcoal. It is so typical that it is often found in households in different products
and processes. It is also considered the oldest type of adsorbent up to date. It is composed of a
porous surface void and allows the adsorption of heavy metal ions, with a surface area that can
reach the 500-2000 m?/g. To achieve the high porous formation, the use of high heat (1300 °C)
in carbon is performed in the presence of inorganic salts. This carbon source can be derived from
petroleum coke, bituminous coal, lignite, wood products, or coconut/peanut shells. Usually, the
generation of steam and evacuation of gas from the carbon structure increases their surface area
and therefore, their decontamination efficiency. Although most of the time heat is the only reactant
in this process, the addition of activating agents such as phosphoric acid or zinc chloride can be
added to accelerate this process. The only drawback of using activated agents is that then the

activated carbon then must be washed with water. Up to date, there are two different forms of

activated carbon; granular activated carbon and powdered activated carbon. The main difference
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between them is their reusability. While the granular activated carbon can be regenerated, the
powdered one is too small to be reused. Overall, activated carbon is an effective method to
remove carbon-based impurities, chlorine and odors. It is also very cost effective and has a high
capacity due to the increased surface area. Their limitations include the ineffectiveness of
contaminant removal because of “channeling” (reduction of contact contaminant and activated
carbon), which in turn can lead to accumulation of bacteria in the filter. Also, they don’t have a
long lifetime as they need constant filter changes.®°

Activated Alumina. Activated alumina consists of Al,O3 beads that are highly porous
and exhibit a high amount of surface area. Although a bit lower than activated carbon (345 - 415
m?/g), this material does not soften or disintegrate when immersed in water. It is mainly used in
one of its three forms: activated alumina sorbent, activated alumina desiccant, and activated
alumina catalyst carrier. One of the most important benefits of using activated alumina is that it
can be tailored by varying the activation process and dopant variation. It is able to remove many
heavy metals (Se, SB, Pb, Bi) and ions (As®*, POs*, CI, F"). The main drawback of this technology
is that it often needs to be coupled with another technology because it cannot remove most
contaminants of health concern.®’

Chitosan. One of the biggest benefits of using chitosan as an adsorbent is its low cost
and its very strong adsorption capacity to heavy metals. Chitosan is considered to be inexpensive
because the fish waste source is cheap. Chitosan is used as a flocculant, which aids with the
turbidity of the contaminated water. Chitosan is derived from Chitin, one of the worlds larges
biological polymers. Chitosan has been used to remove Cd in very high yields. Chitosan is also
able to remove other heavy metals like Hg**, Cu?*, Ni**, and Zn**. Currently the trend is going
towards the chemical modification on Chitosan for a better removal of heavy metals. Because
chitosan is widely available, experimentation can be done in it to make sure that the removal

capacities of adsorption of different contaminants increase.®?
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Zeolite. Zeolite is a common mineral and adsorbent, often composed of aluminosilicates
with an Si/Al ratio 1:00. Composed of a tetrahedral network of Si and O atoms (which then get
substituted with Al), the adsorptive property is due to the crystalline nature of this material. The
structure of zeolite has a lot of space, which can in turn undertake ion exchange with another
metal ions. Zeolite materials have proven to absorb a variety of heavy metals (Pb?*, Cd?**, Zn?*,
Cu?"). Zeolites have found to have a surface area of 1-20 m?/g. High temperatures can improve
the adsorption capacity of these kind of materials. This have given rise to the production of
synthetic zeolites that are manufactured by hydrothermal processes in a temperature range of 90
°C -100 °C. Zeolites have been found useful for many applications most which rely on the easy
exchange of the cations withing its structure that makes it feasible to be reused. It has been shown
to also remove radionuclides, organic, humic substances, and microorganisms. One of the
biggest drawbacks of using this material is that they lead to an increase in sewage sludge mass
because the material softens after time.®®

Clay Minerals. Because coal comes from peat, lignite, etc., they are rich in humic acid,
which in turn can be processed as an adsorbent. Clay minerals are mainly composed of hydrous
aluminum silicates that contain significant amounts of iron, alkali metals, or alkaline earth metals.
These properties give them the ability of having neutralizing applications in water treatment.
Research is moving toward the synthesis of multi-functional modified clays that have large surface
area, high porosity, high acidic sites, non-toxic, easy filtration, and regeneration.%*

All of the aforementioned absorbents have different characteristics and therefore their
depletion capacities are different depending on their internal and external structure. Most of the
research within the area of absorbents is focused on the modifications that can be performed in
the different materials that would enhance their contaminant depletion. Most of these have to be
used in parallel with other technologies or describes, as they are not able to remove all

contaminants from water, and are mainly focused in the removal of heavy metals.
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1.4.4 Disinfection

Disinfection methods are often divided into two categories: chemical and physical
methods. Physical methods include UV, solar radiation, and ultrasound, while chemical methods
include chlorine, iodine, and ozone.

Ultraviolet Radiation. In this type of water treatment, the water passed through a UV light
(acts as a germicidal), which damages the genetic components of the microbes. The major
drawback of this water treatment is that it is ineffective in removal of dissolved organics and other
particulate matter, especially in water of high levels of suspended solids. Benefits of this
technology include the ability to destroy many microorganisms, minimal effects on the minerals in
the water, and the ability to degrade some organic contaminants, all of this while no additional
toxic and non-toxic chemicals are introduced. An additional drawback of this technology is that it
relies on the use of electricity, without it, it cannot be possible.65

Solar Radiation. Acts in a similar fashion as UV, it inactivates pathogens, but it requires
to be under the sun for at least 6 hours for it to let the UV-A radiation of the sunlight destroy such
pathogens. This technology is the easiest to use and is inexpensive since there is no necessity
other than sunlight. Although it has good bacterial and viral disinfection, it is dependent on climatic
conditions, and does not ensure the removal of bacterial spores and cysts of some parasites.

Ultrasound. Ultrasound is the mechanical vibration of the waves that can be used to
damage the cellular structures of the bacteria. Although this is a useful way to disinfect water, the
regrowth of microorganisms is possible. For this reason, the combination of this and a chemical
disinfectant is optimal.

Ozone. Ozone is an unstable form of oxygen that makes a powerful disinfectant due to
the formation of radicals. It readily gives up oxygen making it a powerful oxidizing agent. Ozone
oxidizes the organics in the bacterial membrane which caused cellular rupture. Ozone is also
used to improve the clarity of the water because Fe (lI) and Mn (Il) are transformed into the

insoluble Fe (lll) and Mn (VII), which allows for a subsequent filtration. One of the main
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advantages of ozone is that no residual disinfectant is left in the water solution. This is because
the ozone is generated and applied on site. The main concerns of using ozone as a disinfectant
is that it is a significant air pollutant, explosive and has various symptoms to the person that is
drinking this water. It is also believed that it can produce carcinogens.®®

Chlorination. The most common and strong oxidant is chlorine and derivatives. It treats
against bacteria and protozoa in the water that form cysts. Since the gas is dangerous to use,
most common chlorine forms appear in the practice of sodium and calcium hypochlorite. One of
the biggest limitations is that chlorine reacts with natural organic compounds in the water and
forms potentially harmful chemical byproducts, which cause cancer. Because of this it is preferred
to use after another decontamination method like coagulation or sedimentation. Furthermore, the
excess of chlorine produces a characteristic taste that has an irritating effect of the mucus
membrane of the drinker.®’

lodine. lodine is also a good oxidizing agent. It is good to remove pathogenic organisms,
spores, cysts and viruses. Its mechanism relies on the formation of N-iodo compounds as a way
of inhibition of protein function (reacting with the -NH functions of amino-acids). Their benefits
include the effectiveness against many pathogenic organisms, while eliminating the chances of
deficiency of iodine. The major drawback of using iodine is that higher concentrations are needed
(than chlorine for example) and is more costly. In an aesthetic sense, the use of iodine oftentimes
changes the color of the water to a darker color, which can be perceived bad to the consumer.

The disinfection procedures outlined above, both physical and chemical, focus on the
removal of microorganisms. While they are very good at that, the complexity of the water sources
oftentimes has other contaminants within it, like inorganic, organic and heavy metals, which
makes it quite difficult to use these technologies as a stand-alone process. The use of other
technologies is important to achieve a decontamination that is optimal for the consumer of such

drinking water.®®
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1.4.5 Filtration

Filtration is a technology in which water flows through a filter designed to remove particles
from within it. Filters can be made from a variety of sources including sand, gravel and crushed
anthracite. These filters have to be routinely cleaned by backwashing. Removal takes place by
different mechanisms including straining, flocculation, sedimentation and surface capture. And
they are categorized by the method of capture which include exclusion of particles at the surface,
or deposition within the media. Strainers are mostly made of metal or plastic and are composed
of a simple thin physical barrier, which removes larger contaminants from water (1- 10 cm). Filters,
consist of a medium in which most of the particles will be captured. They often come ad disposable
cartridge filters, precoat filters (with coating of diatomaceous earth).®® Granular media filters are
used in two different ways: slow-sand filtration and pressure filtration. Filtration depends on a
combination of physical and chemical processes, the most important being adsorption.

One of the most important an innovative ideas of water treatment is the use of membranes.
Oftentimes a semi-permeable membrane is used to remove impurities. There are various kinds
of membranes but are often divided into two categories: pressure driven, and electrically driven.”
A broader section on the different types of membranes used for water purification can be found

in section 1.5.

1.4.6 Limitations of current water decontamination technologies

As it can be seen through all the different technologies discussed thus far, there is not one
that can remove all the contaminants at once. Some use increased amount of electricity while
others that are more cost effective are not ideal due to low yields of depletion. Current water
treatment facilities have opted to use a combination of these technologies and use them in tandem
to achieve the desired decontamination of water.

Another factor to consider is the type of contaminants that the different technologies remove.

While adsorbents are focused on inorganic and organic contaminants, disinfectants are focused
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on the degradation of microorganisms. Coagulation and flocculation are also mainly focused on
the removal of inorganic contaminants and heavy metals. Due to the diversity of the different
water matrices, ample research needs to be done to find a technology that is viable to
decontaminate water.

Currently as some places have the technology and resources in place to remove most
contaminants from water by using a combination of these technologies, scientists have shifted
towards the removal of most contaminants in one go, in a user-friendly manner that is inexpensive.
Fortunately, some types of membranes are able to achieve this goal, and although more research

has to be done in the area, membranes show a lot of promise.

1.5Use of Membranes in Water Purification

More than 50 years ago, membrane technology was emerging as a treatment for water
decontamination, although their usage was not seen predominant until the emergence of high-
performance synthetic membranes.”" From this time on, most of the research has been focused
on the usage of new materials or various configurations of them. Recent innovations include the
different analytical and fabrication tools that are surfacing nowadays. The main benefits of using
membranes for water purification is their ability to control size regime, performance, transport,
and separation. The importance of using membranes for water treatment is the use of their distinct
advantages, which include high water quality with easy maintenance, stationary parts with
compact modular construction, low chemical sludge effluent, and excellent separation efficiency.”?
A lot of importance should be given to the compact modular construction ability, because this
allow scientists to have a variety of membranes with different size, to address any specific needs
a community might be facing. For this, reason membranes have been used for a variety of
applications including human use, ecosystem management, agriculture and industry, which

makes them adaptable to any purpose.”
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Isotropic Membrane
Microporous Nonporous Dense  Electrically Charged

Anisotropic Membrane
Loeb-Sourirajan Structure Thin-Film Composite

Figure 1.6: Classes of membranes. Isotropic membranes have a homogenous composition, while
anisotropic membranes have an heterogenous composition.

Membranes are defined as a thin physical interface that allows certain species to pass through
depending on their physical or chemical properties. All membranes can be divided into one of two
categories: isotropic and anisotropic. These denominations can be observed in Figure 1.6, which
depend on the cross-section of the membrane.”

While isotropic membranes have a homogenous composition, they can be porous, non-
porous or electrically charged. On the other hand, anisotropic membranes are heterogeneous in
composition and can have different chemical or physical compositions. Porous membranes
separate solutes based on the on the size of the particulate and size of the pore. Just like
conventional filters (1-10 um in size), microporous filters tackle contaminants on a smaller size
regime (range 0.1 to 5 um). The composition of these types of membranes varies, but they are

typically polymer-based: track etched, phase inversion, or stretched polymer films. In the case of



Romero-Reyes, M. A. 22

nonporous membranes, decontamination takes place because of the diffusion of the
contaminants by pressure, concentration or electric-field gradients. Electrically charged
membranes can be either microporous or non-porous, but they specialize in the removing charged
particles (positive or negative).” In terms of anisotropic membranes, Loeb-Sourirajan structures
are chemically made of the same material, but their pore sizes differ across the membrane
thickness. Finally, composite membranes are chemically and structurally heterogeneous and
differ by the different polymers they are made up of. They also include different method of
preparation which include interfacial polymerization, solution coating, and plasma

polymerization.” Typical polymeric materials can be found on Figure 1.7. Although most of the

Cellulose acetates Polyamide
Polyacrylonitrile Polycarbonates
Polyetheramides Cross-linked polyether
Polyethersulfones Polyvinylidenefluoride
Polypropylene Polyisoprene

Figure 1.7: Typical membrane materials used in membrane preparation. They span from natural-sources
to synthetic-made polymers.

materials can be divided into natural polymers, synthetic polymers and inorganic polymers. The
most common include the use of synthetic polymers as they have been found a range of
application because of its versatility of modification. They also have and increased glass transition
temperature, meaning that they can resist high temperatures without compromising
performance.’®

Apart from its chemical and physical composition, the most used categorization of membranes
relies on the membrane pore size and therefore the type of contaminants they can remove. They
are mainly divided into reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), microfiltration
(MF) and particle filtration, in order of increasing pore size respectively.”” Although all membranes
can be anisotropic or isotropic, the removal of the contaminant is what matters and what sets forth

using one membrane or the other. As the pore size decreases, the capability of removal increases,
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but this does not come without sacrifices. As ymore contaminants are removed, the possibility of

getting clogged increases.’® Figure 1.8 summarizes the common type of contaminants removed
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Figure 1.8: Variety of contaminants that can be removed from water depending on the membranes core
size. This figure has been adapted from reference 71.

depending on the membrane that is used. As it can be observed, it is not until the use of
microfiltration and ultrafiltration membranes that main contaminants can be removed from water.
For this reason, the most commercial and available membranes are nanofiltration, ultrafiltration,
and microfiltration and are made from synthetic polymers. Although UF and MF are prepared from
the same types of materials, the main difference relies on their preparation techniques to afford a
variety of pore sizes. Organic polymers are the most common type of material when preparing a
membrane, but they can also be made from inorganic materials (e.g., zeolites: section 1.4.3.3)

that act as good adsorbents.
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Inorganic Materials. Inorganic membranes have just recently received attention because of
their adsorbent properties and chemical robustness. Some inorganic membranes are able to be
reused because of the type of material that is encountered within it. For example, ceramic
membranes are prone to exhibit greater fouling resistance than other polymeric membranes.
Ceramic membranes include the use of a variety of metal oxides or sometimes composites
(containing more than one metal oxide). These types of membranes can even have photocatalytic
materials that increase their decontamination functionality. This is because a variety of oxidative
and reductive reactions take place on the surface of the membrane. This has the ability of removal
of microorganisms (disinfection) and the removal of targeted organic pollutants.”

One of the main drawbacks of using this kind of technology is that the requirement of UV light
or other excitation source is required so that the membrane functions properly. So, current
research in the area of inorganic membranes includes the study of broadening the adsorption
spectra of the materials so that this process can be done with sunlight or other less expensive
sources.

Although the use of ceramics is the most common type of material used in inorganic
membranes, special attention has been given to the use of SiC as a support. This is because
nanocrystals can be added to the surface in a stable fashion to remove molecules of interest.
Finally, there is also an interest in adding nanoparticles to the membrane to remove biofilms. Ag
NPs are the perfect example of this, as they can be added to the surface of the membrane and/or
the pores and reduces biofilm adhesion resulting in a strong antimicrobial activity.®

Most recently, research has shifted towards the use of graphene-based materials that are
able to offer mechanical stability, tunable physicochemical properties and well-defined pores. This
add another layer of benefits, as it can be electro- and magneto- controlled for a variety of

applications.®’
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Organic Materials. Membranes made from organic materials have all come from
polymers. These types of membranes are the main ones used in water filtration technologies due
to its ability to offer a variety of structures and properties. The common structures of these

polymeric membranes can be found on Figure 1.9. They are mostly comprised from synthetic
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Figure 1.9: Most common used polymers in membrane formation. These materials are usually derived
from natural sources or synthetic sources.

polymeric materials, although one of the most prominent comes from a natural source: cellulose.
Depending on the type of membrane needed, the right material must be chosen. For example, for
ultrafiltration membranes, PES and PSU are the most common polymers used. They offer great
permeability, selectivity of the permeate, mechanical stability, and chemical resistance. Most
importantly, these scaffolds offer the ability to be modified, to further enhance of attach other
polymers with different systems. For microfiltration membranes polypropylene is the most
common polymer used. One of the drawbacks of polymeric membranes is their inherent

hydrophobicity, which in turn makes a high fouling tendency which leads to more operational costs
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and shorter performance. No single polymer described in Figure 1.9 has the ability to exhibit the
desired chemical/thermal stability, oxidation/pH resistance and mechanical strength. For this
reason, research has shifted towards surface modification to make the surface of the membrane
more hydrophilic. This includes the use of homogenous blending, plasma treatment, surface
grafting, cross-linking, gamma ray and UV irradiation, surfactant methods and surface coatings.
Apart from making it more hydrophilic, other factors that are being considered for modification
include surface roughness/morphology, pore size, and surface charge. This allows us to make
tunable membranes that can address the needs of many scientists and consumers. The use of
temperature-controlled filtration has also been studied, which aids on the removal capacity of
contaminants from water, and the polymers on the membranes being thermo-responsive allow
this to happen.®?

Although most of the membranes used in current technologies focus on the use of either
organic or inorganic materials, attention has been given to the use of inorganic-organic hybrid
materials. A combination of both technologies might be the answer to achieve a membrane with
the desired properties for water decontamination. As we will see in the future chapters, we try to
make a composite membrane, composed of organic-biological materials, to address some of the

complications that currently are faced in water decontamination.®

1.5.1 Effect of Pore Size and its Limitations to Filtration

The pore size of a membrane is often overlooked at when talking about different filtration
techniques. Although generally divided in different categories based on pore size, the membranes
are formed of anisotropic identity, so makes it quite difficult to have precise information on their
pore size and pore size distribution. Because most of the membranes are prepared by the phase
inversion technique, the performance is often a good parameter of the type of the membrane
being characterized. The characteristics of membrane pore structures: pores size, pore size

distribution, pore density and surface roughness, should be the factors to consider when
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fabricating such membranes. There are many techniques for characterizing pore size and are
often based in microscopy techniques: scanning electron microscopy, transmission electron
microscopy and atomic force microscopy. All of these give characteristic identities of the
membrane it is worked with.3

The pore size is considered one of the most important factors when filtering water. This is
because the pore size will determine the ease with which water can pass through the membrane.
As pore size decreases (RO and NF membranes) the machinery, pressure, and cost of filtering
water increases. When looking for a suitable water purification system, there needs to be a holistic
analysis of what kind of factors are of most importance and how efficient we want the water
purification to be.®

UF membranes offer some user friendliness in terms of usage, but the main drawback is
its inability to remove smaller contaminants of interest. UF membranes do not need special
machinery and are able to remove microorganisms effectively. Some tune-in can be afforded in
terms of the method of formation and the type of additive that is added. The pore-forming agent
in ultrafiltration membranes can be changed and modified to obtain membranes of a certain pore
size. This can be advantageous for many reasons, as it will determine the overall characteristics
of the membrane and its ability to decontaminate water.®

In the future chapters, we will observe how we take an ultrafiltration membrane and modify
it to meet specific needs for water decontamination. Most importantly, since ultrafiltration
membranes can decontaminate water without the use of resources, they are the perfect scaffold

to make our studies in.
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1.5.2 Cost and Availability of Water Decontamination Technologies

When thinking about using any technology for water decontamination purposes, one major
concern is the cost of such technology. There has to be a holistic analysis of the contaminants
that must be removed from water, as well as what resources are available. As seen throughout
this chapter, there is a variety of techniques that can be used, and it all depends on the type of

contaminant that is set forth to remove. Different techniques specialize in a different type of
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Figure 1.10: Combination of different water treatment technologies that are used in tandem to achieve
household drinking water.

contaminant, so it makes sense to use a combination, if not all, of these technologies.®” That is of
course, if there are enough resources for such decontamination event to happen. Most of the
developed countries opt to use a combination of different technologies in tandem to purify their
water. The most common process can be observed in Figure 1.10.

