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Abstract

Biological contaminants and biomolecules play a major role in disease etiology and patho-
genesis. In the context of disease prevention and management, removal of biological contam-
inants and biomolecules often relies on separations performed in fluidic systems. The design
and operation of such systems relies fundamentally on understanding how fluidic transport
phenomena are governed by material properties and effects such as sorption. This thesis
focuses on understanding transport phenomena in two novel fluidic systems and leverages
the insights to develop devices for water filtration and blood purification.

In the first section, we focus on the characterization and engineering of gymnosperm
xylem for developing water filters. The xylem tissue, which transports water and nutrients
in plants, has nanoscale pores that can remove contaminants from water. However, xylem’s
functional attributes as a water filter, such as flow rate, filtration capacity, rejection per-
formance, susceptibility to foulants in water, etc., are not well-understood. Additionally,
methods that can help tailor these attributes to suit practical needs have not been devel-
oped. We generate new insights into the mechanisms that govern the transport of water
through xylem. These include the non-linear dependence of resistance to fluid flow on fil-
ter thickness explained using a percolation-based model, ‘self-blocking’ behavior governed
by the dissolution and convective re-deposition of hemicellulose within the xylem conduits,
and elevated propensity for fouling in the presence of large organic molecules and dust. We
use these insights to develop methods for fabrication of practically useful xylem filters. We
demonstrate that these filters have shelf-life >2 years and can provide >3 log removal of F.
coli, MS-2 phage, and rotavirus from synthetic test waters and coliform bacteria from natural
water sources. To show how xylem could be incorporated in filtration devices, we develop a
gravity-operated functional device prototype for household drinking water treatment using
user-centered design approaches. The findings related to the characterization, modeling, and
engineering of xylem reported in the thesis fundamentally advance the state of knowledge
about xylem tissue and lay the groundwork for the design and development of a wide variety
of xylem-based devices in the future.

In the second section, we focus on modeling cytokine transport in an extracorporeal blood
purification (EBP) device for managing hypercytokinemia. Traditional EBP methods, which
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focus on non-specific removal of broad-spectrum cytokines to regulate host immune response,
have many disadvantages, such as potential immuno-suppression and elimination of desirable
molecules. A cytokine-specific EBP method can overcome these drawbacks. We study the
cytokine binding and transport characteristics in a device, where selective cytokine removal
is achieved by pumping the blood through tubes coated with antibodies. Analogous to the
Lévéque problem, we develop a mass transport model which can predict the rate of cytokine
removal and volumetric clearance as a function of device geometry, operational conditions,
and surface properties. These predictions matched in vitro experimental results. In the
future, such devices could be used for creating flexible and highly selective blood-filtering
platforms for elimination of individual, harmful cytokines as they are expressed, facilitating
the development of personalized treatment strategies.

Thesis Supervisor: Rohit N. Karnik
Title: Professor of Mechanical Engineering
Associate Department Head for Education
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Chapter 1

Introduction

Biological contaminants and biomolecules play a major role in disease etiology, pathogenesis
and management [4, 5]. Biological contaminants, which include microbes, allergens, and
molds, can cause inflammations, infections, allergies etc. and have an adverse impact on
human health [6]. Infectious diseases caused by pathogenic microbes were the third major
cause of global death in 2016 |7]. Biomolecules comprise primarily of carbohydrates, proteins,
nucleic acids and lipids [8]. While dysfunctional biomolecular interactions are known to be
causative factors for several genetic diseases and disorders [9, 10|, biomolecules are also an
integral part of the immune system and significantly influence host response to a disease and
its progression [11]. Further, biomolecules such as antibodies and peptides have also become
increasingly popular as novel drug modalities for therapeutic applications.

In the context of disease prevention and management, the use of separation-based fluidic
methods has been widely explored for the removal and isolation of biological contaminants
and biomolecules [12, 13, 14|. Transport phenomena play a critical role in the design and
development of such devices. Separation is typically achieved due to the variation in trans-
port behavior between the target and bulk, which arises because of differences in physical,
chemical, mechanical, and electrical properties. Understanding the nature of these variations
is critical to guide the material selection, design, and operation of devices targeted towards
separation-based applications. For example, deterministic lateral displacement, a technique
where differences in hydrodynamic properties are exploited to modulate transport trajectory,

has been used for cell sorting [15, 16]. Antibody-binding methods, which use differences in
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the chemical affinity of antigens expressed on cell surface for sorption-based separation, are
also quite popular [17, 18]. Size-based separation is used in air filters to inhibit the transport
of molds and air-borne pathogens [19]. The same principle is used in water filters for removal
of microbial contaminants to make water safe for drinking [20] and in dialysis for removing
excess solutes and toxins from blood to treat patients with dysfunctional kidneys [21].
Through the investigation of transport and sorption phenomena in two under-explored
fluidic systems, this thesis focuses on the design and development of devices for water filtra-

tion and blood purification:

1. Engineering and characterization of gymnosperm xylem for developing wa-
ter filters: Naturally-occurring membranes in gymnosperm xylem have nanoscale
pores, which can be used for removing microbial contaminants from water. While the
hydraulic properties of xylem have been well-characterized in the context of sap trans-
port in plants [22, 23, 24|, xylem’s functional attributes as a water filter, such as flow
rate, filtration capacity, and variation in flow rate over time, particularly with contam-
inated water as the fluid medium and in the absence of active transport mechanisms
that regulate flow in plants, are currently not well-understood. The thesis aims to
bridge this knowledge gap to determine if xylem is a suitable material for water filtra-
tion. Using these insights, the thesis also focuses on developing engineering methods for

fabricating practically useful xylem filters and devices for household water treatment.