Although the process seems pretty straightforward and has been optimized over the years,
there is still a concern that this can only be achieved when there are enough resources to have
each of these technologies happen in tandem. There are currently many people in need of access

to clean water that unfortunately do not have the resources to have all of these technologies
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happen in tandem. For this reason, there should be a special focus on technologies that can
remove most of the contaminants in one-go. Membranes have proved to be efficient at this since
they are able to remove contaminants depending on their pore size. RO membranes are even
able to remove salt from water, which increases the availability of water to be drank since most
of the water in our planet is salty. Again, as with every technology, there must be a fine line
between the removal of contaminants, and how much it costs. In terms of membrane filtration,
the cheaper technologies come from the organic polymers, as they are widely available and
modular.®®

Ultrafiltration membranes show a great promise in terms of affordability, ease of use, and
preparation. But the main drawback is its inability to remove small molecule contaminants.
Therefore, it must be enhanced to do that, and we are able to show it by using aptamers,

exceptional functional nucleic acids that have affinity to a variety of contaminants of interest.

1.6 Aptamers and DNAzymes for Detection and Sequestration

Human exposure to potentially hazardous chemicals is inevitable because of the sheer
volume of chemicals reported in commerce, which is expected to drastically increase by 2050.
Environmental toxins can be divided into two categories: in soil and in water, although they can
be found in indirectly derived from these categories, like for example food.®

Many diseases are caused by environmental toxins, thus highlighting that rigorous
characterization is needed to mitigate potential health risks. Small molecule environmental toxins
can occur naturally, such as cyanotoxins from bacteria and mycotoxins from fungi. A major source
of exposure is through drinking contaminated water.*® Exposure rates largely fluctuate with
climate and water purification access in different regions. Similar routes of contact are also
prevalent for small molecule environmental toxins that have man-made or synthetic origins. This
is a result of large-scale industry practices that meet the increasing demands of modern culture.

A prominent example is the use of pesticides, which revolutionized the agricultural field, but has
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led to cases of human poisoning from acute and low-level exposure due to their persistence in
soil, water, air, and food.®' The increasing amount and diversity of environmental toxins causes
an increase in human exposure risk. In response, agencies around the globe generated
guidelines to alleviate the public health risk. These include setting parameters such as tolerable
daily intake levels to report on what the maximum amount of an environmental toxin that is
considered safe.”

Recent efforts at designing adaptable methods for detection of intact toxins in environmental
media present a promising new avenue for risk assessment. Nucleic acids have different affinities
and catalytic characteristics towards a variety of molecules, which make them the key elements
in a variety of different assays for sequestration and detection. Aptamers are single-stranded DNA

or RNA molecules (Figure 1.11) that can bind to specific small-molecule or protein targets with
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Figure 1.11: DNA and RNA structures. Common bases found in aptamers and DNA zymes.

high affinity and selectivity.®® Current applications of aptamers focuses on its use in biomedicine
and molecular imaging. Applications expand beyond those used in biomedicine. Molecular
recognition properties of aptamers have been harnessed for sensing applications. For instance,

aptamers can be used as signal molecules in absorbance or fluorescent assays due to some
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structural change upon target binding.** Encouragingly, there are reported aptamers for various
environmental toxins, including both natural and synthetic ones. Considering their sequestration
and catalytic properties, they can be used for its use in detection and remediation of toxins. The
rest of this chapter will summarize the recent significant efforts in the detection environmental
toxins using aptamer-based approaches. Further, we will explore the recent advances in

sequestration of these toxins using aptamers.

1.6.1 Selection
Aptamers are generated by Systematic Evolution of Ligands by Exponential Enrichment
(SELEX), a process in which a library having a large (10'2-10") number of sequences is incubated

with a ligand and sequences that show the desired binding activity are enriched over multiple rounds.
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Figure 1.12: Generic SELEX process. We start with a diverse and vast library of ssDNA or ssRNA and
incubate with target of interest. After multiple rounds unique binding-sequences are identified.
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Aptamer sequences generated by SELEX are typically 60-100 nt in length but can be minimized post-
selection to provide significantly shorter sequence lengths, which facilitates their synthesis and use in
downstream applications.®® Due to their facile chemical synthesis and modification, as well as their
ability to undergo reversible thermal denaturation, aptamers have found wide use applications where
their binding capabilities are used for therapeutics, targeting, or detection of specific analytes.

The SELEX process is outlined in Figure 1.12. The general process includes the incubation
of a diverse and vast library of single stranded DNA or RNA and incubated with the target of interest
(small-molecules, proteins, peptides, cells, etc.). Oftentimes small molecules must be bound to beads
beforehand to ensure separation in later steps. After incubation with the target, the removal of non-
binding species is performed (via washing), which assures the target-specie complexes remain in the
reaction mixture. Further partitioning of the target-bound species allows us to remove the desired DNA
or RNA sequences that have affinity to the target. These sequences are them reamplifies and this
process can occur over and over again (10-20 rounds). After successful binding rounds, the binding
species are cloned and sequenced. This affords useful aptamers that can then be used for detection
or sequestration purposes.®

Because the nature of the targets, there has been an increase in the types and environments
SELEX processes have been developed in. Thinking about the toxins in water, the SELEX processes
have to account for the environment surrounding the toxins. So there have been improvements into
the study and the implementation of different SELEX processes in lake water.®” Over the last few
years, there has been an increase in the development of aptamers for water toxins. We will discuss
some of the newest and most important methods of selection towards small molecules.

Porphyrin. Li and coworkers were able to find a new strategy against this small molecule
toxin. In this case they used gold nanoparticles (AuNPs) as the separation matrix and Zinc (Il)-
Protoporphyrin IX as the target molecule. In this case there was no immobilization step due to the
absorption of the DNA to gold. They used N-methyl mesoporphyrin IX to test the progress of the

reaction due to its enhancement of fluorescence. They were able to find a truncated aptamer that has



Romero-Reyes, M. A. 33

low micromolar Kq, with good fluorescent enhancement. This kind of aptamer serves a dual purpose
because it has the potential to be a light-up fluorescent probe.*®

Gold SELEX. In this type of selection, the need to immobilize the target is no longer necessary
because as it binds to the molecules of interest it will detach from the gold nanoparticle (since DNA
binds to gold to begin with). Only the molecule-binding DNA complexes will move forward to the next
round. As a proof-of-concept, Chatterjee and coworkers were able to develop aptamers against
dichlorvos, which then they turned into a colorimetric assay using aptamer-NanoZyme. They
developed an aptamer with high affinity (sub micromolar range) and was able to be detected in
concentrations as low as 15 uM. They assed practical application by testing this technology in lake
water and apple juice.®®

Base-Modified Aptamer Discovery. Usually, base modification improves the affinity relative
to the natural DNA or RNA aptamers. Selection of base-modified aptamers is often quite difficult, for
this reason, Gordon and coworkers combined click chemistry strategy with fluorescence activated cell
sorting- which measures the affinity and specificity of individual aptamers at a throughput of 107 per
hour. With this technology they were able to obtain a boronic acid modified aptamer with 1uM affinity
for epinephrine.’

The SELEX technology keeps improving every day, and now there is an increased number of
aptamers selected for a variety of molecules. For this reason, it is important to assume that the use of
aptamer for environmental purposes and applications will keep increasing. There are currently

numerous aptamers for environmental toxins that have affinity in a variety of mixed matrices.

1.6.2 Detection of Small-Molecule Toxins

Quantification of small molecule toxins in environmental samples is crucial for determining
potential exposure levels. Bioanalytical sensors have shown great promise over traditional methods
due to their high versatility and field deploy-ability. There are several types of biosensors, which
combine a biological occurrence with a physicochemical output. Aptasensors are biosensors that

utilize the molecular recognition of aptamers as the biological occurrence. Aptamers are a promising
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alternative to antibodies due to high stability, low cost, and little batch to batch variability. Further,
aptamers can be easily regenerated while also offering the high affinity recognition like antibodies.
Modification of aptamers for attachment to biosensor surfaces or fluorophores is easily obtained
without disrupting function. While molecules <1 kDa are challenging targets for antibodies, there are
several reports of high affinity aptamers to small molecule toxins. An added advantage of aptamers
over other molecular recognition modules is that aptamers can be evolved for toxic targets, making
them well suited for environmental monitoring. These aptamers have been further utilized in
biosensors due to a reversible conformational change upon binding the target of interest. This not only
extends the lifetime and useability of the sensor but also allows for real time monitoring. For these
reasons, aptamers are harnessed to measure toxin concentration by some readable output, most often
electrochemical or optical.®!

Once aptamers are characterized, they can be incorporated into a bioanalytical sensor.
There are several platforms that can be utilized with DNA aptamers. The most promising platforms
and implementation strategies for small molecule environmental toxins are:

Label-free Aptasensor for Bisphenol A. Jia and coworkers were able to truncate the
known aptamer for BPA (63 nt) to 38 and 12 nt. These aptamers were then used in a label-free
colorimetric detection assay based on gold nanoparticles. They were able to obtain lower limits
of detection (7.60 pM and 14.41 pM) than the parent DNA. They were able to test it in a variety of
media: milk, orange juice, and mineralized water. This technology helps to find this contaminant
not only in environmental samples, but also food, which is also a concern of human exposure.'%?

Magnetic-Assisted Fluorescence Probe. Jiang and coworkers were able to use a rapid
and sensitive fluorescence assay using 6-carboxy-flurescein labeled aptamer against trichlorfon,
glyphosate, and malathion with limits of detection of 72, 88 and 195 ng/L. The aptamer hybridized
to magnetic nanoparticles and released upon binding to the molecule, producing a florescence
readout. They were able to achieve this in spiked lettuce and carrot samples, therefore showing

its broader applicability.'®
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Exonuclease | Electrochemical Aptasensor. Suea-Ngam and coworkers were able to
report an ultrasensitive electroanalytical aptasensor for the small-molecule contaminant
ochratoxin A. This sensor uses the ability of the DNA aptamer to capture OTA, and silver
metallization as a signal enhancer. Exonuclease | then is used to digest the unbound aptamers
allowing to detect the small molecule with a limit of detection of 0.7 pg/mL. This method was then
compared with UPLC and had less than 5% relative standard deviation.'®

Electrochemical aptasensors are among the most used for monitoring small molecule
environmental toxins. The main principle of these biosensors is to have an aptamer as the
recognition agent for a molecule of interest, which upon binding, triggers an electrical change
which is propagated through a transducer to a detectable readout. Beyond the advantages that
aptamers bring, electrochemical biosensors show great promise for environmental monitoring of
small molecule toxins.'® Advantages include high sensitivity, reproducibility, and stability. One
major consideration in electrochemical aptasensor generation that can determine its efficacy is
the immobilization of the aptamer to the electrode surface. It is crucial to have efficient
immobilization while not restricting the binding of the aptamer to its target. Covalent attachment
to electrode surfaces is the most promising as it allows for high loading efficiency and can be
easily achieved using modifications of aptamers using various bioconjugation techniques. As it
can be seen in the previous examples, attachment to gold surfaces is widely adopted for
electrochemical detection. Aptamers can be easily functionalized with a 5’ thiol, which allows for
conjugation to gold surfaces as a self-assembled monolayer, which can also be directly coupled
to a sensor due to its ability to be an electrochemical mediator. This covalent bond is very stable
and can be dried down on the surface for long term storage. However, one disadvantage of using
gold is the associated cost for on site, disposable detection. Similar to covalent attachment, affinity
interactions can be exploited for construction of electrochemical biosensors.'*

While covalent and affinity interactions are the most used, both of these methods require

modification of the aptamer for efficientimmobilization. In some cases, selective target recognition
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is only accomplished if all regions are bound, such as with the Ochratoxin A aptamer, which has
been shown to be negatively affected by different immobilization strategies. Another
immobilization technique that circumvents these issues is adsorption.'”” This can be
accomplished using graphene oxide, where aptamers can be immobilized through Tr-11 stacking
interactions. The major benefit of this strategy is that the aptamers are not restricted, which
eliminates the need for both aptamer and target modification, which is a major limitation in small
molecule detection. Further, graphene oxide coupled to electrochemical detection led to an
increase in sensitivity because it is independent of target size. Beyond this, graphene oxide can
be used as a versatile surface for attachment of additional nanomaterials such as nanoparticles,
which are often used for improved readout. The last common strategy is through hybridization of
the aptamer to a complementary strand immobilized with a previously mentioned technique. While
promising, this can lead to high background signal and can affect aptamer binding.'®

As it can be observed, there is an increase in the amount of small-molecule detection
technology using aptamers. Aptamers have proven to be a reliable source of detection- when
coupled to a colorimetric or an electrochemical readout. There has been a lot of innovation over
the years that prompt this technology to be user-friendly and can be used in point-of-use
technologies: paper, electronics, pregnancy-type test kits, etc. It all relies upon the physical
characteristics of aptamers themselves, as they are stable and are able to be transported at room
temperature. This opens up a wide variety of applications for aptamers, like for example, the

removal itself of small-molecule toxins.

1.6.3 Sequestration and Removal of Small-Molecule Toxins

Taking in consideration the number of technologies for the selection and detection of aptamers
against small-molecule contaminants and toxins, research has moved towards the use of these
functional nucleic acid to perform decontamination itself. Whilst most of the aptamer technologies

have been focused on therapeutic applications, aptamers have shown promise in environmental
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applications such as the detection and removal of small-molecule toxins and contaminants.?* To
achieve sequestration, the aptamer must be immobilized on a solid support, and scaffolds that
have been explored include:

Apta-Decontamination of Cocaine and Diclofenac. Hu and coworkers were able to attach
the aptamers cocaine and diclofenac to a column and was able to observe the removal of these
contaminants. Attachment with SNBr-sepharose beads was able to show good depletion even
after 30 days stored at 4 °C. The removal of pharmaceutical was high at 88-95%. They were also
able to explore the kinetics of adsorption.®

Aptamer-Assisted Decontamination of Bacteria. In this technology, Song and coworkers
were able to remove Escherichia coli with the assistance of three aptamers coupled to TiO;
particles. The aptamers have affinity to different proteins in the surface of the bacteria. Although
efficient, the system does not disinfect the water and it need the usage of UV irradiation after the
aptamers sequester the bacteria.’°

Aptamer-Assisted Decontamination using Liposomes. In this technology the aptamers for
three different contaminants (Oxytetracycline, Bisphenol A, and 17- Estradiol) were inserted into
a liposome structure. Then when it comes in contact with the contaminated water, they are able
to remove the contaminants and toxins from the water source. The only drawback to this
technology is that the aptamers must be in their binding buffer. The capture efficiency is not high
when aptamers are used in tap water.'"”

All of these methods, while effective, most of these methods require expensive machinery for
fabrication or implementation and they can be susceptible to corrosion or biofouling. Additionally,
most of these materials have not been shown to be capable of regeneration, limiting them to a

single use.
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1.7 Motivation for Study

Taking into consideration what we have discussed thus far, current methods for water
purification either require large amounts of electricity or have low efficiency at removing small
toxins from water. We propose that using aptamers to remove small toxins from water samples
would overcome these challenges. Specifically, we propose the conjugation of aptamers to an
ultrafiltration membrane that could then be incorporated into an existing water filtration
technology. This approach would avoid the use of electricity and high pressure, making the use
of personal water purification possible in geographically remote locations. This thesis discusses
the preparation, casting, grafting, aptamer functionalization, and characterization of the polymeric
membrane. While this investigation focuses only on small-molecule contaminants, cyanotoxins,
and bacteria, successful removal of toxin molecules will set the precedent for using aptamers in
membrane materials for water purification. Additionally, aptamers can be selected to remove

target small molecules from water depending on local community needs.

1.8 Summary and Objectives of this Dissertation

The objective of this work is to develop an aptamer-based filtration system for the removal of
small-molecule contaminant and toxins from contaminated water by combining membrane
engineering and chemical biology. One of the goals of this project is to achieve the desired surface
characteristics without loss of the advantageous properties of ultrafiltration PES membranes.
Poly-methacrylic acid chains (PMAA)-grafted membrane of PES is anticipated to possess
favorable selectivity-permeability characteristics due to the dual hydrophobic/hydrophilic nature
of the membrane surface. Moreover, PES has a glass transition temperature of 230 °C, meaning
that it will have sufficient thermal stability when aptamers are to be regenerated in water samples
at elevated temperatures. The PMAA added to the membrane surface and pores will serve as a

point-of-attachment for aptamer conjugation while conferring some degree of hydrophilicity to the
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membrane. Within the various next generation membrane systems, we anticipate that the use of
aptamer-functionalized membranes will be of high value. This is because we will be able to purify
fresh water and remove low-concentration contaminants in high backgrounds of potable
constituents at a lower cost.

Once the aptamer-functionalized membranes are obtained, we will measure small-molecule
removal efficiency by filtering water contaminated with small-molecules at different
concentrations. We will determine the amount of small-molecules that was removed by the
membrane by the difference in concentration between the contaminated water and the permeate.
Membrane performance will be measured by filtering contaminated water through the membrane
multiple times until the loading of toxins is at its maximum. We will also explore the ability of the
aptamers to be regenerated by eluting away the bound toxin. As it was stated before, aptamers
denature at high temperatures, but regain activity when cooled down. Hence, we will explore the
regeneration by washing through with varying temperatures of water and then track membrane
performance after regeneration.

When we have an optimized system for the removal of small-molecule toxins, we set forth into
exploring other applications of the aptamer-functionalized membranes. An exciting avenue that
we explore is the degradation of the molecules that are being depleted by our aptamer-
functionalized membrane. We envisioned that if we can attach an enzyme capable of degrading
contaminants, then we can have a membrane that is regenerable on its own and it does not need
further treatment to release the small molecule (often achieved by changes in pH or temperature).
We were able to attach the enzyme Laccase to our membranes and use BPA as our model
system. Laccase is able to degrade BPA into different degradation products that are no longer
harmful for the human body. With this system we are able to achieve a dual-activity membrane
that not only removes the small-molecule contaminant but also degrades it. With the appropriate
design of enzyme and aptamer, this technology can be used to deplete and degrade harmful

molecules from water. Another exciting technique we are currently exploring is introducing a more
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delicate structural design with a highly-ordered single layer of deposition of silica nanoparticles.
Silica nanoparticles are known for their lack of cytotoxicity, pH resistance, and are chemically
amenable and easy to synthesize. We examine the attachment and functionalization strategy of
the nanoparticles. We are preparing amino-modified silica particles that will be able to covalently
bind onto the membrane. Due to the single-layer compacting design, the thickness of the
membrane can be reduced to low micron levels.