2. Modeling transport behavior in extracorporeal blood purification (EBP)
devices for managing hypercytokinemia: Traditional EBP methods, which focus
on non-specific removal of broad-spectrum cytokines to regulate host immune response,
have many disadvantages, such as potential immuno-suppression and elimination of
desirable molecules. A cytokine-specific EBP method can overcome these drawbacks.
This thesis focuses on modeling the cytokine transport and binding behavior in a
cytokine-specific EBP method, where selectivity is achieved by pumping blood through
tubes coated with antibodies. The transport and binding characteristics are studied
as a function of device geometry, operational conditions, and surface properties to

develop a mass transport model which can predict the performance of the device and
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guide device design.

A detailed description of the background and the work accomplished in the context of
each of these aims has been provided in subsequent chapters. Part-I (Chapters 2-6) fo-
cus water filtration using xylem. Part-II (Chapter-7) focuses on removal of biomolecules
using extracorporeal blood purification device. Additionally, the thesis also covers prelim-
inary work on development of graphene-based device for analytical sample preparation in

biotherapeutic applications, which has been described in Appendix D.
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Part 1

Water filtration using gymnosperm

xylem
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Chapter 2

Background to xylem filters

2.1 Motivation

Access to safe drinking water is a cause of global health concern. Diarrheal diseases caused
by microbial contamination of water and poor sanitation are a global problem. In 2019,
diarrheal diseases accounted for 1.5 million deaths per year, primarily in resource-limited
settings amongst children under the age of five [7]. Majority of the deaths (57.8%) are caused
by bacterial pathogens, while water-borne viruses and protozoa account for 33.8% and 8.3%
of the fatalities respectively [25]. The number of deaths caused by different microorganisms

and their size is depicted in Figure 2-1.

Number of deaths
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Figure 2-1: Diarrheal deaths caused by different microorganisms and their size

Household water treatment (HWT) methods like chlorination, solar disinfection, and fil-
tration can significantly reduce the risk of diarrheal diseases |26, 27]. However, the adoption

of these methods in resource-constrained settings is often hindered by their limited availabil-
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ity in remote locations, incompatibility with local socio-cultural practices, high cost, or lack
of suitable financing schemes |26, 27, 28|. In addition, the common perception that water
that appears clear is safe for drinking, and the difficulty in appreciating the link between
diarrheal diseases and poor water quality, also impede uptake |26, 27, 28|. Novel water treat-
ment technologies that are inexpensive, readily available, socially acceptable, and effective
against water-borne pathogens have the potential to address these challenges and improve

access to safe drinking water.

2.2 Background

Gymnosperm (non-flowering plants like conifers) wood, a common material that is widely
available and traded across the globe [29], presents the intriguing possibility of creating
inexpensive, sustainable, and socially-acceptable filters to address this challenge [30, 31, 32,
33]. The gymnosperm sapwood consists largely of xylem tissue that conducts sap, with
longitudinally-oriented conduits called tracheids up to 10 mm long that are interconnected

by ‘pit membranes’ with pore size ranging from 100-500 nm (Figure 2-2) [23].

A Bark  Xylem Tracheid

Ginkgo Eastern white cedar Eastern white pine

Cross section Direction of
of branch/trunk water flow

Figure 2-2: Structure of gymnosperm xylem a. Schematic illustration. b. SEM images of pit membranes in
different gymnosperms [1]. Scale bar, 1 um

Fluid flowing through a transverse section of a branch that is thicker than a single tracheid
must therefore pass through the pit membranes, which can act as physical sieves that trap
particulate contaminants present in water [30] (Figure 2-3). Compared to most angiosperms

(flowering plants), the short length of tracheids and their high proportion in the cross-section

20



makes gymnosperm sapwood better-suited to creating compact filters.

Contaminated water

R, o ‘&K«.“'
Trapped 500 nm particles
102

0.25inches

99.67 100.00 98.28

100 —=
_ 1
I

Rejection (%)
©
(o]

©
(=2}

Eastem Ginkgo Eastern
Purified water White Cedar Biloba  White Pine

Figure 2-3: Schematic depiction and SEM images of filtration of 500 nm particles by xylem pit membranes
in a section of a branch (ginkgo, 1 cm diameter, 0.25 inch thickness) [1]. Scale bar, 1 ym. The bar graph
shows rejection of 500 nm particles (mean + s.d., n=3) by fresh xylem filters made from different tree species
(1 cm diameter, 0.25 inch thickness; see Method M4 in Appendix A for details).

The unique structure of gymnosperm xylem gives rise to two interesting questions: a) is
the xylem a suitable material for water filtration, and b) if so, how can it be engineered to
create practically useful water filters.

Previous studies have reported that pit membranes in pine xylem can filter bacteria from
deionized water and incorporation of silver nanoparticles in xylem can enhance removal of
bacteria [30, 33]. A known challenge with xylem filters is that their permeance (defined as
flow rate per unit area per unit pressure difference) drops significantly upon drying, which
limits their usability in dry state [30]. Wet filters have reasonable permeance, but have
limited shelf-life due to their propensity for degradation and are heavy to transport. Thus,
methods for preserving xylem in dry state are critical for their supply and distribution,
particularly to remote, low-resource settings where they are most needed.