Due to the imminence of fresh-water scarcity, it has become critical to ensure we develop
efficient methods that can sequester and remove micro- and macro- molecules from our water
supplies. We set forth to achieve this by leveraging the key properties of ultrafiltration membranes
and combining them with aptamers- a powerful biological tool. Our prudent method utilizes green
chemistry and reagents, further enhancing sustainability and does not require large amounts of
electricity or pressure, thus promoting a “budget-friendly” alternative. Furthermore, we envisage
our water purification strategy will be able to rapidly sequester multiple small-molecule

components, and the scope can be eventually expanded to recover small molecules.
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Chapter 2

Sequestration of Bisphenol A by the Aptamer-
Functionalized Membrane

In this chapter, we prepare an aptamer-functionalized membrane and
investigate its properties and functionality in water.
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2.1 Abstract

Sequestration of small molecules from aqueous solutions poses a significant, yet
important challenge in environmental science and human health. Current methods focus on
broadly sequestering all small molecules but are unable to address specific small molecules of
interest. Additionally, these procedures require large amounts of resources such as electricity and
pressure. We propose to address this challenge through the use of DNA aptamer-functionalized
ultrafiltration membranes. To demonstrate this approach, we developed an ap-tamer-
functionalized membrane that sequesters and removes the small-molecule contaminant
bisphenol A (BPA) from water. We show that BPA can be depleted and that the membranes can
be regenerated for multiple uses, which can allow for recovery of the small molecule when
desired. Aptamers can be selected for a wide variety of target small molecules, making this
approach highly generalizable beyond our initial demonstration. Together, this research offers a
promising solution to improving the efficacy of small molecule removal and recovery from aqueous

matrices.
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2.2 Introduction

Aqueous environments are populated with a diverse array of small molecules, many of which
can be either hazardous or beneficial to human health. Thus, there is a significant interest in
sequestering these molecules from the aqueous environment, as this allows depletion of harmful
analytes such as toxins or contaminants and recovery of valuable analytes such as natural
products. Methods including coagulation, flocculation, sedimentation, and photon-based
inactivation are capable of removing these contaminants from water. However, these technologies
generally require the consumption of additional chemicals and energy, making them difficult to
implement beyond industrial settings. Moreover, these approaches can only target small
molecules in general and not specific analytes. Therefore, they can only be used for depletion of

small molecules, and not for their recovery.

Synthetic membranes offer a promising alternative solution, owing to their facile preparation,
ease of use, and minimal resource consumption. Membranes are broadly classified by pore size
and internal structure, and ultrafiltration membranes having pore sizes in the high nm to low um
range are widely used for removal of large molecular weight contaminants such as bacteria,
parasites, and particulates. However, the larger pore sizes of ultrafiltration membranes make them
ineffective at separating small molecules from aqueous solutions. Small molecules can be
effectively removed using membranes having smaller pore sizes, however this also increases
production cost and the resources needed for use. And, similar to chemical separation methods,
relying on pore size for separation only enables sequestration according to molecular size and

does not enable the depletion or recovery of specific small-molecule analytes.

We hypothesized that this challenge could be addressed by conjugating small-molecule binding
aptamers to ultrafiliration membranes, enabling the sequestration of specific small-molecule
analytes while maintaining high ease of use. Aptamers are single-stranded nucleic acids that are

capable of binding to a target molecule with high affinity and specificity. We recognized that DNA
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aptamers are exceptionally well-suited for use as sequestration agents in the context of
ultrafiltration membranes, given these characteristics and their specific ability to be reversibly
denatured in response to thermal or chemical stimuli. This can enable the surface of the
membrane to be regenerated multiple times, greatly extending its useful lifetime and enabling

recovery of small molecule analytes of value.

The ability of aptamers to deplete small molecules from water has been previously investigated
using aptamer-functionalized beads that can be packed as a sorbent in “aptamer columns” to
remove contaminants such as cocaine, diclofenac, and ochratoxin A from water. However, these
approaches require complex preparation techniques, have low flow rates, and lack the ability to

simultaneously remove larger contaminants when desired.

We chose BPA as an initial model system, as a well-characterized DNA aptamer is available
for this target and BPA is a prevalent contaminant in groundwater and surface water. Techniques
for BPA removal do exist but rely upon complicated preparation methods or energy-intensive
processes, and often require pre- or post-treatment of the water sample. Here we show that
functionalization of ultrafiltration membranes with DNA aptamers enables depletion of BPA, and
the membranes can be regenerated for repeated use. Considering the broad range of toxins and
contaminants for which DNA aptamers can be generated, we anticipate that this will provide a
generalizable and customizable approach to the depletion and recovery of small molecules. The
research reported here is the first to demonstrate that the ultrafiltration membranes that are very
commonly used for removal of pathogenic microorganisms can be simultaneously utilized for

sequestration of specific small-molecule analytes.
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2.3 Membrane Formation and Grafting

2.3.1: Additional Background on Membrane Grafting

Membranes can consist of different material types: organic, inorganic, and hybrid (both
organic and inorganic) components.’? Certain membrane types, such as inorganic-based ceramic
membranes, utilize a lot of resources and complex techniques to prepare- thus making it
impractical for our purpose.® Based on the commonly available materials, the organic materials
provide the most benefits for our use due to their ease of preparation, cost-effectiveness- requires
minimal resources and low-energy input, and efficiency for contaminant removal.? These
membrane types align with our goals in reducing costs, time, use of resources such as machinery,
energy, and pressure involved in water filtration. Additionally, organic polymers can be easily
synthesized with simpler techniques, are low in costs, and are readily available.?

Given the compelling case of ultrafiltration membranes, we were presented with a
challenge of preparing the membrane core using either hydrophobic or hydrophilic polymers
(Figure 2.1). Hydrophilic polymers, like cellulose acetate, provide various advantages such as
increased flux capacity because of the rapid water flow through the membrane due to its
abundance of carboxylate esters present on the surface.* Contrarily, the rapid flux causes a
decreased retention of organic molecules, which can pose an issue for water purification. One of

the greatest advantages for hydrophobic membranes, like polyethersulfone (PES), is the high

Hydrophilic Hydrophobic
0 i
. +-O+Ot H
£o { g Polyethersulfone Polyvinylidene difluorure
N
- oHy i o

Cellulose Acetate Polyvinilpyrrolidone . .
Polypropylene Polyvinylchloride

Figure 2.1: Different types of polymers used for ultrafiltration membranes. (a) Hydrophobic polymers
and (b) Hydrophilic polymers.
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retention of organic molecules.® However, its disadvantages include membrane fouling, where
the increased retention capacity of organic molecules can cause the pores of the membranes to
be clogged, thus hindering the passage of water.® The phenomena of how these different
polymeric membranes operate can be easily explained because of the intermolecular forces
happening between the membrane and the feed solution. Hydrophilic polymers have a tendency
to mix, dissolved and/or be wetted by water.® Due to this, there is not much interaction with the
hydrophobic organic contaminants in the water and are able to pass though the membrane easier
and are not further detained by the membrane.” Hydrophobic polymers have the opposite effect,
because of their tendency to repel water. In this case, the hydrophobic organic molecules that are
present in the contaminated water are able to interact with the membrane and have greater
retention.®

We propose that our membrane scaffold be composed of a composite design that has
dual hydrophobic and hydrophilic characteristics. Advantageously, this will impart high flux and
increased retention.®'" The only disadvantage would be that these qualities will only manifest at
certain compositions. However, preparing the membranes from scratch will allow us to tune the
composition for our membranes.

Because of the aforementioned scenarios, we decided to move forward with a membrane
core made of PES. In addition to the high retention of organic molecules, the PES polymer
possess selective permeability, mechanical stability, and chemical resistance.'® ' PES has a high
glass transition temperature between 190 and 230 °C and is really tough.' For its hydrophilic
counterpart, we envisioned functionalizing the PES polymer with some carboxylic acid functional
groups (Figure 2.2). This covalent attachment would generate a membrane with dual hydrophilic
and hydrophobic characteristics. There have been various reports of having copolymers made

with acrylates: acrylic acid, methyl acrylate, methacrylic acid (MAA), etc.">"
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Figure 2.2: Common carboxylic acid-derived polymers used for copolymer formation.

We hypothesized that the addition of a covalently bound methacrylic acid to the membrane
would provide favorable selectivity-permeability characteristics,' and more importantly, it would
offer a point of attachment for the amine-modified aptamer molecules. Through looking into
different surface modification techniques, we investigated the merits of surface coating, chemical
cross-linking, and polymer grafting.'®"” Polymer grafting offered the most sustainable option
because this technique generates radicals by the simple addition of chemical initiators or light
irradiation.® Cross-linking requires the use of specific chemicals called crosslinking reagents that
can be very expensive and pose several hazards to the environment.'® Polymeric coatings require
expensive and difficult and complex techniques, making it not feasible for our study. In pursuit of
polymer grafting, we explored the decision of generating radicals by light irradiation or chemical

initiators. Light irradiation requires complicated equipment and strict operation, while chemical

©)(10”0\g/© %’ O,O’é )/N°N ><CN

CN
Benzoyl peroxide | | Di-tert-butyl peroxide Azobisisobutyronitrile

Figure 2.3: Most common radical initiators used for grafting copolymers.
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initiators can be inserted into the heterogeneous mixture of polymers to allow grafting to occur.

Consequently, we decided to move forward with grafting by radical initiators ° (Figure 2.3).

2.3.2: Fabrication and Standardization of Circular Membranes

Our initial membrane design consisted of preparing the membrane with the carboxylic
acids functional groups embedded on the membrane, prior to preparing the membrane. There
had been recent studies of PES flakes and pellets being grafted with methacrylic acid.?’ We
followed one such procedure and unfortunately, we could not reproduce these results or were
able to characterize the polymer formation. We theorize that the low surface area of the pellets
would not allow for radical formation, thus hindering the coupling reaction. For this reason, we
decided to split the membrane fabrication process by allowing the membrane to form first,
followed by grafting with carboxylic acids. For making the membrane, we were presented with
different methods of membrane preparation including sintering, stretching, track-etching,
template-leaching and phase inversion (Table 2.1).2%* We chose to pursue the phase inversion
process due to the efficient and simple technique: precipitation of the polymer caused by the
exchange of solvent and non-solvent without the need for any expensive machinery or chemicals

(Scheme 2.1).%*

Technique Characteristics

Sintering Compacting solid mass by heat or pressure

Stretching Deformation of Polymer by cold/hot stretch cycles

Track-etching Irradiating polymer with particles followed by chemical treatment
Template-leaching Use of leaching component followed by acidic or enzymatic treatment
Phase Inversion Precipitation caused by exchange of solvent and non-solvent

Table 2.1 Characteristics of different membrane formation techniques.
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Membrane

Solution Phase
Inversion

Scheme 2.1: Membrane formation by phase inversion process. The dope solution containing the
hydrophobic polymer and additives, are casted on a plate. The sequential submersion in water precipitates
the polymer forming the membrane.

One important property of this procedure is that we can add additives to this dope solution
with the purpose of pore formation. Additives control pore formation and pore interconnectivity. 2
Different additives can be added, but one of the most common is polyethylene glycol (PEG).
Depending on the size and concentration of the PEG in the homogeneous dope solution, we can
achieve different purification responses. If we increase the PEG concentration in the dope
solution, this increases the pore size and can allow for a greater flux. If we increase the PEG
molecular weight, we can increase the membrane density allowing for solute rejection. This
flexibility in membrane design can be handy depending on the water source we are
decontaminating. We decided to move forward with PEG 2000 MW, as that is the molecular
weight that provides the best flux due to the formation of macrovoids.?’

We developed a standardized procedure for membrane casting, as we discovered that
casting membranes by hand resulted in unsymmetrical membranes. We achieved this
standardization via an Elcometer® 3580/4 casting knife film applicator and we ensured that our
membranes were always stored in fresh water.

For our studies moving forward, the membranes were cut in a circular fashion due to our
use of a stirred cell filtration system (Scheme 2.2). All of our studies were executed using an

Amicon® Stirred Cell Filtration System 50 mL. This system requires a membrane diameter of 44.5
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mm or 1.752 in, so we decided to use a circular cutter of 1.75 in of diameter in our sheet of

membrane.

—> _—
circular cutter é a

membrane circular
membranes

Scheme 2.2: General procedure for circular membrane formation.

For us to compare the properties of circular membranes with each another, we developed
a standardization procedure. We determined that standardizing based on an output property: in
terms of flux would be ideal. We determined a flux range most commonly seen in the different
membranes, and only the membranes that would fall within that range would be further used. We
took an initial test of n= 20 membranes and measured flux in triplicate. From the average results
of each of the membranes, the mode of the averages was taken and the range was established
by having + 3 seconds (Appendix Table 2.1). The mode was 20.5 s for 20 mL of water filtered

and the range was established at 17.5- 23.5 s (Figure 2.4).
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Figure Error! No text of specified style in document.4: Graph containing the range of the accepted time
for the different membranes tested. Membranes 2, 7, 10, 11, 13 were not carried forward.

The membranes that within the accepted flux range were carried forward for grafting
experiments.
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2.3.3: Developing the Membrane Grafting Procedure
Grafting of the circular membranes were carried out using Azobisisobutyronitrile (AIBN)
as a radical initiator, methacrylic acid as the copolymer to attach to the membrane, and water as

the reaction solvent (Scheme 2.3).
HO._o Ho o

HO. o HO_ _o
o) HO_ o

OH H GOH
¢-¢
H CHs
n

AIBN

H,0
Scheme 2.3: General procedure for grafting polymethacrylic acid (PMAA) to the membranes.

60 °C

We devised a method for achieving grafting without damaging the membrane. The
diameter of the membrane allowed for the reaction to take place in an equivalently-sized bottom
of a 125 mL Erlenmeyer flask. The convenient narrow mouth of this flask was used to place a
rubber stopper allowing us to provide an inert atmosphere (to promote the radical initiation by
limiting the exposure to oxygen). We provided gentle shaking by using an orbital shaker at 500

rpm and heating at 60 °C to help further facilitate the radical reaction (Figure 2.5).

¥
Figure 2.5: Grafting setup. The use of a heating mantle to heat the Erlenmeyer flask to 60 °C and the use

of a N2 balloon to maintain the system in a nitrogen atmosphere. The use of the orbital shaker ensures
complete mixing of components.
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The subsequent propagation reaction is made possible by the addition of the methacrylic
acid that generates a chain polymerization reaction. Depending on the reaction time, the pMAA
chain can continue to grow because the MAA is added in excess. Once the reaction is finalized,
the membrane is washed with 1 M NaOH to ensure that all unbound pMAA and other non-
covalently bound species are removed from the membrane. The addition of the pMAA is possible
but the exact position of covalent attachment is unknown. Proposed hypotheses for this reaction
includes: (1) any free-radical fragments may abstract aromatic protons from the backbone to
generate macro-radicals and (2) radicals can react with the monomer to form a growing
monomeric radical, which is able to convey its radical character to the PES chain. From our
procedure, the PES membrane is left to react with the AIBN for some time before the addition of
MAA, so we speculate that the radicals form in the backbone of the PES. Although the exact
position of the attachment is unknown, we believe that it is added to the ortho- position of sulfone,
given that the sulfone helps stabilize the radicals (Appendix Scheme 2.1).

To assess the grafting process of the membrane, we performed scanning electron
microscopy (SEM) on cross-sections of the membrane before and after grafting (Figure 2.6). This

technique would give us a general idea of the pore size distribution, and confirmed the presence

Ungrafted Membrane Grafted Membrane
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Figure 2.6: Scanning Electron Microscopy (SEM) images of ungrafted and grafted membranes showing
the formation of large macrovoids and the pores of an ultrafiltration membrane. The grafting procedure did
not alter the structure or the pore size distribution of the membrane.



Romero-Reyes, M. A. 65

of macrovoids due to the use of the PEG additive during membrane formation. As we can observe,
the general macrovoids and structure gets retained before and after grafting, confirming that the
membrane consistency remains.

We performed FT-IR with Attenuated Total Reflection (ATR) to validate the conjugation of
the carboxylic acids onto our membrane. We chose this technique because our membranes were
thick (i.e. micron level) and this technique is insensitive to sample thickness. Therefore, ATR
provides a good measure and operates by measuring the changes that occur in an internally
reflected IR beam when the beam comes in contact with the sample. The addition of the carboxylic
acids to our membrane sample was observed by the presence of two distinct bands with an O-H

stretch from 3300-2500 cm™ and a C=0 stretch from 1760-1690 cm™ (Figure 2.7).

Ungrafted Membrane Grafted Membrane
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Figure 2.7: IR spectrum of grafted and ungrafted membrane showing the addition of the carboxylic
acids on the membrane.

To supplement our validation for the addition of the carboxylic acid moieties to the
membrane, we performed X-ray photoelectron spectroscopy (XPS) to measure the elemental
composition and the differentiated chemical states of the polymer on the membrane. Elemental
composition data illustrates a higher abundance of oxygen atoms in the grafted membrane
compared to the ungrafted sample, supporting the presence of pMAA (Table 2.2). Furthermore,
we measured the relative atomic percentage of the carbon components to observe different
carbon electronic states (Figure 2.8). The graphs showing the different counts per second (CPS)

of the carbon components as a function of binding energy. We observed the presence of a new
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peak at 288.41 eV denoting the presence of the CO2H group and confirming the grafting of the
membrane.

Table 2.2:Table detailing the elemental composition as relative atomic percent (At%). Oxygen
composition is higher on the grafted membrane, suggesting the presence of the pMAA chain.

Surface Elemental Composition
(Relative Atomic Percent)

Samples (o) C S

PES Ungrafted 18.1 | 75.3 | 3.73
PES Grafted 222 | 721 1.1

Ungrafted Membrane Grafted Membrane
) 30_
309 i e
— C-O0 — C-0
T 209: _ c-0 "‘:o_ 21 — c=0
g_>; g,x_ — COH
© 104 O 104
%oo 205 290 285 280 275 300 205 290 285 280 275

Binding Energy (eV) Binding Energy (eV)

Figure 2.8: Overlaid high resolution XPS scans of the ungrafted and grafted membranes. C-C peak

binding energy is corrected to 284.5 eV. The presence of the peak at 288.41 eV in the grafted membrane
confirms the presence of pMAA.

We also focused on optimizing the grafting time so that would not detract from the overall
flux capacity (Appendix Table 2.2). We discovered that a one-hour reaction time was optimal
because there was only a 14 second increase from the grafted and ungrafted membrane, which

has no significant effect on the overall flux (Figure 2.9).
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Figure 2.9: The effect of grafting on membrane flux capacity.
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The successful addition of this pMAA to the membrane provides a great balance between
the hydrophobicity and hydrophilicity of the membrane (Figure 2.10). These characteristics in
conjunction with the additives used to fabricate the membrane conveys a scaffold that can
potentially have increased efficiency in terms of sequestering contaminants from water once we

are able to functionalize the membrane with DNA aptamers.

Hydrophilic area

HOOHOO

HO_ o HO__o

H qogH\ HO_ o
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H CHj /
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1 Hydrophilic polymer | J[o@ﬁ@%
\ ° "

Hydrophobic area

Figure 2.10: General scaffold of ultrafiltration membranes with the hydrophobic and hydrophilic portions
outlined.

2.4 Membrane Functionalization with DNA Aptamers

2.4.1: Attachment of Aminofluorescein

In order to ensure that the DNA attachment process did not detract the reactivity or the
functionality of the carboxylic acid groups, we used a surrogate molecule: aminofluorescein that
contains a free amine group. The free amino group would react with the carboxylate group and
form an amide bond to enable attachment. The aminofluorescein Isomer | is a great molecule for

amide bond formation because it has a free amine that can allow for the reaction to occur and its

Fluorescent Moiety

Free amine’

Figure 2.11: Structure of the Aminofluorescein Isomer | aptamer surrogate.
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fluorescent capabilities can allow us to quantify the loading capacity of our membrane (Figure
2.11).