Previous studies have shown that the xylem filters can be preserved in a dry state by
controlling their filter thickness [1]. The permeance in dried filters strongly depends on filter
thickness. While the underlying reason for this behavior was not known, it was reported that
permeance drops sharply upon increasing filter thickness beyond 0.25 inches. Since filters

have to be thicker than the conduit length to ensure contaminant removal, the minimum
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filter thickness is bounded by the conduit length in gymnosperms (which is typically <0.22-
inches long) [24]. To further improve rejection performance, multiple filters could be stacked
in series (Figure 2-4). Two 0.25-inch thick water-dried filters in series were reported to
have better rejection than a single 0.25-inch thick filter (1.70+0.24 log versus 0.95+0.16
log (p=0.015)), with the log rejection being additive, and higher rejection and permeance
recovery than a 0.50-inch thick filter (1.70£0.24 log versus 1.26+£0.06 log (p=0.04), and
48.8+4.9% versus 1.8£1.0% (p = 0.0013), respectively). Stacking could be also used in
conjunction with solvent treatment to further improve the rejection performance of filters,

which offers opportunities for tailoring the rejection capability of xylem to suit different

applications.

2.5 80 4 1
J} 3|3

2.0
T [P 8|8
1.5¢ {40 218
oL
1.0t g g
0.5} T =10
2|3
0.0 . 10 3|~
0.25" 0.50"0.25" in series =

Figure 2-4: Two 0.25-inch water-dried filters stacked in series perform significantly better than 0.25-inch and
0.50-inch thick water-dried filters (n=3, meants.d). [1]

Preliminary evidence also suggests that treating xylem filters with alcohols like ethanol
before drying could offer yet another method for preserving filters in dry format [1]. The
blockage of xylem filters upon drying is related to the physiological function of pit mem-
branes that have evolved to protect the plant against cavitation (i.e., nucleation of vapor
bubbles) [23| that could severely disrupt sap flow. In gymnosperms, surface tension forces
of a receding liquid meniscus (corresponding to an advancing vapor bubble) pull the pit
membrane towards an aperture in the cell wall; water-mediated adhesive forces cause the
pit membrane to seal against the cell wall, thereby isolating any cavitated conduits 34, 35].
While the exact mechanism underlying this phenomenon, referred to as ‘pit aspiration’, re-
mains to be elucidated, it relies on the presence of water to mediate adhesion [35]. Similar

to cavitation, drying induces the formation of liquid-vapor interfaces in the xylem, which
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triggers pit aspiration and reduces the permeance (with prior work reporting 100x drop in
flow rate for 1-inch thick filters) [30]. Pit aspiration can be reduced by replacing the sap in
the xylem with non-aqueous solvents, like alcohols, as it precludes water-mediated adhesion
between the pit membrane and the cell wall during drying [34, 35, 36]. Leveraging these
findings, a method for dry preservation of xylem filters involving treating them with ethanol
before drying was developed [1]. Pit membranes in ethanol-dried filters were found to be

unaspirated while those in water-dried filters were aspirated (Figure 2-5).

Figure 2-5: Effect of ethanol treatment on pit membranes. a,b. Aspirated pit membranes in water-dried
filters. c,d. Unaspirated pit membranes in ethanol-dried filters. [1]

Preliminary experiments showed that ethanol treatment results in higher recovery (ratio
of flow rate after and before drying) and the effect of ethanol treatment is more pronounced
for thicker filters.

While significant progress has been made towards preserving xylem filters in dry state, the

underlying reason for the strong non-linear dependence of permeance on length is not fully
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Figure 2-6: Effect of ethanol treatment on recovery for filters with different thickness [1].

understood. Experimental results from prior studies suggest that this dependence could
potentially be explained using percolation theory, but further investigation is warranted
to conclusively prove this hypothesis. Questions such as what is the shelf-life of ethanol-
treated filters, how repeatable and reliable is ethanol treatment given that the structural
characteristics of the xylem vary considerably within and across species, what is the effect of
ethanol treatment on rejection performance of filters and whether other solvents can be used
instead of ethanol remain to be answered. Further, several other material characteristics
of xylem that are critical for practical water filtration applications, such as its structural
stability over the course of its operational life, susceptibility to different foulants present in
water, and mechanisms of fouling, etc. remain to be explored. While the hydraulic properties
of xylem have been well-characterized in the context of sap transport in plants [22, 24, 37|,
xylem’s functional attributes as a water filter, such as flow rate, filtration capacity, and
variation in flow rate over time, etc., particularly with contaminated water as the fluid
medium and in the absence of active transport mechanisms that regulate flow in plants,
are currently not well-understood. Additionally, simple and inexpensive methods for filter
design and manufacture that help tailor xylem’s functional attributes to suit practical needs

are required to facilitate technology translation.
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2.3

Scope of thesis for Part-I

The thesis focuses on the following:

2.4

Investigation of the reason underlying the strong non-linear dependence of permeance
on length.

Characterization of the effect of ethanol treatment on permeance, rejection perfor-
mance, and shelf-life of xylem filters.

Investigation of material and operational characteristics of xylem (structural stability
of xylem over the course of its shelf- and operational-life, effect of contaminants on the
permeance, lifetime and rejection performance, fouling behavior and mechanisms).
Development of methods for designing and manufacturing practically useful xylem
filters.

Technology translation through field validation of filter performance, design and de-
velopment of functional xylem filtration device prototype and identification of imple-

mentation pathways.

Outline for Part-I

Chapter 3 will focus on elucidating the reason underlying the non-linear dependence
of permeance on filter thickness.

The stability of xylem filters over the course of their operational and shelf-life, fouling
behavior of xylem filters in the presence of contaminants, and the the underlying fouling
mechanisms are described in Chapter 4.

Findings from field studies aimed at technology validation, understanding user pref-
erences, and design and development of xylem filtration device prototypes have been
presented in Chapter 5.

Chapter 6 provides a summary and recommendations for future work with regards to

xylem filter development.
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Chapter 3

Understanding and characterizing dry

preservation methods for xylem filters

This chapter focuses on understanding the underlying reason for the strong dependence of
permeance on thickness in dried filters and characterizing the effect of ethanol treatment on

the permeance, rejection performance, and shelf-life of xylem filters.

3.1 Non-linear dependence of permeance on thickness in

dried filters

3.1.1 Background

Traditionally, Darcy’s law, which is commonly applied to porous media and predicts a linearly
inverse relation between thickness and permeance (i.e., permeability, defined as permeance
normalized by thickness, is constant), has been used to model the permeance of xylem
[38, 39]. While the Darcy’s law was found to well followed in fresh xylem filters, the inverse
dependence of permeance on thickness in dried filters was highly non-linear; permeability
dropped abruptly on increasing filter thickness beyond 0.25 inches Figure 3-1 [1].
Percolation theory offers a potential explanation for such a behavior. Permeability of
dried xylem filters is a function of not only the flow resistance of tracheids and pit membranes

[22, 24] but also the tracheid interconnectivity [40]. The length scale over which tracheids
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Figure 3-1: Permeability (permeance normalized by thickness) is constant with filter thickness in fresh filters,
but drops abruptly with increasing thickness in the case of dried filters.). [1]

maintain connectivity depends on the degree to which the pit membranes get blocked during
drying, and corresponds to cluster size in percolation theory [40, 41, 36]. Filters much
thicker than this length scale of connectivity will be impermeable to flow, while those that
are thinner, will have non-zero permeance (Figure 3-2). When filter thickness is comparable
to this length scale, a highly non-linear dependence of permeance on thickness that deviates

strongly from Darcy’s law, is expected.

3.1.2 Simulation of percolation effects in xylem filters

To understand whether percolation theory can explain the strong non-linear dependence
of permeance on filter thickness, a probabilistic model based on percolation theory [41] to

capture the flow characteristics of a dried filter was developed.

Model details

The xylem was modeled as a 2-D node-edge network in Matlab, where the tracheids and
pits correspond to the nodes and edges respectively (Figure 3-2). The model was designed
to represent xylem filters made from Eastern white pine having 1 ¢cm diameter and 1.5 inch
thickness. Assuming that, on average, the tracheids are 4-mm long and 40 gm in diameter
[42, 43| and that 80% of the filter cross section area is sapwood (typical for our filters), the
model comprised a square lattice of 10x200 tracheids along the filter thickness and cross-
section, respectively. For simplicity, it was assumed that each tracheid was connected to four

other tracheids (Figure 3-2). The non-zero permeance of 0.25-inch thick sections in dried
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Xylem  Percolation
network model

Increasing deviation from Darcy’s model with increasing filter thickness

o Open pits o Closed pits

Figure 3-2: Schematic of the physical structure of xylem and the proposed percolation-based model (tracheids
depicted as red dots) for filters of different thickness, illustrating percolation-governed length dependence.
Black dots represent blocked tracheid connections (pit aspiration probability, p=0.35 for all filters). Blue
shading and lines represent tracheids and flow pathways that are connected to the top surface; there is no
flow pathway from the top to bottom surface for the two thickest filters.

filters indicate that some pit membranes remain open (unaspirated) even after drying, i.e.,
the probability of pit aspiration blocking off a tracheid-tracheid interconnection upon drying
is <1.The model associated a variable probability p for an edge being broken [41], which
in the case of a xylem filter represents the likelihood of connectivity between two tracheids
being broken by pit aspiration. To simplify the problem, it was assumed that all tracheid-
tracheid connections were either permeable (open) or aspirated (closed) with each tracheid-
tracheid connection having an equal aspiration probability during drying. In general, the
pit aspiration probability will depend on the condition of the neighboring tracheids and
pit membranes, and may vary along the filter thickness depending on how the drying front

propagates within the filter; such effects are not captured in the model.

This xylem structure was modeled using a 3-D matrix with the x and y indices represent-
ing the relative location of tracheids and the z indices representing the ‘open’ or ‘closed’ state

(denoted by ‘1" and ‘0’) of the four tracheid-tracheid connections after drying. A 10x100x4
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matrix representing alternate tracheid columns accounted for all the tracheid-tracheid con-
nections. To assign open/closed status to the tracheid-tracheid connections, uniform random
numbers in the range of 0 to 1 were generated for each connection, and connections with
numbers higher than the aspiration probability were designated to be open while the rest
were designated closed. Depending on which tracheid-tracheid connections were open, tra-
cheids that were connected to at least one tracheid in the top row of the filter through one

or more open pathways were identified. The relevant codes have been provided in Appendix

A Method M18.

Results

Simulations of this percolation model in a simplified, 2-D xylem network using MATLAB
corroborated experimental observations; for a given pit aspiration probability, the connec-
tivity (and thus the permeance) dropped to zero beyond a critical filter thickness (Figure
3-3; to generate the figure, the fraction of tracheids in each row connected to the top row of
the filter was computed and plotted against the row number on the x-axis after averaging

over 100 simulations).
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Figure 3-3: Variation of the filter cross-section that is permeable to flow (i.e., connected to the top face)
along filter thickness for different pit aspiration probabilities (probability values are color-coded and specified
next to the corresponding curves).