The coupling reaction was performed in ethanol with the 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and Hydroxybenzotriazole (HOBt) as coupling reagents
(Scheme 2.4). We used ethanol because we observed that this solvent was able to dissolve
aminofluorescein, but not the membrane. This reaction allowed us to observe the attachment of
aminofluorescein onto the membrane by quantifying the fluorescence of the membrane after

multiple wash cycles.

v

EDC / HOBt
EtOH

Scheme 2.4: Amide bond formation between aminofluorescein and the carboxylic acid groups of the
membrane using EDC and HOBt as coupling reagents.

To quantify the aminofluorescein-functionalized membranes, we divided (cut) them into
equal parts (Appendix Scheme 2.2) and weighed 5 mg of each portion and dissolved them
DMSO. The aminofluorescein functionalization was determined by preparing a calibration curve
and determining the amount of aminofluorescein per membrane. This experiment was
accompanied by a control experiment with the aminofluorescein reaction of the ungrafted
membrane to make sure that the fluorescence readout was due to covalent attachment of the
aminofluorescein (Appendix Table 2.3). We observed fluorescence in the grafted membranes,

with a yield of 12.9 + 0.9 umol per milligram of membrane (Figure 2.12).
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Figure 2.12: Fluorescence of the grafted and ungrafted membranes after functionalization. Error bars
represent SD (n=3).

2.4.2: Attachment of DNA Aptamers

After we received confirmation that the amine-modified chemistry was possible, we
examined the ability for the membrane to couple ssDNA aptamers (Table 2.3) to determine that
the membranes were able to not discriminate in its aptamer attachment. Following a similar
procedure for aminofluorescein attachment, with the exception of a MOPS buffer in lieu of ethanol
to avoid any DNA denaturing (Scheme 2.5). We performed the same control experiments by
doing the reaction with the ungrafted membrane to also ensure that the DNA coupling is due to

covalent attachment and not to any non-specific binding.

VA VA S

EDC/HOBt/DIPEA
MOPS pH= 8, 0.5 M NaCl

Scheme 2.5: General procedure for DNA functionalization.
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Table 2.3: DNA functionalization reaction with different types of aminofluorescein-labeled DNA.

DNA loading (nmol) per

Entry /\/\ N, mg of membrane

Grafted Ungrafted

1 5’-NH,/FAM/spacer 6-CACATCAATC-spacer 6-3’ 9.92 0.327
2 5’-NH,/spacer 6/FAM/spacer 6-CACATCAATC-spacer 6-3’ 21.4 0.412
3 5’-NH,/spacer 6/FAM/spacer 6-CACATCAATC-spacer 9-3’ 10.2 0.33

Furthermore, we were able to observe that covalent attachment of the aptamer to the
membrane produced the amide bond as we observed DNA loading with the grafted membrane

only (Figure 2.13).
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Figure Error! No text of specified style in document.13: DNA functionalization with three different
membrane types to observe the covalent attachment of DNA.

While our DNA quantification approach detailed above is highly accurate, this
characterization approach is destructive to the membranes. We focused on developing a method
of quantifying ssDNA attachment without destroying the membrane. We hypothesized that we
could do this by monitoring the quantity of DNA in solution as an indicator of reaction efficiency.
We would take small aliquots before and after reaction and the difference in fluorescence would
be a strong indicator of the amount of aptamer attached to the membrane. Since the circular
membrane is of 1.75 inches in diameter, we had to find a way that the membrane can be

submerged and shaken without undergoing any damage. We were able to achieve this by
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inserting the membrane into a 50 mL conical tube and using an orbital shaker to ensure that the

DNA solution interacted with the membrane (Figure 2.14).
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Figure Error! No text of specified style in document.14: General procedure for functionalizing circular membranes and
monitoring fluorescence of the reaction.

We also observed that conjugation using sulfo-NHS and EDC under the conditions
described by Li et al.® produced the best results over other conditions, such as EDC/HOBY/
DIPEA and DMT-MM, which resulted in no detectable reaction. We also wanted to see if different
structural aptamers affected the yields of the conjugation of DNA onto the aptamer and
investigated this using two different kinds of DNA: a primary structure based polyT aptamer and
another aptamer known to form a secondary structure. This is central to our fundamental studies
because we expect yields to vary based on their conformational structure and the amount of
space aptamers could potentially occupy on the membrane. For contaminant sequestration
purposes, we would hope to achieve reasonable yields for aptamers that adapt a secondary
structure. The addition of the aptamers to the membrane was achieved with fair yields, with a

lower amount of yields for aptamers that adopt a secondary structure (Figure 2.15).
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Figure 2.16: Functionalization of structurally different ssDNA including a) polyT aptamer and b) a random
sequence known to form a secondary structure using the optimized coupling method. Error bars on a)

The addition of the BPA aptamer (adapted from the truncation that Son and coworkers)®

was coupled with an amine: NHz group in the 3’ end, and a FAM fluorophore on the 5’ end to

enable coupling with the carboxylic acid and quantify aptamer loading. We observed that 43% of

the anti-BPA aptamer was conjugated to the membrane (Figure 2.16).

14
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Concentration (uM)
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Figure 15: The decrease in DNA concentration in the supernatant was used as a metric to quantify the
amount of BPA aptamer attached to the membrane. The sequence of the BPA aptamer used for reaction
consist of a 14-base ssDNA with amino and FAM modifications.

We were also curious to observe the effect that functionalization of this BPA DNA aptamer

would have on the membrane’s overall flux. We ran flux on the membrane before and after

functionalization and observed that the addition of DNA poses no effect on flux capacity (Figure

2.17).
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Figure 2.17: Effect of BPA aptamer functionalization on membrane flux. Error bars represent SEM (n=3).

With these results, we were able to develop a procedure for functionalizing the grafted
membrane with DNA aptamers. The process for developing the aptamer-functionalized
membrane consist of three major components: the hydrophobic PES polymer-based aptamer

core, the hydrophilic pMAA chain, and the aptamer which generates an amide bond with the

carboxylic acids (Figure 2.18).

N/ \/ - Aptamer

Figure 2.18: The components that the aptamer-functionalized membrane incorporates. It consists of three
major components: aptamer, pMAA and PES.

2.5 Depletion of BPA from Water

2.5.1: Depletion of BPA by Membrane

Once the aptamer functionalized membranes were prepared, we needed to observe its
application into removing the small-molecule of interest, which in this case is BPA. To achieve
this, we first tested BPA removal efficiency by preparing a feed solution of 200 nM of BPA, the

maximum concentration that is routinely found in water sources. We were able to observe how
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much BPA was depleted by filtering BPA-contaminated water though the membrane and using a

stirred cell filtration system (Scheme 2.6).

We analyzed BPA removal efficiency by quantifying the permeate concentration using

Filtrate

Spiked 200 nM
BPA water

/

®

Setup

Scheme 2.6: General setup for BPA filtration experiments.

«——Membrane

HPLC. We were able to measure the area under the curve for each of the different water types

containing BPA and we formulated a calibration curve that helped us quantify the amount of BPA

that the membrane depleted (Figure 2.19)
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Figure 2.19: HPLC method for BPA detection, including calibration curve.
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We initiated our investigation by examining that the sequestration of BPA was only due to
the presence of the aptamers and not by non-specific adsorption of the membrane. We validated
this by performing filtration experiments with the grafted, non-functionalized membrane. We
filtered the BPA-spiked water through the grafted membrane and observed no depletion of BPA
(Figure 2.20) which suggested that any potential depletion could be due to the aptamers.

Following these results, we observed the ability of the aptamer-functionalized membrane
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Figure 2.20: BPA depletion of the grafted membrane. There is no change in the concentration,
demonstrating that BPA cannot be depleted by the grafted membrane itself.

to remove BPA in standard Milli-Q water spiked with 200 nM BPA. The water was filtered through
the aptamer-functionalized membrane (Figure 2.21) and we were able to observe depletion of
the BPA to a concentration below the guidelines that the Environmental Protection Agency has

adopted for safe drinking water.
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Figure 2.21: Breakthrough curve depicting BPA depletion of Milli-Q water as a function of the volume of

water filtered, using a 200 nM BPA feed solution. Parameters: 1 bar of pressure 1.5 mL of filtrate collection
volumes, Amicon Stirred Cell 50 mL apparatus.
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We were able to observe that a membrane of 4.5 cm in diameter and 108 mg in weight
with an estimated 12.5 nmol of functionalized aptamer was able to deplete 6.4 nmol of BPA prior
to sorbent exhaustion. Of this total depletion, 3.7 nmol of BPA was removed from the 27 mL of
water filtered before reaching the EPA intake limit, and an additional 2.7 nmol of BPA was
removed before reaching sorbent exhaustion. While this is still below quantitative binding, there
are several reasonable explanations for this: (1) although the affinity of this aptamer is quite high
(Kd = 8 nM), this still does not enable 100% occupancy of binding sites at equilibrium; (2) a portion
of immobilized aptamers may not be in the optimal conformation for BPA binding; (3) steric
hindrance and/or cross-hybridization between adjacent aptamers on the surface may disrupt the
function of some aptamers.

To further demonstrate practical utility, we explored the ability of our membranes to
function with natural water samples by obtaining lake water from a local source: Chandler Lake-
Lullwater Preserve at Emory University. No BPA was detected in this initial lake water sample,
so we spiked it to a known concentration (200 nM) in the same manner as the Milli-Q water
experiments. The feed solution was subjected to identical conditions as our previous

experiments, and we did not further pretreat the sample during our analysis. We filtered this
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Figure 2.22: Breakthrough curve showing BPA depletion of lake water as a function of the volume of water
filtered, using a 200 nM BPA feed solution. Parameters: 1 bar of pressure, 1.5 mL of filtrate collection
volumes, Amicon Stirred Cell 50 mL apparatus.

spiked-lake water and achieved similar performance to that observed for Milli-Q water, with the
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aptamer-functionalized membrane being able to deplete 6.1 nmol of BPA prior to sorbent

exhaustion (Figure 2.22).

2.5.2: Aptamer Specificity to BPA and Other Removal of Contaminants

We also wanted to observe the aptamer specificity to BPA, as the removal of other small-
molecule contaminants would hinder the capabilities of the aptamers to remove BPA. To test this,
we obtained other common organic contaminants of water: diethylstilbestrol, a BPA analogue and
4-Chlorophenol, a common phenolic contaminant.?® We spiked the water in the same way that
we did for the BPA experiments and we filtered some aptamer-functionalized membranes through
these solutions. We observed that the concentrations of these contaminants remain unaltered
after filtering (Figure 2.23). These results suggest that attachment of the aptamer to the
membrane does not interfere with aptamer selectivity and that the aptamer-functionalized

membranes are able to specifically sequester the BPA target.

250+ 250+

Q

n

=3

o
1

N

=3

o
1

150 150

100 100

Concentration (nM)

o
o
1

Concentration (nM)
8
1

o
[l

1 2 3 4 5
Filtration # (10 mL each) Filtration # (10 mL each)

1 2 3 4

Figure 2.23: Depletion of other small-molecule contaminants by aptamer-functionalized membranes. (a)
diethylstilbestrol and (b) 4-chlorophenol.

We performed a qualitative analysis on the unfiltered and filtered lake water to investigate
the ability of the functionalized membrane to remove larger contaminants. The filtration process

was able to remove particulates and other large matter from the sample, as noted by the visible

change in the water (Figure 2.24).
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Concentration
ppm (parts per million)
ﬁ:‘mp ;':’d“e f' Al | B |Ca|Cu|Fe | K |Mg|Mn | Mo |Na| P | Si| Zn
Lake | ;599 |6 | <01 003 | 122 [<00 | <01 [43 |32 [ <00 | <00 |62 | <00 |30 | <00
Water | °° 7 |0 1 7 5 0 1 |4 |5 1 5 |2 0 |5
::ter 4310 |7 |<01]003 | 119 <00 | <01 |41 [32 | <00 |<00 |68 [0.02 |33 |<00
Water 0 |0 1 3 5 0 4 |3 |5 1 8 |4 4 |5
c)
ppb
ppm (parts per million) (parts per uS/cm
billion)

Sample | Alkalinity | CO2 Cl F NOs- POs | SO4 Cr Ni | Conductivity
Lake 54.00 | 2011 | 7.08 | <0.17 | <0.19 | <1.00 | 1.43 | <10 | <10 127.9
Water
Filtered | 5500 | 949 | 7.12 | <0.17 | <0.19 | <1.00 | 146 | <10 | <10 127.8
Water

Figure 2.24: a) Qualitative difference in the lake water sample before and after filtration with the
functionalized ultrafiltration membrane. In addition to removing BPA we can observe the removal of large
particulates and other contaminants. b) Expanded water test performed by the Agricultural and
Environmental Services Laboratories at the University of Georgia. Colors denote the different types of tests
performed: Peach: Basic Water Test, Pink: Anions, Blue: Soluble Salts, Gold: Alkalinity, Green: Heavy
Metals.

With the successful removal of BPA from water, we have developed a technology that has
the ability of removing small molecules from water. This platform has the ability of removing any

toxin of interest, given appropriate aptamer attachment.
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2.6 Regeneration of the Aptamer-Functionalized Membrane

Another interesting application of the aptamer-functionalized membranes is their ability to
regenerate and restore their structure and function after filtration. This would enable multiple uses
and could potentially pave the way to allow recovery of valuable small-molecule analytes in the
future. The retentate of the same membrane from the BPA depletion experiment described above
was washed away with water at 65 °C because this temperature disrupts the aptamer structure
without damaging the membrane. After regeneration, the membrane depletion capacity was
reevaluated using 200 nM BPA-spiked water as the feed solution. We observed a slight decrease
in BPA removal capacity after the first regeneration, but the capacity then remained stable over
multiple further regeneration cycles, demonstrating the reusability of the membranes (Figure
2.25).

1. First regeneration:
Volume of water filtered before reaching EPA limit: 10.5 mL (17.9 s) (Filtrate #: 1-

7)
nmol of BPA removed: 1.52

Volume to breakthrough: 21 mL (36 s)

Volume of water filtered before reaching sorbent exhaustion: 42 mL (63 s)
(Filtrate #: 1-28)
nmol of BPA removed: 2.18

Total BPA removed: 3.7 nmol
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2. Second regeneration
Volume of water filtered before reaching EPA limit: 13.5 mL (23 s) (Filtrate #: 1-9)

nmol of BPA removed: 2.01

Volume to breakthrough: 34.5 mL (59 s)
Volume of water filtered before reaching sorbent exhaustion: 69 mL (103.5 s)

(Filtrate #: 1-46)

nmol of BPA removed: 2.05

Total BPA removed: 4.06 nmol
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3. Third regeneration
Volume of water filtered before reaching EPA limit: 15 mL (22.5 s) (Filtrate #: 1-

10)

nmol of BPA removed: 2

Filtrate # (1.5 mL each)

Volume to breakthrough: 28.5 mL (48.5 s)
Volume of water filtered before reaching sorbent exhaustion: 55.5 mL (83.5 s)

(Filtrate #: 1-37)

nmol of BPA removed: 2.47

Total BPA removed: 4.47 nmol
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Figure 2.25: Regeneration of the aptamer functionalized membrane after multiple regeneration cycles.
There is a slight decrease in BPA removal capacity after the first regeneration, but the capacity then
remained stable through the rest regeneration cycles.
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2.7 Conclusions

The ability to sequester specific small molecules of interest would enable the removal of
dangerous contaminants from the environment and make possible the recovery of precious
compounds and other metals found in contaminated water sources. Aptamers offer a promising
solution to this challenge because they are able to bind to a specific small molecule or a set of
related molecules with high affinity and they can be reversibly denatured, allowing for analyte
recovery when preferred. Ultrafiltration membranes serve as a convenient scaffold for the
aptamers as they are easy to produce, have high water permeability, and can also be used to
remove macroscale contaminants. Here, we demonstrate the synthesis, characterization, and use
of aptamer-functionalized ultrafiltration membranes for the removal of small molecules from water.
As an initial demonstration, we show that BPA can be depleted and that the membranes can be
recycled by reversible denaturation of the aptamers. We demonstrate practical utility by achieving
depletion of BPA from a natural lake water sample. While our initial proof-of-concept example is
focused on BPA removal, aptamers can be generated for a wide variety of small-molecule (and

protein) analytes.
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2.8 Appendix

Supplement- Chapter 2: Sequestration of Bisphenol A by the Aptamer-
Functionalized Membrane

Table 2.1 Flux experiments for standardization of membranes. Time of filtration for the different membrane
set tested for 20 mL.

Membrane Vol u(r:i)read Av (mL) t1 (s) t2 (s) t3 (s) .:\:;a(g;a
1 40-20 20 18 20 23 20.33
2 40-20 20 33 35 38 35.33
3 40-20 20 19 23 24 22.00
4 40-20 20 19 21 23 21.00
5 40-20 20 18 20 22 20.00
6 40-20 20 19 20 22 20.33
7 40-20 20 34 41 46 40.33
8 40-20 20 17 20 22 19.67
9 40-20 20 16 19 29 21.33

10 40-20 20 33 33 33 33.00
11 40-20 20 32 31 38 33.60
12 40-20 20 19 21 23 21.00
13 40-20 20 24 25 26 25.00
14 40-20 20 21 24 26 23.67
15 40-20 20 23 23 24 23.30
16 40-20 20 18 20 21 19.67
17 40-20 20 18 20 22 20.00
18 40-20 20 19 19 20 19.33
19 40-20 20 19 17 18 18.00

20 40-20 20 17 17 19 17.67
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Scheme 2.1. Proposed grafting mechanism for the addition of pMAA chains to the PES membrane. (a)
radical initiator formation and (b) pMAA grafting onto PES.

Table 2.2 Different flux times for the grafted and ungrafted membranes as they filter 20 mL of water.

Volume read Average
Membrane (mL) Av (mL) t1 (s) t2 (s) t3 (s) time (s)
Grafted 40-20 20 33 33 34 33.33

Ungrafted 40-20 20 19 19 20 19.33
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Scheme 2.2 Overview of the membrane cutting procedure prior to functionalizing the membranes with

aminofluorescein.

Table 2.3 Loading capacity of aminofluorescein for different batches of ultrafiltration membranes.
Membranes 1-3 are grafted and membranes 4-6 are ungrafted. We only observe fluorescence in the grafted

membranes.

Membrane 1
Membrane 2
Membrane 3
Membrane 4
Membrane 5
Membrane 6

Fluorescence
1635.33
1676.00
1819.00

248.00
240.33
239.00

Concentration (mM)
40.89
42.10
46.32
0
0
0

mmol
0.0047
0.0048
0.0053

mmol per mg pumol per mg

0.0123
0.0126
0.0139

12.28
12.64
13.91
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Chapter 3

Sequestration and Removal of Multiple Small Molecule
Contaminants using an Optimized Aptamer-Based
Ultrafiltration System

In this chapter, we enhance the properties of the aptamer-functionalized
membrane and investigate the simultaneous removal of multiple small-
molecule toxins and contaminants
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3.1 Abstract

Small-molecule toxins pose a significant threat to human health and the environment, and
their removal is made challenging by their low molecular weight. Aptamers show promise as
affinity reagents for binding these toxins, and recently aptamers have been utilized for both
sensing and remediation applications. We have found that functionalization of ultrafiltration
membranes with aptamers provides a convenient scaffold for toxin sequestration, but our initial
efforts in this area were limited by low functionalization efficiencies and the ability to only capture
a single target molecule. Herein, we describe detailed optimization of our aptamer-functionalized
ultrafiltration membrane system and subsequent use for simultaneous removal of multiple small-
molecule toxins. We examine multiple critical components involved in fabricating and
functionalizing the membranes, including PEG polymer molecular weight for membrane
fabrication, grafting conditions for pMAA attachment, and coupling reagents for aptamer
functionalization. This screening enabled us to identify a set of unique conditions in which we
were able to achieve high flux, near quantitative yield for DNA attachment, and effective overall
depletion of both toxins and bacterial cells. Furthermore, we demonstrate attachment of multiple

aptamers and subsequent parallel removal of atrazine, bisphenol A, and microcystin-LR in a
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complex lake water matrix. Our rigorous evaluation resulted in depletion of multiple small-
molecule toxins and contaminants, demonstrating the potential of aptamer-functionalized

membranes as point-of-use decontamination systems.