Further, the model suggested that the converse should also be true, i.e., for a given filter
thickness, there exists a critical probability p=p., at which there is transition from zero
to non-zero permeance (Figure 3-4; to generate this graph, the fraction of tracheids in the
last row connected to at least one of the tracheids in the top row (row 10) was computed
for different pit aspiration probabilities and averaged over 100 simulations. The insets in

Figure 3-4 were generated for one simulation at a given pit aspiration probability using the
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‘imagesc(xmap)’ function in MATLAB).
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Figure 3-4: Variation in fraction of filter cross-section connected to the top with pit aspiration probability.
Insets show interconnected tracheids in blue for different pit aspiration probabilities.

The results of the simulation explain the abrupt drop in filter permeance with increasing
thickness and also why ethanol-dried filters have a higher permeance than water-dried filters.
The length scale of connectivity in water-dried filters is ~0.25 inches, which is why filters
thicker than 0.25 inches have zero permeance (this finding corroborates previous experimental
results where where 1.5-inch dried filters made from Eastern white pine were completely
blocked, but 0.25-inch sections cut from the same blocked filters were permeable to flow [1]).
Treatment with ethanol reduces the probability of pit aspiration and consequently, results
in longer length scales for connectivity. This is evident from the non-zero permeance of 0.5-

and 1-inch thick ethanol-dried filters.

3.2 Characterization of ethanol treatment for dry preser-
vation of xylem filters

The effect of ethanol treatment on permeance, rejection, and shelf-life of dried filters was
studied (see Methods M2 and M3). Consistent with previous findings [1]|, ethanol-dried
filters exhibited higher permeance than their water-dried counterparts (Figure 3-5a); the
effect of ethanol treatment was found to be more pronounced for thicker filters (0.5- and

1.0-inch thick) where water-dried filters were almost completely blocked whereas ethanol-
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dried filters retained permeance. The rejection performance of ethanol-dried filters with 1
pum microspheres was significantly better than water-dried filters (p <0.001 for 0.25-, 0.50-,
and 1-inch thick filters respectively) and comparable to fresh filters (p = 0.02, 0.59, and
0.08 for 0.25-, 0.50-, and 1-inch thick filters respectively) (Figure 3-5b). The shelf-life of
ethanol-preserved filters was at least 2 years (Figure 3-5¢). Ginkgo filters (4 cm diameter,
0.375-inch thickness) stored for 2 years had a comparable permeance to those that were
tested immediately post-drying with General Test Water (composition of General Test Water
provided in Table 4.1). These filters were also able to achieve 3-log removal of E. coli (further

details provided in Section 4.6).
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Figure 3-5: Effect of ethanol treatment on performance of dried filters. a,b. Ethanol-drying improves
permeance and rejection over water-drying in a thickness-dependent manner. Individual data points and
mean+s.d. are shown. 33 data points in (a) and 15 data points in (b) overlap with prior work [1]. c.
Ethanol-dried filters have a shelf-life of at least 2 years. No significant different was observed between the
permeance of ethanol-dried filters tested immediately after drying and those tested after 2 years.

3.3 Summary of findings

The strong dependence of permeance on filter thickness in dried filters was explained using
the percolation-based model of xylem network. The length of scale of interconnectivity set by
the pit aspiration probabilty established to a threshold filter thickness beyond which perme-
ance sharply declined to zero. The effect of ethanol treatment on permeance, rejection, and
shelf-life of dried filters was characterized. Filters treated with ethanol were found to have
consistenly high permeance than water-dried filters and rejection performance comparable

to fresh filters. The shelf-life of ethanol-preserved filters was found to be at least 2 years.
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Chapter 4

Material and operational characteristics

of xylem as a water filtration membrane

4.1 Introduction

The key performance characteristics important for a water filter include its flow rate or per-
meance (flow rate normalized by area), lifetime or volumetric capacity (the total amount of
water that can be processed before the filter needs to be replaced), rejection of contaminants,
and variation in permeance and rejection over the course of its operational life. This chapters
explores the aforementioned characteristics of xylem filters and their suitability for practical

use.

4.2 Criteria for practically useful water filters

Literature reports and our field trips to India (described in Chapter 5 in more detail) revealed
that, to be useful in households in resource-limited settings, xylem filters should a) process
at least 8 L of water to meet the daily drinking water requirement (see Section 5.2.1), b)
have flow rates of at least 1 L/h, c¢) effectively remove contaminants [44], d) function reliably
with contaminated water, e) operate under gravity with heads less than 1 m to minimize
operation costs and space requirements, and f) be easy to access and use [44] (see Section

5.2.1).
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4.3 Permeance of dry-preserved xylem filters

Dry preservation (using either solvent treatment or thickness control) is critical to preserve
the permeance and rejection performance of dried xylem filters [1]. To evaluate whether
dry preservation techniques can be used reliably to improve the shelf-life of xylem filters,
the permeance of 47 filters made from different Eastern white pine trees in Cambridage,
MA were tested over a two-year period. The permeance of these filters was comparable
to commercial micro-filtration membranes with similar pore size; the permeance range for
commercial membranes is 0.002-0.05 L/h.cm? kPa [45, 46, 47, 48, 49] while 95% of the
ethanol-dried filters consistently had permeance greater than 0.005 L/h.cm? kPa (Figure
4-1).
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Figure 4-1: Permeance of (a) fresh filters (n = 260) and (b) ethanol-dried filters (n = 47) measured over
a two-year period. Permeance of 95% of the filters exceeded 0.005 L/h.cm?kPa (shown by dotted line).
Different colors denote different trees. Individual data points and their mean values are shown. Individual
data points correspond to single measurements on different filters.

Further, ethanol-preserved filters had a shelf-life of at least one year. The permeance of
filters stored for one year was 0.007440.0003 L /h.cm? kPa and the rejection of 1 ym micro-
spheres was 99.92+0.05%). Ethanol-water mixtures with ethanol concentration > 90% and
other alcohols like isopropanol can also be used for dry preservation (Figure 4-2). The solvent
used for dry-preservation must be certified as food-grade and the level of residual solvent in
dried filters should be maintained within the permissible limits for human consumption as

prescribed by food safety standards [50].
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Figure 4-2: Effect of varying ethanol concentration and using isopropanol (IPA) on permeance recovery and
rejection of xylem filters (filter thickness of 0.50 inches was used because the effect of alcohol treatment is
more pronounced for thicker filters, facilitating comparison). Small, filled circles show individual data points
while the large, open circles denote mean values. n = 3. Ethanol-water mixtures with concentration below
90% are ineffective in preserving permeance and rejection.

4.4 ‘Self-fouling’ and its control

In membrane-based filters, fouling due to contaminants in the feed water determines the
filter’s volumetric capacity, i.e., the total amount of water that can be processed before the
filter needs to be replaced [51|. Surprisingly, the flow rate of xylem filters was observed to
decline, eventually resulting to blockage after a certain period of time even when filtering

uncontaminated, deionized (DI) water (Figure 4-3).

oy Eastern White Pine Ginkgo Biloba Eastern White Cedar
) j
% L 004 . - -
o~ afi ¥ 7‘4.,
£ 5 002fn, 7 I
= L y 1\ -
o = 0.00 | ’*&-.4 L | 'i";b»’-r-’ -1 i a e 1 ]
0 5 10 150 5 10 150 5 10 15

Figure 4-3: Permeance of 0.25-inch thick ethanol-dried filters made from different gymnosperm species
decreases with permeate volume when filtering deionized water (n=3, denoted by different colors).

To explain the drop in permeance of xylem filters in the absence of external contaminants,

the following hypotheses were explored:

1. Pit aspiration: Filters could get blocked due to pit aspiration induced by the
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nucleation of gas bubbles (i.e., cavitation) at the low-pressure end of the filter, where gas
solubility is lower than the high-pressure end. However, operating ethanol-dried Eastern
white pine filters (1 cm diameter, 0.25 inch thickness) at lower pressures to reduce the
variation in solubility across the filter thickness failed to preserve permeance (Figure 4-4a),
suggesting that the underlying mechanism is not cavitation-driven.

2. Swelling of pit membrane fibrils: Previous studies have reported that the fibrils
in the pit membranes swell to form a gel in the absence of Ca?" and K ions normally present
in sap [52, 53|, which could result in a loss of permeable membrane area leading to a drop in
permeance. However, addition of Ca?" and K* to DI water at physiological concentrations
found in plants failed to improve the capacity of ethanol-dried Eastern white pine filters (1

cm diameter, 0.25 inch thickness), ruling out this hypothesis (Figure 4-4b)
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Figure 4-4: Effect of changing gravity head and adding ions on blocking of xylem filters (data reported with
1 em diameter, 0.25-inch thick Eastern white pine filters). a. Use of smaller gravitational head to drive flow
fails to prevent permeance from declining to zero, suggesting that cavitation does not play a major role in
filter blockage. Each data set corresponds to measurements with a single filter. b. Effect of addition of Ca?*
and KT ions in DI water on volumetric capacity. Mean4s.d., n = 3. Addition of ions to does not improve

volumetric capacity.

3. Material deposition: After ruling out the aforementioned mechanisms, clogging of
filters due to deposition of materials from within the filters was considered. In contrast to
filters in operation, those soaked in DI water (without flow) over similar time durations were
not blocked, indicating that fluid flow played an important role in the underlying mechanism
leading to blockage (Figure 4-5a, b). SEM imaging revealed an apparent deposition of mate-
rial on the pit membranes of the blocked filters (Figure 4-5¢; compare this to pit membranes
in unblocked ethanol-dried filters shown in Figure 3-5). Deposition of material even with DI

water indicated that the material must originate from the filter itself. Xylem is composed
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of cellulose and hemicellulose fibers and hydrophobic lignin polymers, of which hemicellu-
lose fibers are highly amorphous and relatively easily soluble in water [54]. It was therefore
hypothesized that the dissolution of hemicellulose fibers in DI water and their convective re-
deposition on the pit membranes gives rise to ‘self-blocking’ of xylem filters. Analysis of the
water filtered through the xylem filters under atomic force microscopy revealed the presence
of dissolved solids (Figure 4-5¢) and further FTIR measurements confirmed the presence of

hemicellulose, validating our hypothesis (Figure 4-5d) [55].
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Figure 4-5: Self-blocking of xylem filters and its mitigation (data reported with 1 ¢cm diameter, 0.25-inch
thick Eastern white pine filters, unless otherwise specified). a. Use of smaller gravitational head to drive
flow fails to prevent permeance from declining to zero, suggesting that cavitation does not play a major role
in filter blockage. Each data set corresponds to measurements with a single filter. b. Effect of addition
of Ca?t and K7 ions in DI water on volumetric capacity. Mean+s.d., n = 3. Addition of ions to does
not improve volumetric capacity. c. Microfibrils are covered by deposited material in pit membranes of
blocked filters (SEM image, top) and filtrate dried on a surface contains particulates (AFM image, bottom),
suggesting dissolution and deposition of organic material within the filter. Scale bars, 2 ym. d. FTIR
spectra of different samples of filtered water indicate that hemicellulose leaches out of xylem filters. Modes
corresponding to FTIR peaks are specified.