3.2 Introduction

Aptamers have emerged as promising affinity reagents for use in a wide range of
applications, ' owing to their ability to bind to a specific molecule of interest, their high chemical
and thermal stability, and the ability to generate aptamers for a wide range of target molecules
via in vitro selection.* To date, aptamers have been primarily used for biomedical applications
including drug delivery, therapeutics, clinical diagnostics, imaging, and biomarker discovery.>®
However, more recently, they have also seen increasing use for environmental applications such
as detection and removal of small-molecule toxins and contaminants in aqueous and biological
matrices.”®

A large number of aptamer-based biosensors have been reported for toxin detection and
typically involve coupling of the target binding event to an electrochemical or optical output for
quantification.'®"" Given the ability of aptamers to bind to and sequester molecules of interest,
researchers have also explored the use of aptamers in environmental water remediation, though
examples of this use remain much more sparse in the literature.'>'® To achieve sequestration,
the aptamer must be immobilized on a solid support, and scaffolds that have been explored
include TiO2 and PLA-PEG nanoparticles, Sepharose beads, and hydrogels.'*'® While effective,
most of these methods require expensive machinery for fabrication or implementation and they
can be susceptible to corrosion or biofouling. Additionally, most of these materials have not been
shown to be capable of regeneration, limiting them to a single use.'? Thus, while these
technologies are able to remove the molecules of interest, they are limited by challenges with
scale-up or time and material costs and are not amenable for point-of-use decontamination in

resource limited environments.®
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With an increase of contaminated water sources worldwide, the sequestration of small-
molecule contaminants and toxins has become a priority and unique scaffolds are needed which
can effectively sequester and remove these contaminants from an aqueous matrix.?° Ultrafiltration
membranes offer an advantageous scaffold, as they are fabricated from inexpensive materials
using facile preparatory techniques and water can pass through them under pressures that can
be easily generated using human power.?! However, given their relatively large pore sizes, they
lack the ability to sequester small molecules.?’ To overcome this challenge, we have previously
demonstrated that aptamers can be covalently attached to ultrafiltration membranes by grafting
poly(methacrylic acid) (pMAA) on the membrane, which introduces a carboxylic acid moiety,
which can subsequently be reacted with an amine-modified aptamer.?> We initially demonstrated
the ability of this membrane system to remove Bisphenol A (BPA) from drinking water and
environmental water samples. However, most water samples requiring purification contain
multiple small-molecule contaminants including pharmaceuticals, pesticides, mycotoxins, and
cyanotoxins, as well as small organisms such as bacteria.?%* To ensure practicality and efficacy
in point-of-use applications, it is critical that an aptamer-based filtration device be able to retain
and sequester multiple contaminants as well as small organisms.?>%

Herein, we systematically optimize each step of the process for fabrication of our aptamer
functionalized membranes, from membrane formation to grafting to aptamer attachment. At each
step, we rigorously characterize membrane performance or attachment yield to identify a set of
optimized conditions. We also explore the relationship between membrane pore size and removal
of bacteria (Escherichia coli), demonstrating the capacity to simultaneously sequester small
molecules and single-celled organisms. Moreover, we establish the versatility of our membrane
system by attaching a combination of different aptamers and demonstrating the ability to
sequester multiple small molecules in parallel without impacting depletion efficacy. Together, this
research advances the application of aptamer-functionalized membranes as a user-friendly and

scalable approach to water purification.
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3.3 Results and Discussion

For our initial demonstration of aptamer-functionalized membranes, we adapted standard
conditions that had previously been reported in the literature for analogous fabrication and
functionalization procedures.?* 22 While this allowed for successful membrane generation, we
recognized that significant benefit would be realized by systematically investigating and optimizing
each step of the process. As outlined in Scheme 3.1, we explore a wide range of conditions for
membrane formation, grafting, and functionalization, characterizing function at each step to arrive
at an optimized protocol that maximizes both membrane flux and ability to remove small-molecule

contaminants and small organisms.

Phase o
Inversion
Process OH SN
' ) —> —
{0@% PEG AIBN Coupling
o) n DMF 60 °C Reagent
Membrane Formation Grafting Functionalization
Variables f
ariables for [MAA], [AIBN], time Coupling Reagents

Optimization

Scheme 3.1: Optimization of key steps in fabrication of aptamer-functionalized membranes. Key
parameters that are explored include: (1) molecular weight of PEG additives used in membrane formation
(2) concentrations of MAA and AIBN, and reaction time for pMAA grafting (3) coupling reagents used for
aptamer functionalization.
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3.3.1 Membrane Formation

Membranes are formed from PES using a phase inversion process, and PEG is used as an

additive to promote pore formation.?

Given that pore size impacts flux and other key
characteristics, we reasoned that the molecular weight of the PEG was likely to play a substantial
role in membrane performance. Thus, we started our optimization process by using PEG having
different molecular weights, added to the dope solution when forming the ultrafiltration
membranes. As shown in Figure 3.1, the use of different molecular weights of this additive
changes the internal pore formation and the distribution of macrovoids, therefore modulating
water filtration characteristics such as flux and solute rejection. We prioritized water flux, as
maintaining high flux is critical to ensuring that the membranes can be operated in a point-of-use
setting under human power (Figure 3.2 a-b).'® The data in Figure 3.1a demonstrate that there is
an increase in flux as the PEG Mw increases from PEG200 until it reaches a plateau around
PEG2000-PEG4000, before showing a steady decrease up to PEG20000, which was the largest

PEG dopant tested. These data provided insight that membranes formed with PEG dopant in the

range of PEG2000—-PEG4000 provided optimal flux properties.
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Figure 3.1: (a) Flux and bacteria depletion as a function of molecular weight of PEG dopant. The error
bars represent standard deviation from 6 independent trials. (b) SEM images of membranes formed using
PEG 2000 (top row) and PEG 12000 (bottom row), showing morphology at the top, bottom, and mid
cross-section of the membrane. Scale bars are 10 um for images of top and bottom of membrane and 50
pum for images of membrane cross-section.
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Figure 3.2: (a) Flux experiments were performed using a stirred cell filtration apparatus containing a
prepared ultrafiltration membrane having a diameter of 1.75 in. (b) Time measurements of 20 mL filtrations
of distilled water based on different PEG molecular weight dopants used in membrane fabrication. (c) E.
coli depletion using 50 mL of 8000 cells/mL bacteria (E. coli) in water. (d) Observed colonies before and
after filtration with the two representative sample membranes (PEG1000 and PEG2000). (e) Differences
between bacterial colony count before and after filtration, which were used to assess bacterial depletion
yield.

In considering the practical application of these water purification membranes, we
recognized that most use would involve mixed matrices that contain both small-molecule
contaminants and microorganisms such as bacteria.**3' We also recognized that since PEG
molecular weight directly impacts pore size, this is the ideal metric to vary in order to optimize
bacteria removal. Thus, we screened our membranes formed using various PEG sizes and
quantified their ability to deplete E. coli. Water spiked with bacterial cells at a concentration of
8000 CFU/mL was filtered through each membrane and samples from before and after filtration
were spread on agarose plates, incubated at 37 °C, and colonies quantified (Figure 3.2c-e). While

the membranes having the lowest flux (PEG12000 and PEG20000) gave nearly quantitative
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bacterial depletion, we were surprised to observe that flux did not directly correlate with bacterial
depletion as might be anticipated solely based on pore size (Figure 3.1a).

Considering both flux and bacterial removal, we concluded that PEG2000 serves as the
best dopant size for preparing our ultrafiltration membranes. However, due to the exceptionally
high performance with bacterial depletion and the recognition that other smaller microorganisms
may also be present in water samples, we also chose to continue investigating membranes
formed using PEG12000, as some sacrifice of flux could be a favorable tradeoff for higher
bacterial depletion. Membranes formed using each of these PEG dopant sizes were characterized
using SEM (Figure 3.1b). The PEG2000 membranes displayed prominent large macrovoids in
the cross-section, which was also consistent with the formation of more pores on the bottom of
the membrane, and therefore higher flux. In contrast, the PEG12000 membranes show fewer

pores, which likely explains the lower flux and higher bacterial depletion.

3.3.2 Membrane Grafting

The next step in our membrane fabrication process is grafting of the PES with pMAA via radical
polymerization. The carboxylic acid functional groups on pMAA serve two important purposes, in
that they increase the hydrophilicity of the membrane for better use with aqueous matrices®*>?
and provide an attachment point for subsequent functionalization with amine-modified aptamers.
Given that maximizing aptamer attachment represents a key desired outcome, we analyzed
grafting conditions by monitoring DNA functionalization yield using a constant set of coupling
conditions. To optimize grafting, we surveyed a range of methacrylic acid (MAA) volumes (added
to 5 mL water for each reaction), 2,2'-azobis(2-methylpropionitrile) AIBN concentrations, and
polymerization reaction times with our two previously identified PEG2000 and PEG12000
membranes (Figure 3.3). We benchmarked the performance of each membrane against our

previously reported conditions (1.5 mL of MAA, 0.3% AIBN, and 1 h of reaction time after MAA

addition). We then reacted each membrane with the anti-BPA aptamer** using N-(3-



Romero-Reyes, M. A. 96

dimethylaminopropyl)-N*-ethylcarbodiimide hydrochloride/N-hydroxysulfosuccinimide sodium salt
(EDC/sulfo-NHS) as a coupling reagent and quantified aptamer attachment efficiency as

previously reported.?
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Figure 3.3: (a) Optimization of membrane grafting using membranes formed with PEG2000 and
PEG12000. Yield of aptamer attachment resulting from: (b) varying volumes of MAA (added to 5 mL
water); (¢) varying concentrations of AIBN initiator; (d) varying polymerization reaction
time. (e) Incorporating all of the optimized conditions results in a significant increase in yield for aptamer
attachment. The error bars represent standard deviation of 3 independent trials (*p < 0.05, **p < 0.01, one-
way ANOVA with Tukey’s multiple comparison for (b) — (d) and two-tailed t-test for (e)).

For MAA volume, we observe reproducible impacts on aptamer functionalization, but no
distinct relationship between the two variables for either of the membranes (Figure 3.3b). Given
that the best performance was obtained using 0.25 mL of MAA, we identified this as our volume
for use in future experiments. We do note that this condition provides significantly higher
attachment compared to the 1.5 mL of MAA used in our initial experiments. In the case of AIBN
concentration, we observe that lower amounts of AIBN than used our previously described
conditions (0.3%) does not produce a significant difference in functionalization yield. However,

we do note a significant functionalization yield increase when AIBN concentration is increased
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from 0.3% to 1%, but further increases to 3% and 10% have an opposite effect (Figure 3.3c).
One potential explanation for these results could be linked to the size of pMAA polymers formed.
We hypothesize that increased AIBN should lead to higher numbers of initiation events, and while
this could give higher MAA loading, it could also decrease the average pMAA molecular weight if
all of the MAA is consumed. While we did not directly study this factor, the size of pMAA may
impact functionalization yield, as longer chains will provide greater relief from the steric constraints
of the membrane itself. Independent of reasoning for the optimized concentration, we identified
1% AIBN as the optimal condition. As a final parameter, we decided to also vary polymerization
reaction time. We varied the reaction time from 0.5-2 h, but no significant differences were
observed when increasing or lowering the time, so we decided to maintain our original
polymerization time of 1 h (Figure 3.3d).

After individually optimizing each reaction parameter, we compared the optimized
conditions to those in our previous report and found that our newly proposed grafting conditions
increase the yield for aptamer attachment by ~20% for each membrane (Figure 3.3e). These new
conditions also showed an increase in functionalization yield with aptamers for other small-

molecule targets such as atrazine®®, acetamiprid®-’, and Microcystin-LR (MC-LR)*® (Figure 3.4).
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Figure 3.4: Aptamer attachment efficiency using aptamers having different lengths and targets, before
and after grafting optimization. Generally, we observed an increase in DNA functionalization yield after
grafting optimization.
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Thus, our approach is adaptable to aptamers (or other nucleic acids) having varying lengths and
secondary structures.

3.3.3 Membrane Functionalization

The DNA aptamer represents the costliest component of the membrane system, and thus
optimizing yield for attachment is a critical goal for improving the practicality of scaleup. We were
encouraged by the increased yield we were able to obtain through modification of our grafting
conditions, and hypothesized that further gains might be realized by also screening reaction
conditions for the bioconjugation reaction itself. We tested a variety of common coupling reagents
used for amide bond formation®® and compared these to our previously reported protocol using

EDC/sulfo-NHS (Figure 3.5b-c). We observed that the addition of different catalysts to the EDC
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Figure 3.5: (a) Optimization of aptamer functionalization using various coupling reagents. Each coupling
condition was tested on membranes generated with (b) PEG2000 and (¢) PEG12000. (d) Significant
increase in DNA copy number after completion of the comprehensive grafting and functionalization
optimization. The error bars represent standard deviation of 3 independent trials (*p < 0.05, **p < 0.01,
***n < 0.001, two-tailed t-test).
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such as 1-hydroxybenzotriazole (HOBt) and N,N-diisopropylethylamine (DIPEA) had little effect
on yield, with only a small increase observed using HOBt with the PEG12000 membrane. Other
coupling reagents such as (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-
morpholino-carbenium hexafluorophosphate (COMU), 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) and N,N,N’,N'-tetramethyl-O-
(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) show a decrease in yield for both
membranes. However, we were very encouraged to observe that 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium chloride (DMTMM), showed outstanding results, with an 87-90%
functionalization yield across both membranes. Figure 3.5d demonstrates the combined effects
of our optimization study, as we are able to more than triple the amount of DNA attached to the
membrane. Importantly, with the high yields obtained in our final conditions, very little DNA is
wasted in the fabrication process. Moreover, we hypothesize that higher functionalization

densities could be obtained by using increased amounts of DNA.

3.3.4 Multi-Analyte Removal

After identifying our optimized conditions for membrane formation (PEG2000 or
PEG12000 dopant), membrane grafting (0.25 mL MAA, 1% AIBN, 1 h reaction time), and
functionalization (DMTMM), we sought to demonstrate the versatility of the membrane system to
be used for depletion of structurally-diverse small-molecule contaminants, or even simultaneous
removal of multiple contaminants. First, we created single-aptamer membranes using the
aptamers for BPA, atrazine, and MC-LR, which represent a wide range of nucleic acid sizes.
Encouragingly, we observed consistent high yields for attachment of each of these aptamers:
87% for BPA (14 nt), 88% for atrazine (32 nt), and 79% for MC-LR (60 nt) (Figure 3.6a-b). As a
control, we subjected an ungrafted membrane to the same coupling conditions and observed no

attachment (Figure 3.7).
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Figure 3.6: (a) Membrane functionalization with aptamers for BPA (blue), Atrazine (red), and Microcystin-
LR (green). (b) Functionalization efficacy for each aptamer. Error bars represent standard deviation of 3
independent trials. Depletion capacity of membranes functionalized with aptamer for (¢) BPA only, (d)
Atrazine only, and (e) MC-LR only, using 200 nM spiked Milli-Q water as the feed solution. (f) Simultaneous
depletion of BPA, atrazine, and MC-LR from a membrane functionalized with all three aptamers.
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Figure 3.7: Comparison between grafted and ungrafted membrane for functionalization using a Cy3 labeled
BPA aptamer. The decrease in concentration is due to the coupling of the oligo to the grafted membrane.

The lack of significant change for the ungrafted membrane demonstrates that pMAA is essential for
functionalization.
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To test depletion efficiency and selectivity for each small-molecule target, water spiked
with 200 nM of contaminant was flowed through each membrane, and concentration of each
small-molecule in the eluent was quantified by HPLC. As expected, we observed higher depletion
for the early fractions, as more aptamer is available for binding, and this is consistent with our
earlier report. We were unsure, however, whether all of the aptamers would be capable of
depletion with the same efficiency. Thus, we were pleased to observe similar depletion curves for
each of the single-aptamer membranes (Figure 3.6c-e). We also found that total ligand binding

capacities were similar at 14 nmol for BPA, 18 nmol for atrazine, and 15 nmol for MC-LR.

After demonstrating successful depletion of each contaminant on a single-aptamer
membrane, we focused on exploring whether we could attach all three different aptamers to a
single membrane without compromising functionalization yield or depletion capacity. We
observed similar functionalization yields as had been achieved for single-aptamer membranes
(Figure 3.8), which is especially encouraging as it demonstrates that our overall loading of DNA
on the membrane can be increased far beyond the levels used in our initial experiments. We then

subjected the membrane to filtration with water spiked with 200 nM of each of the three
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Figure 3.8: (a) Yield for attachment of 3 different aptamers (BPA, MC-LR, and atrazine at 10 uM each) to
a single ultrafiltration membrane. (b) Qualitative assessment where a colorimetric difference is observed
between a single-aptamer functionalized membrane (MC-LR) and a tri-aptamer functionalized membrane.
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contaminants, and observed that the depletion capacity of the tri-aptamer membrane was similar
to that of each of the single-aptamer membranes, demonstrating that increased DNA loading and

the presence of multiple aptamers and targets does not significantly impact performance (Figure

3.6f, Figure 3.9).
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Figure 3.9: (a) Comparison of nmol of BPA removed before reaching EPA intake limit. A five-fold increase
in breakthrough volume is observed for optimized membrane. Differences in depletion (nmol of
contaminant) between a single-aptamer and a tri-aptamer functionalized membrane based on the different
small-molecules tested (b) BPA, (c) atrazine, and (d) MC-LR. No major differences in removal yields are
observed for single- vs tri-functionalized membranes.

Most importantly, comparing the depletion capacities from our previous study with those
of our optimized system revealed a 5-fold increase in capacity for membranes of the same size,

which is largely attributable to our increased vyield for functionalization. This is important, as
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increasing capacity allows a membrane to filter a greater volume of water before breaking through

the allowable limits for each toxin in drinking water.

3.3.5 Application in Environmental samples

To demonstrate the practical utility of aptamer-functionalized membranes in
environmental samples, we tested our system in lake water from a local source. We obtained lake
water from Chandler Lake-Lullwater Preserve at Emory University and evaluated the presence of
the contaminants that we were interested in removing. After finding that these contaminants were
not present at detectable levels in this water source, we generated a contrived environmental
sample by spiking the water with the same concentration of contaminants used in our previous
experiments (Figure 3.10). As a control, we filtered this sample through a grafted membrane with
no aptamers attached, and we observed that the concentration of the different contaminants
remains constant, demonstrating that depletion does not arise from non-specific adsorption of the
small molecules (Figure 3.10a). We then repeated the filtration using a tri-functionalized
membrane having BPA, atrazine, and MC-LR aptamers, and these samples showed depletion of
their respective small molecules in a similar manner to that observed for a tap water sample

(Figure 3.10b and Tables 3.1-3.3). This further demonstrates the versatility and utility of the
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Figure 3.10: Depletion of small-molecule contaminants using a heterogenous lake water sample containing
spiked contaminants. (a) Depletion capacity using a grafted (non-functionalized) membrane, showing no
change in concentration. (b) Depletion capacity of lake water using a membrane functionalized with multiple
aptamers.
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purification system we have created, as it is able to simultaneously remove multiple small-

molecule toxins from a complex environmental sample.