Self-blocking of xylem imposes an intrinsic limit on filter life and its volumetric capacity.
However, it could also safeguard users against the risk of using a filter degraded by prolonged
exposure to contaminated water or trapped microbes and signal the need for filter replace-
ment. The ability to regulate self-blocking is therefore important, as it can help balance
performance and safety. Broadly, self-blocking may be regulated by fixing the molecules
within the xylem (which could also reduce degradation), or prior removal of the material
responsible for the behavior. Effect on structural integrity of pit membrane (critical for re-

jection performance) and ease of implementation in low-resource settings are considerations
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that govern the choice of such methods.

The solubility of hemicellulose in water was leveraged to develop a simple process for
mitigating self-blocking by soaking the filters in hot water to remove hemicellulose. The
optimal temperature and duration of soaking was identified to improve volumetric capacity
without compromising structural integrity of the pit membranes; soaking the filters in hot
water at 60-65°C and atmospheric pressure for 1 h before ethanol-drying doubled the capacity
while maintaining its ability for filtration (Figure 4-6a-c). In practice, the volumetric capacity
of filters will also be limited by the fouling due to external water contaminants. Consequently,
the necessity for measures to minimize self-fouling will be low if external contaminant load is
high, and hot water soaking may not be needed. It is to be noted that this soaking process
is different from industrial hydrolysis of hemicellulose that is typically performed at high
temperature and pressure for extraction of chemical derivatives such as sugars [56].

Eastern white pine filters fabricated using hot water soaking and ethanol drying could
maintain permeance >0.01 L /h.cm? kPa while filtering at least 11 L /cm? of DI water (Figure
4-6d). Thus, in the absence of fouling due to constituents in the feed water, filters with 10
cm? area (3.6 cm diameter) would achieve flow rates >1 L/h and volumetric capacity of ~100
L under gravity-driven operation with 1 m head (see Figure 4-6e for variation in permeance
with permeate filtered for intermittent and continuous operation and Figure 4-6f for scaling
of flow rate with filter area).

However, the rejection performance of 0.25-inch thick filters was sensitive to the variability
in filter thickness, which is expected if the filter thickness approaches the length of the xylem
conduits (tracheids) in Eastern white pine [43]. To circumvent this issue, the filter thickness

was increased to 0.375 inches for all filters in subsequent studies.
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Figure 4-6: Mitigation of self-blocking a,b. Hot water soaking improves volumetric capacity and retains
rejection (0.375-inch thick filters; n=3, mean4s.d. are indicated in (b). c. Variation in volumetric capacity
with duration of soaking in hot water at 60-65°C. Mean+ts.d., n = 3. d. Effect of hot water treatment on
permeance and volumteric capacity. Different colors denote different filters. Data were obtained with 1 cm
diameter Eastern white pine filters operated under 1 m gravity head. The horizontal dashed line denotes
the permeance (0.01 L/h/cm?/kPa) corresponding to the target flow rate of 1 L/h with a 10 cm? filter area
and 1 m gravity head, whereas the vertical dashed line corresponds to a volumetric capacity of 100 L, which
is achieved by the hot water soaked and ethanol-dried filters while maintaining the target permeance. e.
Filters operated intermittently show a qualitatively similar trend as those operated continuously with values
in the same range for both permeance and permeate filtered. Data for continuous operation were taken
as is from (e.) for filters treated with hot water soaking and ethanol drying. For intermittent operation,
ginkgo filters (4 cm diameter, 0.375 inch thickness) were used (details in Methods section M2 in Appendix
A). Different colors denote different filters. f. Flow rate normalized by area varies linearly with pressure for
ethanol-dried filters with diameters 1 cm (n = 295) and 5 cm (n = 20). Dotted line shows a linear fit.

4.5 Effect of contaminants on xylem filter performance

4.5.1 Xylem filter performance with synthetic test waters

Constituents in water such as humic acids or colloids typically cause fouling of membrane
filters, reducing the flow rate with time. Understanding how such constituents affect the
flow rate and volumetric filtration capacity of xylem filters is therefore essential to better
inform how xylem filters would perform in practical settings. The World Health Organi-
zation (WHO) prescribes two kinds of synthetic test waters to evaluate the performance

of household water treatment technologies [57]: a general test water (GTW) representing
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Table 4.1: Composition of General Test Water (GTW) and Challenge Test Water (CTW).

General Test Water Challenge Test Water
Sea salts 2754225 mg/L 1500+150 mg/L
Sodium bicarbonate 80+120 mg/L 100£20 mg/L
Turbidity <1 NTU 40+10 NTU
Organics Tannic acid Humic acid
(1.05+£0.95 mg/L) (15+5 mg/L)

high-quality groundwater or rainwater, and a challenge test water (CTW) with aggressive
water specifications to represent turbid surface water. The composition of GTW and CTW

has been specified in Table 4.1.