Table 3.1: Depletion of tri-aptamer functionalized membrane for the small-molecule contaminant BPA in
lake water.

Volume (mL) Concentration (nM) DNA in Supernatant DNA Removed
(nmol) (nmol)
10 53.39 0.53 1.47
20 59.62 0.60 1.40
30 61.48 0.61 1.39
40 78.42 0.78 1.22
50 90.06 0.90 1.10
60 98.85 0.99 1.01
70 127.32 1.27 0.73
80 130.39 1.30 0.70
90 131.51 1.32 0.68
100 135.82 1.36 0.64
120 143.99 1.44 0.56
130 147.27 1.47 0.53
140 153.14 1.53 0.47
150 157.06 1.57 0.43
160 160.51 1.61 0.39
170 168.43 1.68 0.32
180 177.48 1.77 0.23
190 180.58 1.81 0.19
200 183.26 1.83 0.17

Table 3.2: Depletion of tri-aptamer functionalized membrane for the small-molecule contaminant atrazine
in lake water.

Volume (mL) Concentration (nM) DNA in Supernatant DNA Removed
(nmol) (nmol)
10 35.99 0.36 1.64
20 42.27 0.42 1.58
30 61.79 0.62 1.38
40 78.51 0.79 1.21
50 96.58 0.97 1.03
60 103.65 1.04 0.96
70 109.26 1.09 0.91
80 121.57 1.22 0.78
90 127.39 1.27 0.73
100 129.62 1.30 0.70
120 132.48 1.32 0.68
130 135.10 1.35 0.65
140 152.66 1.53 0.47
150 158.85 1.59 0.41
160 166.32 1.66 0.34
170 168.43 1.68 0.32
180 177.48 1.77 0.23
190 180.37 1.80 0.20
200 183.41 1.83 0.17
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Table 3.3: Depletion of tri-aptamer functionalized membrane for the small-molecule contaminant MC-LR
in lake water.

Volume (mL) Concentration (nM) DNA in Supernatant DNA Removed
(nmol) (nmol)
10 30.43 0.30 1.70
20 87.48 0.87 1.13
30 88.43 0.88 1.12
40 99.48 0.99 1.01
50 105.48 1.05 0.95
60 113.10 1.13 0.87
70 120.62 1.21 0.79
80 127.48 1.27 0.73
90 147.06 1.47 0.53
100 150.62 1.51 0.49
120 153.39 1.53 0.47
130 157.62 1.58 0.42
140 159.48 1.59 0.41
150 163.29 1.63 0.37
160 164.66 1.65 0.35
170 166.85 1.67 0.33
180 167.30 1.67 0.33
190 170.39 1.70 0.30
200 178.66 1.79 0.21

3.4 Experimental Section

3.4.1 Materials

Chemicals including the polymers, coupling reagents, molecular contaminants were
obtained from Sigma Aldrich Corporation (St. Louis, MO, USA) and were used without further
purification. Chemicals include poly(oxy-1,4-phenylenesulfonyl-1,4-phenylene) (PES),
methacrylic acid (MAA), poly(ethylene glycol)- various molecular weights (PEG), 2,2'-azobis(2-
methylpropionitrile) (AIBN), N,N-dimethylformamide (DMF), N-(3-dimethylaminopropyl)-N*-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), (1-
cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium
hexafluorophosphate (COMU), 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxidhexafluorophosphate (HATU), 3-hydroxytriazolo[4,5-b]pyridine (HOAt), 1-
hydroxybenzotriazole (HOBt), N,N-diisopropylethylamine (DIPEA), N,N,N’,N'-tetramethyl-O-(1H-

benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), 4-methylmorpholine (NMM), 4-(4,6-
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dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM), bisphenol A (BPA),
mMicrocystin-LR (MC-LR), and atrazine. DNA sequences (Table 3.4-3.5) were custom-
synthesized from University of Utah DNA/Peptide Synthesis Core (Salt Lake City, UT, USA) and
from Integrated DNA Technologies (Coralville, IA, USA). Membranes were crafted using a
Elcometer® 3580/4 casting knife film applicator. Membrane flux experiments were accomplished
using an Amicon® Stirred Cell 50 mL (UFSC05001) from Millipore-Sigma (Burlington, MA, USA).

Colonies were counted using a colony counter pen manufactured by VWR® (Radnor, PA, USA).

Table 3.4: List of DNA sequences used in this study.

Name Sequence
BPA Aptamer 5-GGATAGCGGGTTCC-3
Atrazine Aptamer 5-TACTGTTTGCACTGGCGGATTTAGCCAGTCAGTG-3’

M-LR Aptamer 5’GGCGCCAAACAGGACCACCATGACAATTACCCATACCACCTCATTATG
P CCCCATCTCCGC-3

Acetamiprid Aptamer 5- CTGACACCATATTATGAAGA-3

BPA Aptamer (FAM) 5’-/IFAM/-GGATAGCGGGTTCC-3’

Atrazine Aptamer

(FAM) 5-/IFAM/-TACTGTTTGCACTGGCGGATTTAGCCAGTCAGTG-3’

5’ /FAM/GGCGCCAAACAGGACCACCATGACAATTACCCATACCACCTCATT

MC-LR Aptamer (FAM) | AtgccccaTeTecae-3

Acetamiprid Aptamer

(FAM) 5’-/IFAM/-CTGACACCATATTATGAAGA-3

BPA Aptamer (NHz) 5’-GGATAGCGGGTTCC-NHz-3’

Atrazine Aptamer

(NHz2) 5-TACTGTTTGCACTGGCGGATTTAGCCAGTCAGTG-NH2-3’

5GGCGCCAAACAGGACCACCATGACAATTACCCATACCACCTCATTATG

MC-LR Aptamer (NH2) | o ccCATCTCCGC-NHL-3

Atrazine Aptamer

(Cy3) 5-/Cy3/-TACTGTTTGCACTGGCGGATTTAGCCAGTCAGTG-3

5’/Cy3/GGCGCCAAACAGGACCACCATGACAATTACCCATACCACCTCATT

MC-LR Aptamer (Cy3) | \rgccccaTeTeecae-3

Acetamiprid Aptamer
(Cy3)

5’-/Cy3/-CTGACACCATATTATGAAGA-3’
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Table 3.5: Chemical structures of DNA modifications used in this study.

Modification Name Chemical Structure

HOOlOH

FAM 6-Fluorescein

Cy3 Cyanine-3

NH: 3"-Amino-Modifier C7 CPG 1000 o:ﬁ—o/j/WNHz
|
OH

3.4.2 Fabrication of ultrafiltration membranes

In a closed glass container, PES pellets (2.0 g, 15% w/w), PEG (1.28 g, 10% w/w), and
DMF (10 mL, 75% w/w) were mixed at room temperature. This solution was agitated using a
nutating mixer until full homogenization was achieved. This dope solution was divided into two
equivalent portions and each portion was spread on a 20 cm x 20 cm glass plate using a casting
knife film applicator at a width of 500 um. The glass was then submerged in a tub containing
deionized water, causing precipitation of the film and thus formation of the membrane. The
membrane remained in the water bath until it detached from the glass. The rough edges were
excised, and the membrane was washed with copious amounts of water for 12 h to remove any
non-precipitated content. Circular membranes were produced using a stainless-steel round cutter

with a size of 1.75 in, followed by trimming of the excess membrane with scissors.
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3.4.3 Grafting of ultrafiltration membranes

The circular membrane was combined with 20 mL of degassed water (using N2) in an
appropriate glass vessel. Radicals were formed by the addition of differing amounts of AIBN under
a N, atmosphere at a temperature of 60 °C. The membrane and initiator were reacted for 20 min
on a nutating mixer at 500 rpm. MAA (various amounts) was added dropwise to the reaction
mixture to prevent self-polymerization. The reaction mixture was diluted with 5 mL of degassed
water and reacted for 1 h at 60 °C. The membrane was removed from the reaction mixture and
stored in 50 mL of fresh water. Unbound pMAA was removed by washing with NaOH (1 N, 3 x 50
mL) and water (3 x 50 mL) for 7 min each. The washes followed the alternating sequence: NaOH
— H,O — NaOH — H>,O — NaOH — H»0. Grafting yield was determined by functionalizing a
fluorophore labeled antisense-BPA aptamer (10 uM) using the initial coupling conditions

(EDC/sulfo-NHS), to verify how much aptamer was attached to the grafted membrane.

3.4.4 Functionalizing grafted membranes

The circular membranes (with optimized grafted conditions) were activated with different
coupling reagents with concentrations ranging from 60 — 300 mM for 20 min. (10 min on each
side of the membrane). FAM-labeled or Cy3-labeled amine-modified DNA (10 uM) was prepared
for membrane functionalization and attachment quantification by diluting the DNA in MOPS buffer
(1 M, 0.5 N NaCl, pH 8.5). For initial characterization, a small (50 uL) aliquot was removed from
the solution. To ensure thorough functionalization, the membrane was added to the DNA solution
and shaken in the nutating mixer for 24 h. The membranes were washed with MOPS buffer (3 x
10 mL) and water (3 x 10 mL) to remove any unbound DNA and further stored in fresh water until
further usage. Yield was determined by the change in concentration of the fluorophore labeled
aptamer in the supernatant before and after reaction. DNA copy number was estimated from the

nanomoles of aptamer that were conjugated to the membrane.
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3.4.5 Scanning Electron Microscopy

Circular ultrafiltration membranes were cut into 0.5 x 0.5 cm squares and coated with 20
nm of AuPd in a Denton Desktop Il sputter coater. Cross-sections were obtained by submerging
the membrane in liquid nitrogen for 1 min and then tearing using tweezers to obtain a clean cross-
section cut. SEM (Topcon Ds 130f in high vacuum mode) was used to visualize different

morphological features of the membrane samples. Images were analyzed using ImageJ.

3.4.6 Flux Experiments

The membranes were compressed using the stirred-cell filtration apparatus for 10 min at
a pressure of 2.5 bar with N.. Readings were measured at 1 bar. The time required for the water
volume to decrease from V4= 40 mL to Vo= 20 mL (AV= 20 mL) was measured. Flux (J) was
calculated as shown below in Equation 1 and reported as L/m?h. Q, is the permeate flow (L/h)

and Agystem is the surface area of the membrane in m2.

Equation 3.1: Calculation of
Q,

J=
Asystem

3.4.7 Bacterial Depletion

Overnight cultures of Escherichia coli (E. coli) were started in Luria-Bertani (LB) broth and
grown at 37 °C shaking at 200 RPM. Exponential phase cultures (ODso = 0.3 - 0.6) were then
used to create solutions of 8000 cells/mL in water. Water (50 mL) spiked with bacteria was filtered
through an ultrafiltration membrane using the stirred-cell filtration apparatus. Aliquots of solution,
taken before and after filtration, were diluted 10- and 100-fold and were streaked in separate agar
plates (100 uL) and were incubated overnight at 37 °C. Colonies were counted by hand using a
colony counter pen to assess the number of colonies formed before and after filtration to

determine the percentage of bacteria depletion.
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3.4.8 Small-molecule depletion

Depletion of small-molecule contaminants using the functionalized membrane was
investigated by filtering a spiked water sample (200 nM of BPA, MC-LR, atrazine, or all three) as
the feed solution. This was performed using a stirred cell apparatus by compressing the
membranes for 10 min at a pressure of 2.5 bar with N2. The system was filtered at 1 bar and the
permeate (10 mL fractions) was collected and 1.5 mL of each fraction was concentrated using
vacuum centrifugation. The samples were analyzed as previously described.?? In short, using
HPLC, a calibration curve ranging from 0 nM-200 nM was obtained and concentrations of the

different fractions were determined by comparing peak area to that from a calibration curve.

3.5 Conclusions

In summary, we describe here the optimization of membrane fabrication, grafting, and
aptamer functionalization to maximize aptamer loading and thus toxin depletion of ultrafiltration
membranes. We observed that PEG2000 is an ideal pore forming agent in membrane formation
as it provides membranes having high flux and the ability to remove most bacterial cells. Our
grafting conditions screen showed that increasing the concentration of the radical initiator and
decreasing the concentration of MAA relative to our previous conditions provided improved
aptamer attachment yields. We were also able to identify a high-yielding coupling reagent
(DMTMM) that aids in the amide bond formation reaction to give near quantitative DNA
functionalization. With these enhanced parameters, we were able to reliably attach aptamers
having varying sizes and secondary structures and achieve depletion of structurally diverse
contaminants. Furthermore, we were able to attach three aptamers to the membrane, overall
tripling the DNA loading and enabling simultaneous removal of three contaminants without a

significant decrease in depletion efficiency.
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Given the reported improvements in functionalization yield, we hypothesize that the
membranes could be scaled to create personal use filters able to purify the equivalent amount of
drinking water for one person for one day. And, we have reported previously that the membrane
can be easily regenerated using a small volume of warm water to reversibly denature the
aptamers.?? Additionally, the flexibility to work with multiple aptamer-analyte systems will allow for
the creation of membranes that are customized to local water purification needs. Together,
aptamer-functionalized ultrafiltration membranes hold significant promise for point-of-use

decontamination of water, offering potential to advance environmental and human health.
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Chapter 4

Application of Aptamer-Functionalized Membranes:
Sequestration and Degradation of Small Molecules

OQ O o O

|

In this chapter, we envision and study the different applications that aptamer-
functionalized membranes can provide.
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4.1 Abstract

Synthetic membranes have been used for a variety of applications, but their main purpose
has been identified and focused on the removal of contaminants from water. Their characteristic
properties had made them ideal to act as a physical barrier for the removal of molecules. Aptamer-
functionalized membranes have filled in the gap for the removal of small-molecule contaminants
as well as macromolecules. Because of the inherent characteristics of both, aptamers and
membranes, the applications go beyond the use of decontamination of water. Because of the
durability of the membrane, it can be used as a scaffold to not only attach aptamers, but also
enzymes of interest that are able to remove this molecule. This allows for an efficient re-
generation of the membrane and continued use for water decontamination. All the research
presented in this chapter expands upon the initial application of aptamer-functionalized
membranes, opening a research area for the use of aptamers for the removal of small-molecules

in an easy and inexpensive way for point-of-use application.
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4.2 Introduction

Aptamers are nucleic acid sequences that can be evolved to bind to a wide range of small-
molecule targets with high affinity and specificity.! Aptamers are generated by Systematic
Evolution of Ligands by Exponential Enrichment (SELEX), a process in which a library having a
large (1012-1014) number of sequences is incubated with a ligand and sequences that show the
desired binding activity are enriched over multiple rounds.>* Aptamer sequences generated by
SELEX are typically 60-100 nt in length but can be minimized post-selection to provide
significantly shorter sequence lengths, which facilitates their synthesis and use in downstream
applications.® They are generated through chemical synthesis, allowing for facile conjugation to
membranes and other solid supports. We have demonstrated that ultrafiltration membranes can
be functionalized with aptamers for a variety of waterborne small-molecule toxins and
contaminants and that this enables highly efficient capture of the target molecule upon sample
filtration.> Compared to protein-based affinity reagents such as antibodies, aptamers have a
number of characteristics that make them the ideal choice for this application.” In addition to their
ease of bioconjugation, they can be reversibly denatured, they are stable at room temperature,
and they can function in a wide range of buffers and biological matrices.®

Due to their facile chemical synthesis and modification, as well as their ability to undergo
reversible thermal denaturation, aptamers have found wide use applications where their binding
capabilities are used for therapeutics, targeting, or detection of specific analytes.>'® More
recently, a small number of examples have also been reported where aptamers are attached to
a solid support and used to bind and sequester their target molecule. Examples of these
scaffolds include TiO, and PLA-PEG nanoparticles, Sepharose beads, and hydrogels."" While
effective, most of these methods require expensive machinery for fabrication or implementation
and they can be susceptible to corrosion or biofouling.

We have pioneered a new approach in which ultrafiltration membranes are functionalized with

aptamers and we have demonstrated the ability of these membranes to bind and sequester
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specific target molecules from a solution that is filtered through the membrane. Our initial work
utilized this technology to remove waterborne toxins from environmental samples and drinking
water, and in this chapter, we propose to explore the use of aptamer-functionalized membranes
in a unique way so that we can gauge an idea of the capacity of application development of the
membranes created. The simultaneous removal and degradation of bisphenol A by attaching
Laccase enzyme to an aptamer-functionalized membrane. This way we can have a membrane
that is regenerable on its own and it does not need further treatment to release the small molecule
(often achieved by changes in pH or temperature).

With this application bearing our initial aptamer-functionalization membranes, we open up a
window of research that can be applied in many fields, including materials, biological,
environmental, and organic chemistry. Most importantly, SELEX has been developed for a wide
range of small-molecules and proteins, providing a vast scope of important analytes for which our
membrane different approaches could aid in achieving detection at biologically relevant

concentrations.'?

4.3 Self-Regeneration of Membranes Using Enzymes

The use of different biological tools to address the decontamination of water has been
addressed in many different ways. Some researchers use inorganic or organic ways of removal
technologies.”™' With the increase of interdisciplinarity, scientists have often paved ways of
combining fields so that a problem can be solved in a rapid, systematic, and easy way.'®"” With
the current research that we have developed in the previous chapters, it is important to think in
which way our current system can be used for a variety of applications.

In this case, we focus on the process after the removal of contaminants from water. We know
that the small-molecule contaminants can be removed using aptamer-functionalized membranes.
But there is still a drawback with this process, although it makes for a good removal strategy, the

molecules removed remains intact,’®'® for this reason it is important that we think about this
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problem in a holistic way. Oftentimes, the membranes are regenerated by changes of pH or
temperature (as we had shown in Chapter 2), but the problem is still there in the water with
different pH or temperature. The aptamer, as it binds with small-molecules and toxins through
non-covalent forces, the integrity of the small-molecule remains.?® It is up to the person
regenerating the membrane to dispose of this small-molecule contaminant in an appropriate form.
This problem becomes even more persistent since we envision that the technology developed is
of use in remote places and in a point-of-use way.?' The consumer could make the small-molecule
contaminants go back through the ecosystem because of careless disposal.

Taking into consideration the tools at our reach, we envision that we could tackle this problem
by adding a degrading biomolecule to our system. Enzymes are adept for this purpose.?? An
enzyme is a protein that is able to act as a biological catalyst.?® Specifically, laccase enzyme is
able to serve our purpose because is able to degrade various organic contaminants.?** Laccase
is a copper-containing enzyme that consists of monomeric, dimeric and tetrameric
glycoproteins.?® Laccase is predominantly present in microorganisms, for example Figure 4.1

shows the active laccase from trametes versicolor.?” Laccase enzyme is mainly divided in terms

Figure 4.1: Active laccase from trametes versicolor. Laccase is a copper-containing extracellular enzyme
that consists of monomeric, dimeric and tetrameric glycoproteins
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of three categories based on their function: ring cleavage of organic compounds, degradation of
biopolymers, and cross-linking structure of monomers.?® Furthermore, this enzyme has been
proven to work in both acidic and basic conditions. Laccase has the capability of degrade organic
contaminants as it has been shown previously with examples like bisphenol A and
Sulfamethoxazole.?® The mechanism for degradation of these molecules can be found in Figure
4.2.% Although this has shown promise for the degradation of a big group of small-molecule
organics, using enzymes in solution for water treatment has the same limitation as other
techniques: the non-reusability, and high cost on single use.*' Because of this various research
had been switching gears towards the immobilization of this enzyme in different matrices, like for
example yeast.?® Furthermore, the efficacy of the degradation kinetics is dependent on the activity
of the enzyme,* and if not, enough time is given to degrade the contaminant, low yields of
depletion may cause this.

For this reason, and because of the development of our BPA depletion membrane using
aptamer-functionalized membranes, we envisioned a system where we can achieve both, the
depletion and degradation of contaminants by attaching membranes to the surface of the
membrane. Due to the presence of NH2 groups within the structure of the enzyme,* we thought
that the attachment of the membrane could be achieved in the same manner as with the amine-

modified aptamer. Due to the nature of the aptamers, first we can deplete the contaminant during

Laccase ) Laccase
O O Intermediates O:C>:O
HO OH ; 4e- ; m

Benzoquinone
Bha O, 2H,0 O, 2H,0

i

Polymers

Figure 4.2: Degradation of BPA using laccase enzyme. The oxidative mechanism of the laccase
degrades the molecule down to benzoquinone
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the filtration process. This gives the enzyme enough time to act and degrade the contaminant of
interest overnight.

There are various methods for laccase immobilization. These include adsorption, mesh
embedding, micro-encapsuled embedding, covalent binding, self-immobilization, and two step
combination.** All of these have various advantages and disadvantages, but there is a wide
approval of covalent binding as this system sets forth various advantages including: a strong
binding force between the laccase and the carrier, no laccase leakage or desorption, continuous
use for a long time, and wide applications. Laccase is known to play significant role as a
biocatalyst for micro-pollutants removal, but it can only do so after effective immobilization. The
only drawback of current covalent binding immobilization techniques is that they are costly. We
believe that the technology we have developed in this thesis, of using carboxylic acid moiety of
poly-methacrylic acid, removes this gap and yields a process that improves the laccase stability,
thermal, pH and storage operation.

The general method for the removal and degradation of bisphenol A can be found in Figure

4.3. The small molecule-aptamer and enzyme will both be attached at the same time to the

Figure 4.3: General procedure of activity of dual enzyme-aptamer-functionalized membranes. Initial
depletion will happen due to the aptamer, while degradation will be set forth by the laccase enzyme.
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Figure 4.4: General reaction pathway for the generation of enzyme-functionalized membranes.

surface of the membrane. While initial depletion will be favored by the aptamer itself, the
degradation will take part when these molecules reach equilibrium in solution overnight. This will
allow the degradation of BPA to lower levels of small-molecule organics, making them not harmful
anymore. We will test the reusability of this system by regenerating this membrane (leave in
minimum solution of water) and repeating the depletion capacities. While we expect some kind of
initial decrease in activity (just as seen in the experiments in Chapter 2), we expect to observe
continued degradation an activity of this membrane for multiple rounds. This proof-of-concept will
set forth a new are of investigation regarding the degradation of contaminants in water purification.

To start our investigation, we decided to focus on the attachment of the Laccase enzyme by
out new method. For this reason, the membranes were prepared and synthesized as previously

reported, and grafted as well. Then enzyme was attached on the ultrafiltration membrane by using
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Figure 4.5: Initial experiments of attachment of enzyme (a) calibration curve to measure enzyme activity
based on absorbance. (b) attachment efficiency of membrane with PEG 2000. (c) attachment efficiency of
membrane with PEG 12000.
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DMTMM as our coupling reagent and the coupling was done in MOPS Buffer. The reaction can
be found in Figure 4.4. The membranes were done using Hydrophobic polymer PES and using
PEG as an additive, in a similar fashion as reported previously. Then the ultrafiltration membrane
was grafted using hydrophilic polymer poly-methacrylic acid. This yields carboxylic acid moieties
that aid in the attachment with the amino groups of the enzyme. The attachment of the enzyme
was monitored by absorbance of the solution containing the enzyme before and after reaction

Figure 4.5.
120—
60—

20—

| ‘ |
{

| - |

Figure 4.6: Degradation efficiency of enzyme-functionalized membrane towards the small-molecule
contaminant BPA. (a) calibration curve of BPA. (b) control before and after with unfunctionalized membrane.
(c) membrane MW 2000 depletion capacity (d) membrane MW 1200 depletion capacity. Blue before
incubation, red after 24h incubation with each specified membrane.

We were able to check do these experiments in membranes MW 2000 and MW 12000 since
they were proven to be the best yielding ones in terms of flux and bacteria removal. We were able
to observe high yields when we used the methodology described: 3.52 mg of membrane for the
membrane MW 2000 and 2.68 mg for the MW 12000. We wanted to make sure that the
immobilization of the enzyme in the membrane did not affect the capability of the enzyme to
degrade molecules of interest. For this reason, we decided to check for this by incubating the
membranes that were made in BPA spiked water and observe it’s depletion efficiency over time.

Figure 4.6 contains the preliminary depletion efficiencies of this enzyme-functionalized
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Figure 4.7: Reusability in the depletion capacity after 5 days. (a) BPA calibration curve (b) Degradation
capacity by 2000 MW membrane (c) Degradation capacity by 12000 MW membrane.

membranes. We were able to observe that the removal of BPA was possible by not seeing any
product at the same retention time after incubation in the enzyme-functionalized membranes,
while the opposite effect was observed in the ungrafted membranes (BPA remained in solution).
We also wanted to determine if this depletion can be continued for longer periods of time, as our
final application will require the continued activity of these enzymes. This is because we believe
that the activity of the enzymes will occur overnight, and it will be done during continuous days.
So, we were able to repeat the BPA experiment for continuous days and we were able to observe
that after 5 days the depletion capacity remains almost quantitative, which allows us to continue
with our experimentation. These results can be found on Figure 4.7.

We were also curious to explore if the yield of attachment of enzyme would diminish if we

used less enzyme. Taking in consideration the cost of our system, we want to make sure that we
a) b) c)
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Figure 4.8: Enzyme attachment efficiency with varying concentrations of enzyme. (a) Laccase enzyme
calibration, (b) enzyme added in mg (c) yield of each reaction.
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optimize accordingly to use our resources to the maximum benefit. For this reason, we were able
to check different concentrations of enzyme reaction and its effect on attachment yield. These

results are summarized in Figure 4.8. We were able to observe that as you increase the
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Figure 4.9: Stability test of enzyme-functionalized membranes after week in respective media.

concentration of enzyme in the reaction mixture the yield and the amount of enzyme and yield
also increases. The highest yield was achieved by using concentration of 2 mg/mL so our
subsequent studies will follow using that concentration.

We were also curious to observe how our enzyme-functionalized membrane behaves in
different media of storage. We incubated an enzyme-functionalized membrane on air, lake water,
miliQ and buffer and tested their ability to deplete BPA. We were able to do this for 6 weeks and
we were able to observe a sustained depletion of BPA in all of the media. Figure 4.9 denotes the
degradation yield from week 3 onwards. These results confirm the versatility of using an enzyme
mediated membrane for the depletion of small-molecule contaminants.

Once we had our enzyme system optimized, we were able to test if the attachment of both
enzyme and aptamer were possible since they are both amine-modified and use the same
coupling mechanism. For this to happen we followed the experimental method as outlined in

Figure 4.10. In short, we start with 6mg of enzyme in 3mL solution and add fluorophore labeled
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Figure 4.10: Attachment procedure for the simultaneous attachment of enzyme and aptamer.

amine-modified aptamer stock to make a final concentration of 10 uM. We take an initial aliquot
to quantify the amount of enzyme and DNA attached to the membrane after reaction. We add the
membrane which was activated with DMTMM solution (300 mM, 4mL) and shake in an orbital
mixer for 24 hours. After this reaction time, the membrane is removed from solution and another
aliquot is removed from the reaction mixture. These two aliquots are then read for both

absorbance and fluorescence respectively (to measure the amount of aptamer and enzyme
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Figure 4.11: Attachment in terms of DNA to membrane (a) membrane 2000 MW (b) DNA only control (c)
membrane 12000 MW (d) Yield and comparison of all aptamer attachment.
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attached). We were able to observe that the attachment was favored by both the aptamer and
enzyme. This is the first instance to the best of our knowledge where two different biomolecules
are attached at the same time.

Figure 4.11 denotes the attachment to the membrane in terms of the aptamer. We are able
to observe that a quantitative yield is observed for both membranes (2000 and 12000 MW) and
they behave in the same manner than our control DNA only (Figure 4.11b). These results suggest
that the attachment of the aptamer was possible.

In terms of enzyme attachment, we were able to observe that enough enzyme was attached
in the same manner as our previous experiments. Figure 4.12 shows the enzyme attachment
yields. With this information we were able to observe that 3.22 mg of enzyme were attached to

the 2000 MW membrane while 3.68 mg of enzyme were attached to the 12000 MW membrane.
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Figure 4.12: Yield of attachment in terms of enzyme. (a) Laccase enzyme calibration curve. (b) enzyme
attachment for 2000 MW. (c) enzyme attachment for 12000 MW

Encouraged by the results obtained, we were able to check if the membrane obtained would
be a good candidate for the depletion and degradation of small molecule contaminants. Taking
into consideration that our proof of concept was to use BPA, we decided to first test the control of
depletion with the aptamer-functionalized membrane alone. This is because we want to make

sure that this is a synergistic type of approach where both entities (aptamers and enzymes) both
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account for the depletion and degradation of the small-molecule contaminant. If the enzyme
membrane is able to degrade on its own the necessity of the aptamers would not be necessary.
Figure 4.13 shows the depletion of BPA using an aptamer-functionalized membrane with 30 nmol

of aptamer attached. Filtrations were done using a solution of 200 nM of tap water spiked with
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Figure 4.13: BPA depletion using an aptamer-functionalized membrane. It can be observed that the
removal of this contaminant is due to the aptamer-small molecule sequestration.

BPA. Fractions were collected (1.5 mL each), which then were concentrated using a vacufuge
and resuspended in 100 uL of water. This allowed for using HPLC to quantify the amount of BPA
removed from solution by the aptamer functionalized membrane. It can be observed that the
depletion happened faster in the first few fractions, and this is because there is more aptamer
available in our membrane that hasn’t been saturated with BPA.

Encouraged by the results obtained, we set forth of analyzing the enzyme only depletion of
BPA. For this reason, we repeated the aforementioned experiment, but this time we used the
enzyme-functionalized membrane. We expect that the removal of BPA would be not significant
because the enzyme only has degradation capabilities and does not remove the molecule itself.
We hypothesized that if we see a decrease of the amount of BPA in the solution it would be
attributed to the degradation in situ as the filtration takes place. If we observe better depletion
than with the aptamer-functionalized membrane, this will defeat the purpose of using these kinds

of functional nucleic acids and we would be better off by optimizing the amount of attachment of
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the enzyme to the membrane. The results of using an enzyme-functionalized membrane for the

depletion of BPA is shown in Figure 4.14. It can be observed that the removal of small-molecule
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Figure 4.14: Depletion of BPA using an enzyme-functionalized membrane. (a) BPA calibration curve
using HPLC. (b) BPA depletion for the first 32 fractions ~ 50 mL of contaminated water.

contaminant is minimal, only decreasing the concentration of the initial solution by 20% in the first
few fractions until leveling it off back to the initial concentration on the later fractions. These results
were very encouraging, because we then are going to be able to test out dual aptamer-enzyme
functionalized membrane to (1) remove small molecules from water initially and (2) degrade

molecules at the same time, in the same system, in friendly manner way.

4.4Conclusions

The system developed here, sets forth for the first self-regenerable membrane that is able to
no just remove small molecules of interest, but also degrade them. This research is able to attach
both aptamers and membranes in a one-pot synthesis scenario and is able to take full advantages
of the sequestration capabilities of aptamer as-well-as the degradation capabilities of membranes.
This research is the first one that immobilized enzymes onto PES ultrafiltration membranes in a
two-step synthesis (1) grafting and (2) functionalization. Furthermore, with the increase of the
investigation of SELEX technologies and enzyme degradation capabilities, this system created
can be used interchangeably so that specific decontamination scenarios can be met. This is
especially crucial as discussed in previous chapters. The necessity of small-molecule

contaminant depletion in remote areas is of much concern. The use of a point-of-use friendly
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system is of upmost priority and this can only be done if the elements in the purification system
can be durable and has long periods of shelf-life. We were able to achieve that by using
immobilized enzymes (immobilization increases the shelf-life and activity) and aptamers (they
have the innate capability of being regenerated). We believe that this technology will be of interest

to the wider scientific community and the people that need water decontamination the most.
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Chapter 5

Graduate School is More Than Research: A Path of
Professional Development.

B

o
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In this chapter, we reflect on the professional development activities that go
beyond doing outstanding research: science communication, teaching and
outreach.
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5.1 Abstract

Graduate School is most commonly defined as a program to get specialized advanced
degrees that build upon what was learned in undergraduate education. In the natural sciences,
this often translates into gaining specialized research experience and getting publications in peer
reviewed journals. But is graduate school just that? Although it is a great way to get scientific
knowledge, graduate school can also serve as a training platform to reach your future academic
goals. Students must overcome challenges that they may be facing, and graduate school may
offer the training to get a holistic experience that can help in all areas of development. In this
chapter | provide a detailed description of my own working system to accomplish the preparation
needed to achieve a great publication record, work-life balance, and training to attain success.
The things discussed in this chapter come from firsthand experiences that | have had in my
graduate career and my example is not the only formula for success. There are various paths that
can be taken, and the objective is to find what you are passionate about and use graduate school
as a preparation to achieve that goal. This chapter is divided in three primary sections: (1) science
communication, (2) teaching, and (3) outreach. | explain how the combination of these three
different experiences allowed me to have holistic training that allowed me to pursue my dream of

becoming mentor, teacher, and researcher.
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5.2Introduction

| have envisioned my dissertation journey as a critical juncture where | not only gain
essential research skills and investigate a scientific problem, but also as a path to give to those |
mentor and teach. My doctoral research focuses on developing molecular sequestration
techniques by harnessing the selective properties of nucleic acids and developing a functionalized
polymeric membrane platform to enable the targeted capture and removal of toxins. Working on
this project allowed me to develop a range of skills in organic, biological, and materials chemistry
which equipped me to serve as a mentor to several undergraduate and graduate students in the
laboratory courses | taught and within my own lab. Teaching these courses, in conjunction with a
set of teaching workshops, has allowed me to master the use of radical candor, which is the key
to providing effective feedback to students.

The training that | received prepared me to develop and teach an entirely new class, which
was so successful among students that it has been permanently established in the chemistry
curriculum at Emory University. This class, which | taught as the sole instructor of record with
support from a Dean’s Teaching Fellowship, emphasizes students’ critical thinking by utilizing
relevant primary research literature to help them understand the chemical changes that are
currently shaping our environment. My training and development, then, leave me well prepared
to teach both general and advanced levels of chemistry, with an emphasis on introductory and
general, organic, biological, and environmental chemistries.

Aside from lecturing and research, | am devoted to advancing scientific knowledge to
everyone, including the general public and underrepresented groups. | have pursued three
primary goals: increase awareness and accessibility of science to the general public, provide
international students a sense of belonging, and increase the number of underrepresented
minorities in college. To achieve these goals, | participated in many outreach events that allowed

me to enhance my science communication skills. For example, | was able to generate enthusiasm
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and overall awareness of science by teaching elementary school kids about my research by
developing an interactive game that taught them complex topics like aptamers. International
students culturally and academically enrich our society, yet they face many hurdles (e.g.
acceptance by peers, language barriers) that prevent them from experiencing belonging. To
improve their contributions and engagements, | established a chartered support group for
international students. This successful group works to dismantle barriers and provides a space
where students can come together to voice their concerns and teach us about their culture. A
powerful technique to further the advancement of underrepresented groups in science requires
that current students and mentors actively meet with future students to discuss our passion, to
facilitate encouragement, and work to address their concerns. This prompted me to serve as an
EDGE (Emory Diversifying Graduate Education) Ambassador for the past three years, informing
high school students about college and college students about graduate school. Participating in
my outreach and DEI activities has taught me how to communicate with patience and kindness
to my fellow colleagues, students, and the public.

It is not simply the combination of different approaches that has allowed me to have a
holistic graduate experience and the successes that | have attained in the last few years. It all
starts with a plan and a commitment to keep pushing though roadblocks that you might encounter,
and of course, never giving up. In the next few sections, | will disseminate specifics on these
different elements and how they worked in combination to prepare me for my long-term career

goals.
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5.3Science Communication

Science communication is an art. Trying to explain a variety of complex scientific concepts
to an audience with the goal of informing, educating, and raising awareness, is not an easy task.
| did not know about this art until | arrived in the US and wanted to practice the way in which |
present my science.

With the goal in mind of improving my English, | decided to participate and get involved in
any conference, poster presentation, or workshop that | could. This allowed me to first move past
the nervousness phase of presenting in front of an audience (which can be dauting to everyone)
and second, to better prepare for the next presentation. There is a beauty in the way people ask
questions (no matter the scientific level) that allows you to answer that question next time you
present. This allowed me to be more confident at presenting my science and always keep
improving the way | talk about it.

It wasn’t until my third year in graduate school that | realized what science communication
could do. First, | was able to attend my first science communication conference: COMSCICON
Atlanta 2019. This conference was quite different from the usual conferences and workshops |
had been attending thus far, as this conference mainly focused on raising the awareness of
science topics amongst the general public. At the end of the conference, | was able to explain my
science to the general public in a concise and effective manner. This allowed me to go outside of
my comfort zone and really dig deeper into understanding my scientific topic and being able to
explain it in such a manner that anyone could understand.

My first opportunity to use my science communication skills publicly came shortly after
that, when | competed and won the Wunderbar Science Slam. A science slam is a competition
where you have to creatively explain your research to a general audience (consisting of adults or
kids) in under 10 minutes. | decided to accomplish this with a game that even kids could

understand. This game was based on the cookie monster, and participants had to defeat the
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cookie monster by trapping him with a net, which related to using aptamers to capture a specific
small-molecule target. After the game, | realized how powerful it was to have elementary school
kids understand what an aptamer was and how it contributes to water purification.

A few months before in the summer of 2019, | was able to give my first ever seminar talk
at a research conference. This conference, The Nucleosides, Nucleotides and Oligonucleotides
GRS brings together graduate students and postdocs, as a chance for them to highlight their work
in an informal setting before a weeklong conference (GRC) with professors and established
researchers. | was one of the 14 speakers that were able to present their research for 15 minutes.
Something interesting that happened just right before everyone started presenting: they said that
they were going to select the best presentation and invite that individual to present again during
the actual conference on the first night after the keynote speaker. In front of over 200 people! This
made me even more nervous. | was happy just relaying my first presentation. No matter what, |
told myself, | will give it my best. | was able to present with no complications; | stayed calm and
was able to effortlessly answer all the questions. | was happy that | was done. Little did | know
that the next day my life would change forever. | thought | was safe, meaning there were other
presentations far better than mine. It was time for the live vote, and | was feeling like a nervous
wreck; this voting process lasted a good five minutes and it turns out | won with only a 6-vote
difference, making me feel even more nervous. | had to present before 200+ people, and all of
them were professors and industry people. It was definitely an intimidating experience, even
though | presented the same information multiple times before. My nerves dissipated as | got into
the talk, and by the end | was able to give a successful conference talk twice!

These two instances that | presented might portray me as a great communicator, even so
this was not always the case. | always love, love, love talking, but these recent public speaking
events and success come after countless practices and less-than-perfect attempts. | owe a great
portion of this achievement to Emory because they provided me many opportunities to develop

my presentation skills and | jumped at every opportunity to do so. Opportunities that Emory
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provides includes conferences, Atlanta science festival events, recruitment weekends...all kinds
of things. During my time at Emory, | have been able to give over 13 poster presentations to
different audiences and that is what allows me to be able to explain my science at the level | do
now, with still significant room for improvement. | can always grow, but | could not be able to get

this far without the opportunities I've had during my PhD.

5.4Teaching

My teaching is motivated by the core principle that learning has the power to inform, and
thus bring about change. Education can propel a society to move forward, and the methods and
techniques for teaching play a vital role in this progress. | developed these beliefs throughout my
own education and as a TA and instructor for a variety of courses. In adapting my own teaching
and materials to support a diverse audience with different learning styles, | promote active
learning, which can include the appropriate use of technology, problem-based learning, flipped
classroom organization, and small-group discussions. Using an integrated active learning
methodology combined with creative teaching pedagogies will greatly promote everyone's
understanding of fundamental theories in chemistry, regardless of their previous background
expertise or their future career interests. Adapting this philosophy has allowed me to teach a
variety of courses including introductory and advanced organic chemistry, biochemistry, general
chemistry, and environmental chemistry.

| have embraced an integrated teaching style that pulls from a variety of approaches with
the aim of engaging students. For example, | know there is merit in traditional lecture-based
instruction, but it should be combined with newer technology-based learning platforms to better
support the entering generation of students. | have implemented innovative tools such as Explain
EDU, which is beneficial for more mathematical chemistry problems because you can easily show

how to work through a problem. Working through such problems and other discussions benefits
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the student because they can immediately apply what they have learned. These types of activities
allow the students to feel more comfortable discussing their questions and concerns. In another
biochemistry class that | helped develop and teach, students were simultaneously able to
understand current biochemical research and basic chemical concepts related to biochemistry
through a flipped classroom approach, which allows the student to take control of the classroom
and learn concepts by teaching them to the class. | feel confident that this method helped my
students achieve the course goals because of their overall success on standard examinations.

Furthermore, | have completed special training to develop effective online courses and
explore digital tools to develop pedagogical methods for research and training both in and outside
the classroom. From this, | incorporated a combination of synchronous and asynchronous
activities in my classes to maximize student performance without letting them feel overwhelmed.
While | have ensured that | can explain concepts in a simple manner by following a non-traditional
teaching method, | aimed to ensure that my teaching arsenal also contained adaptable teaching
pedagogies. For this reason, | have also implemented a problem-based learning approach, which
includes using real-world problems to explain core concepts. | followed the problem-based
learning scenarios with small, easily digestible lectures on new concepts by making connections
to the concepts that students learned in their pre-requisite courses.

Although | was able to gain some training in both TAing and learning about using online
tools and techniques in my teaching, my main source of learning was when | was awarded the
prestigious Dean’s Teaching Fellowship at Emory University. With this fellowship, students in their
final years of graduate school are able to teach a course as the instructor of record. The beauty
of this opportunity is that you teach a course like people in the professional world do: having full
control of the classroom, activities, and assignments. Usually, this kind of fellowship translates to
teaching an introductory level in chemistry that has an established cohort of faculty that guide you
through your first instructor experience. In my case, and after | got mentally prepared to teach an

introductory class, the chemistry department really liked the syllabus that | proposed for the upper-
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level elective: Chemistry and the Environment and they asked me if | could teach that one. | really
enjoyed making that syllabus, so | was delighted to teach that class because it paired the concepts
of chemistry and the environment, both of which | am passionate about. The syllabus was
developed for in-person classes, but right before starting the semester, the school decided to
switch the majority of its classes to a remote format due to the COVID-19 pandemic. | had to
quickly re-format the syllabus to include synchronous and asynchronous activities to make sure
that | maximized student’s performance while not burning them out.

With all the technologies and methods outlined above, | have seen an increase in student
engagement, most particularly in my advanced chemistry class, Chemistry and the
Environment, that | instructed in Fall 2020. During this class, the students appreciated and clearly
understood the chemical changes that are facing our environment by distilling the information
from primary literature sources and focusing on a current environmental issue, such as carbon
dioxide capturing and decontamination of textile wastewater. This approach promoted knowledge
proficiency and application because it helped the students develop critical thinking and problem
solving by actively applying their knowledge of what they were learning, rather than straight
memorization. With these skills, students can be more judicious and apply their knowledge more
easily in practical, challenging situations. Throughout my career | have obtained teaching
experiences in introductory and advanced courses, which has helped me to understand the
differences between the depth (specificity) and/or generality of the material that | should cover
depending on the course objectives.

As a teacher and mentor, | want to ensure that | make my students comfortable and
facilitate interest in the subject that | am teaching and demonstrate how the knowledge can be
utilized in whichever career path they are willing to pursue. | am able to do this by implementing
different metrics in my classes allowing students to voice their opportunities and concerns.
Through a mid-semester survey for one of my classes, | was able to observe that the students

were really appreciative of the writing assignment that required them to concisely summarize a
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research paper. The students recognized that this was an important skill that can be transferred
and applied in every branch of their careers. In STEM fields, we often find an underrepresentation
of minority groups and we must actively seek to change this dynamic. | have various strategies in
place to make sure that | can do this effectively. This includes (i) providing a space (e.g. surveys,
office hours, emails) to ensure they can voice their concerns and questions about STEM fields (ii)
establishing mentorship and networks with these students to allow them to converse with their
mentors at any time regarding their concerns and questions. | was able to recently do this in a
class setting where | had many diverse students, with a majority from an underrepresented
background. Every student had a different career interest, and a few students also had some
challenges to understanding the material. | made myself available to everyone and had metrics
in place to gauge whether the students were interested and engaged. | was able to mentor most
students who sought me out for advice regarding STEM careers and their concerns, along with
requests for more information regarding scholarships and additional STEM resources.

Due to the success of the class: from implementing new pedagogies and tools, to using
technology in (despite moving into an online format due to COVID-19), | was awarded the Dobes
Outstanding Teaching Award. This award will allow me to deliver a course to graduate students
about how to present their research by incorporating unique creative and persuasive elements.
My unique training and teaching experiences have taught me different pedagogical tools, learning
styles, and engagement tools, all of which serve to enhance and promote a creative learning

environment.

5.50utreach

Diversity is a word that has multiple connotations. A person cannot be “diverse” per se,
but rather diversity relates to the unique characteristics of individuals in groups or communities.

Oftentimes, people, including myself, struggle with what diversity entails. As a Hispanic, brown,
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person of Spanish speaking origins, | often have found myself wondering who | really am within
my community. To overcome this confusion that other groups of people may face, | sought to
demystify this term and help others find a place of belonging (finding a support group for
international students, participating in Emory’s EDGE, and science communication). My efforts

towards outreach can be divided into three distinct categories:

Increasing Access of Science to the General Public

Increasing access to knowledge and impact of science among the public is important, and this
can be achieved through improving overall science communication. | have worked on mastering
my science communication through conferences, workshops, and fellowships. | am committed to
demystifying basic science, chemistry, and my specific research to diverse groups of people. For
example, in order to broaden the impact in my university, | partnered with the Spanish and
Portuguese Department at Emory University and worked to create science activities based on
general principles and my research, trivia, and games for students learning Spanish. Through
additional workshops, guest speakers, and Spanish conversation hours, | also held scientific
discussions and debates with the general population (non-science major students). | was able to
measure a positive impact because | was able to recruit a few students into the Chemistry
program (major, minor, and undergraduate research) after they were intrigued from these

activities.

International Graduate Student and Scholars (IGSS)

Establishing a network and a support group as a student and/or researcher is very important. |
discovered that this is increasingly difficult for international students, due to the multiple aspects,
such as language barriers, new country, isolation from family/friends...etc. that are involved for
them to adapt to a new country. | felt that Emory needed a group that connects and brings

everyone, especially international students together. Keeping this mission in mind, | spearheaded
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and established a funded organization: International Graduate Student and Scholars (IGSS). Ever
since its inception in 2018, IGSS has made it its mission to continuously strive to break barriers
between cultures and foster intercultural bonding between international students and domestic
students, through different activities, workshops, and events. We were soon to be able to mobilize
and garner participation from other departments, and now, we have officially been recognized as
the main international student group at Laney Graduate School and the point-of-contact graduate

organization by the International Student and Scholar Services of Emory University.

Emory Diversifying Graduate Education (EDGE)
Increasing opportunities for those that are interested in pursuing undergraduate and graduate
education is essential. This is especially important for people that are from marginalized groups
because they face challenges (due to a variety of factors) in continuing their education. In order
to bring visibility to science education, | decided to become an ambassador for Emory Diversifying
Graduate Education (EDGE). EDGE aims to aid Emory University by increasing exposure,
admissions, enroliment, successful matriculation, and graduation of diverse scholars. Through
this program, we were able to recruit diverse students to Emory by participating in fairs,
conferences, etc. and talking to prospective students about undergraduate and graduate school.
It was to my surprise that students do not know the array of opportunities that open up with a
graduate degree and are often concerned about the costs that this degree may potentially require.
| focused on closing such gaps by attending these activities and mentored a couple students by
helping them navigate their concerns and addressing them with multiple resources (e.g.
scholarship information, TA information, external fellowships in their field)

All of these outreach experiences have also helped in my teaching. Every person is
different, especially when it comes to learning. Each student has a unique method for learning,
and as an instructor (and mentor) we must strive to meet every student’s needs to help them grow

and reach their goals. | have implemented this philosophy by using multiple engagement
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strategies in each of my lectures, class activities and assignments. It is also important for students
to envision themselves in their professors and | want to be a role model for students of

underrepresented backgrounds.

5.6 Conclusion

The combination of my science specialty, with science communication, teaching, and
outreach, allowed me to gain a unique set of experiences that in turn allowed me to improve my
own professional development and bridge gaps in ways that are not normally seen in academia.
| was fortunate to be able to develop as a science communicator and teacher during graduate
school and this allowed me to achieve my goal of becoming a professor. There are just a few
teachers that | have encountered in my education that are great science communicators.
Unfortunately, not all educators value this skill, and this often leads to low retention of students
(especially minorities) in the sciences. | will strive to make sure that all my students understand
the topics at hand and use science communication to relate what they are learning to an everyday
experience.

Science communication is in a way teaching, and to be an effective educator you need to
be an effective science communicator. Outreach allowed me to see that everyone is different and
therefore as a future professor, | should work with my students in an individual way that maximizes
their performance by focusing on their unique needs, culture, and learning styles.

All these activities resulted in a perception that is often not seen in academia, and | hope
this discussion served as an introduction or a spark to start talking about how to make graduate
students be more excited about what they are learning are getting prepared for their future career
interests. Students (especially the ones that want a career outside of academia) should maximize
the use of professional development resources that their university provides as this will allow them

to follow their passion and prepare them for their future career. Professors should support their
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graduate students’ passions so that they can have a fulfilling experience that can allow them to
follow their dreams.

While research was a big part of my PhD, the activities and training that | developed
outside the lab over the course of my PhD allowed me to become an effective leader and science
communicator. This holistic training allowed me to get prepared for my future career. | was able
to find a tenure-track academic job right out of graduate school, which are often very competitive,
and could not have been successful it without the opportunities given to me that go beyond the

benchtop work.
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Chapter 6

Conclusions and Future Directions
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In this chapter, we reflect on the usage of aptamer-functionalized
membranes in the field and the potential future uses for this kind of
technology.
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6.1 Conclusions

Throughout the last five chapters, we have described a novel preparation method that
incorporates the use of ultrafiltration membranes and aptamers for the selective capture of small
molecule contaminants and macromolecules from water. We used a hydrophobic polymer PES
as the main polymeric entity of our membrane, and we grafted polymethacrylic acid (pMAA) to
add hydrophilicity and a point of attachment for an amine modified aptamer. We were able to
optimize aptamer attachment as this is the most “expensive” component in our method.
Furthermore, we were able to test a variety of aptamers of different nucleotide lengths to assess
the versatility of this method.

Most interestingly, we were able to prove that this was a functional system by: (1) depleting
the small-molecule of interest (bisphenol A, atrazine, or microcystin-LR) using the aptamer-
functionalized membrane, (2) regenerating this membrane by subjecting the membrane to hot
washes (60 °C) and depleting the small molecule for multiple cycles and (3) removing multiple
small-molecules and macromolecules synergistically from water by attaching three unique
aptamers to the same membrane.

We anticipate that this technique will be generalizable for any small-molecule target, because
of the current progress in SELEX development, especially in water-borne toxins and
contaminants. Through the methods discussed, we have generated a potential point-of-use
system that can be adaptable to community needs. We are encouraged by the results obtained
thus far and are excited to move forward into further applications of these systems. We are
enthusiastic about the use of aptamer-functionalized membranes in applications that go beyond
the decontamination of water like concentration of important analytes or biosensing.

Lastly, apart from creating a useful method for the removal of small molecules from water, we
also reflect on the graduate school path and how it can be more than just research to have a well-
rounded experience and be prepared for long-term goals. The usage of this time to get as much

professional development as possible is a characteristic that is not present in the majority of the
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graduate student body and must be talked about for the benefit of the students, especially the

ones that are interested in careers outside of academia.

6.2 Future Directions

Due of the malleability of the membrane, thickness can be reduced so that we can attach a
single-layer nano-particle array that increases surface area and therefore aptamer attachment.
Another exciting application is their use in the recovery of small-molecules of interest, which are
often in low concentrations, and the membrane-aptamer scaffold can be used for the continuous
recovery of small-molecules not only from water, but from biological matrices as well. In this
section, we explain how we plan to implement our system to: (1) attach a single-layer nanoparticle
system to the membranes to decrease the width of the membrane and offer more surface area.
Due to the single-layer compacting design, the thickness of the membrane can be reduced to low
micron levels, contrary to the previous membrane (mid-micron level thickness). This will greatly
reduce the material usage and help ultimately fabricate a lighter and cost-effective efficient setup.
(2) to bind and concentrate nutrients in order to increase their concentration. Such instances also
include the recovery of small molecules and precious analytes from water (e.g. natural products
for medicinal and therapeutic purposes), as well as pre-concentration of analytes that can be

applicable to a wide range of biosensing applications.

6.2.1 Use of a Single-Layer Nanoparticle System

With less than one percent of water being fresh, we are rapidly depleting the sources of clean
drinking water and we are projected to face a serious scarcity as soon as 30 years from now.’
Due to this alarming reason, the investigation into decontaminating water has rapidly increased
in the past few decades.? Scientists and engineers have identified various methods for water

purification, but these methods have to strike a balance between efficiency, sustainability, and
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financial viability.® Unfortunately, the most common methods for purifying water require the use
of several components with sequential purification steps, which are economically not feasible for
developing countries to implement.* Methods for water decontamination such as coagulation,
sedimentation, or physical and chemical inactivation can be quite expensive and taxing on our
resources because they rely on the heavy use of machinery, electricity, and pressure.® For these
reasons, there is a pressing need to focus on the development of user-friendly devices that are
affordable, sustainable, and effective at the same time.

To accomplish this, we need a system that can purify most contaminants in “one-go”.
Synthetic membranes offer a facile solution to this problem, as they have proven to be more
efficient, are relatively cheaper, and more user-friendly than other water purification methods.®
Recent advances have shown that point-of-use devices (e.g. LifeStraw) are able to remove most
macromolecular contaminants.” However, they suffer from several limitations including but not
restricted to their inability to filter out small molecule contaminants and toxins. Small molecule
contaminants and toxins are typically ubiquitously present in a given contaminated water source
and can have harmful effects in the human body.?

Aptamers are single stranded DNA that have high affinity to specific molecules of interest,
thus serving as a great platform for molecular detection and screening. These DNA structures
adopt a specific secondary structure that then allows them to bind to a specific molecule of interest
with non-covalent forces: hydrogen bonds, pi stacking, electrostatic forces, etc.® By enabling
attachment of these aptamers to the membrane’s surface, we will be able to pave the way for
tandem removal of small-molecule and macromolecular contaminants, toxins, and
microorganisms from water in a user-friendly manner. | propose the functionalization of aptamers

onto the membrane, thereby increasing selectivity and affinity to select contaminants.
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We envision to explore the introduction a more delicate structural design with a highly ordered
single layer of deposition of silica nanoparticles. Silica nanoparticles are known for their lack of
cytotoxicity, pH resistance, and are chemically amenable and easy to synthesize.'® The highly
compacted particle layer will allow us to form a highly organized porous structure (instead of the
random porous alignment in our previous approach), thus endowing a very high surface area that
can increase the quantity of DNA aptamers that will attach to the membrane.'” We are currently
examining the attachment and functionalization strategy of the nanoparticles. We are preparing
amino-modified silica particles that will be able to covalently bind onto the membrane (Figure
6.1). Due to the single-layer compacting design, the thickness of the membrane can be reduced
to low micron levels, contrary to the previous membrane (mid-micron level thickness). This will

greatly reduce the material usage and help ultimately fabricate a lighter and cost-effective efficient

Figure 6.1: General scheme for the formation of single-layer silica nanoparticle system with aptamers for
enhanced small-molecule depletion
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setup. We hypothesize that a densely packed aptamer-functionalized membrane will be able to
rapidly bind and detect such low concentrations in water, and recovery will be possible by a simple
denaturation of the aptamer. This is another unique feature of aptamers, as they can detect and

bind to their target in low concentrations.

6.2.2 Recovery of Small-Molecules using Aptamer-Functionalized Membranes

Water decontamination serves a necessary role in multiple processes aside from
consumption. Such instances also include the recovery of small molecules and precious analytes
from water (e.g. natural products for medicinal and therapeutic purposes).'? Current techniques
such as liquid-solid chromatographic techniques, extraction methods, preparative gas
chromatography, etc. for isolating natural products from water are low-yielding because the
presence of these compounds (concentrations) are inherently low."® We envisaged that our water
purification strategy would be able to rapidly sequester multiple small-molecule components, and
the scope can be eventually expanded to recover small molecules. This is because of the ability
of sequestration of the aptamers. We can explore the concentration of precious small molecules.
Apart from the precious small-molecules from water sources, we envisioned that the gap also
happens in the body. There are small-molecules within our body that are inherently in low
concentrations, because of this, the necessity of concentrating these molecules for further
biosensing is important.™ Current methods either require big concentrations of serum (from the
body), and that is not feasible. For this reason and to minimize components and point-of-use care,
we decided to test if our membranes would aid in the concentration of small-molecules of interest.
To achieve this, we would have to attach aptamers to an ultrafiltration membrane and be able to
sequester a small molecule in low concentration (Figure 6.2). We hypothesize this can be
relatively easy because you can filter the small-molecule filtrate (coming from the solution passing
through the membrane) repeatedly until you get the desired sequestration. Furthermore, we can

decrease the membrane size to fit a 96-well plate for fluorescence or colorimetric experiments.
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Figure 6.2: General scheme for the preparation of small-molecule concentration membranes.

Because the membrane is really malleable, the reduction in size of the membrane would be
relatively easy.

Current methods for small molecule sequestration are constrained by the use of expensive
machinery and methods which make it difficult to be translated to resource limited environments,
an area where they are currently needed. Biosensors have shown great promise for use as low-
cost, point-of-care diagnostic tools, as they can harness nature’s diverse repertoire of sensing
molecules to detect clinically relevant biomarkers and transduce the signal into an easily
detectable output.’™ Cell-free sensor systems (CFS) require small volumes of sample, can be
freeze-dried and stored at ambient temperature, have no cell membranes to interfere with
transport of the target molecule, and can produce distinct colored outputs. One of the drawbacks
of CFS, is that it does not necessarily enable detection of clinically relevant concentrations. '® We
will overcome this by utilizing aptamer-functionalized membranes to concentrate the analyte and
detect clinically relevant levels of key nutrients (e.g. B12). Together this research can establish a
novel and field-friendly approach for quantifying clinically relevant levels of key nutrients and
expand the current capabilities of aptamer-functionalized membranes, significantly benefitting

both basic science and human health.
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