With GTW, the volumetric capacity and peak permeance (highest permeance over the
course of operation) of xylem filters (fabricated by hot-water soaking and ethanol-drying)
were sufficient to meet the target metrics (flow rate >1 L/h and volumetric capacity >8 L).
However, filter performance varied significantly with water quality; both peak permeance and
capacity with CTW (0.022+0.020 L/h.cm?.kPa and 6.074+4.40 L /cm? respectively) were an
order of magnitude lower than those with GTW (0.002+0.001 L/h.cm?.kPa and 0.58+0.47

L/cm? respectively; Figure 4-7).
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Figure 4-7: Peak permeance and volumetric capacity normalized by area for GTW and CTW. Dotted lines
show the minimum peak permeance and capacity required to yield flow rate >1 L/h and capacity >10 L
for a filter area of 10 cm? and thickness of 0.375 inches operated under 1 m gravity head. Each data point

represents a single measurement.
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4.5.2 Fouling mechanisms

The deterioration in performance with CTW could be attributed to one or many of the
water quality parameters that differ between CTW and GTW, which are a) higher turbidity,
b) higher concentration of organics, and c) the larger size of organic contaminant in CTW.
To identify the key foulants that cause deterioration in performance, we measured filtration
capacity of xylem while selectively adding different constituents at varying concentrations.
Xylem filters were most susceptible to fouling by humic acids (present in decomposed organic
matter) followed by particulates (dust) (Figure 4-8). By contrast, tannic acid did not impact
filter capacity significantly, demonstrating that the filters have a low susceptibility for fouling

with small, homogeneous organic molecules.
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Figure 4-8: Filter capacity is most susceptible to humic acid, followed by dust and tannic acid (1 cm diameter,
0.375-inch thick Eastern white pine filters operated under 1 m gravity head; n=3, mean+s.d.) (see Method
M12 in Appendix A for experiment details). In (a), either humic acid or tannic acid is added to water. In
(b), water contains 70 mg/L dust or no dust in either 15 mg/L humic acid or tannic acid.

Fouling is a well-researched topic in membrane filtration and several fouling models have
been developed to understand the nature of interaction between the foulants and membrane
surface and aid membrane design, operation, and fouling control [58]. To model the fouling
mechanisms in xylem filters, three different mechanisms that are conventionally used to

model fouling in micro- and ultra-filtration membranes were considered [58]:

1. Complete blocking model: In the complete blocking model, each foulant particle
blocks a pore completely without depositing over previously deposited particles. The number

of open pores, p, therefore decreases linearly with the filtrate volume, V', as follows [58]:
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P=Dpo— PV

where, pg is the number of initially open pores in the filter, and p,, is the number density
of foulant particles per unit volume of the feed. As the flux through the filters is directly

proportional to the number of open pores, the expression above can be written as follows:

J=Jo(1—-KuV)

where, J and Jy represent the flux through filter in the fouled and initial state, respec-

tively, and K, is called the blocking constant for the complete blocking model.

2. Intermediate blocking model: Here, the foulant particles deposit directly on the
pores blocking them completely, or land on previously deposited foulant particles [58]. The

number of open pores therefore decays exponentially with the filtered volume [59]:

p= poe(_KibV)

where, K is the intermediate blocking constant. The flux can be written as follows:

J = Joe(_KibV)

3. Cake filtration model: In cake filtration, the foulant particles deposit on the pores
forming a permeable cake. The hydraulic resistance of this cake layer is in series with the
resistance of the pores and increases linearly with the amount of foulant deposited (and
hence with the filtered volume). The total resistance of each pore, R is then represented by

the following equation:

V V
R = Rpore + Rcake = Rpore +r—= Rpm"e(]- + - _) = Rpore<]- + chv)
Do Rpore Po

where, R, is the resistance of the pores in the absence of fouling, R q. is the resistance
of the cake layer, and r is the resistance added by foulant deposition on the pore per unit

volume of fluid filtered. The flux, J, can then be written as follows:
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where, AP is the pressure difference applied across the filter.

Of the three models, the intermediate fouling model provided the best fit to experimental
data for Challenge Test Water and General Test Water (Figure 4-9a-c). The models differed
primarily near the filters’ end-of-life, where the permeance gradually tailed-off in alignment
with the intermediate blocking model whereas the complete blocking model predicted a much
sharper, linear decline in permeance to zero, and the predictions of cake filtration model
overshot experimentally observed values. The intermediate fouling model has commonly
been used to represent the fouling of polymeric micro/ultrafiltration membranes by biological
and organic contaminants [60, 61, 62, 63]. In this model, foulant particles deposit randomly
on the pit membranes and result in exponential decrease in permeance. SEM images of
partially fouled filters were in agreement with this fouling mechanism (Figure 4-9d). The
fouling model helps predict the change in filter permeance with time for a given contaminant
load; consequently, it can be used for estimating volumetric capacity, filter lifetime, and

replacement frequency for different water qualities.

4.5.3 Pre-filtration methods for mitigating fouling

Knowledge that humic acid and dust particles adversely impact filter performance offers
the possibility of mitigating their impact through approaches ranging from pre-treatment
of water to chemical modification of xylem. To keep filter manufacturing simple and inex-
pensive, and accommodate variations in contaminant type and load, pre-treatment methods
that can be easily integrated in-line with xylem filters when the water quality is poor were
explored. Specifically, cloth pre-filtration and granular activated carbon (GAC) adsorption
were invetsigated to reduce the load of dust and humic acid respectively [64]. Both these
methods have been commonly used for household water treatment, but have limited efficacy

in removing bacterial or viral pathogens from water |65, 66].

43



0.004

= RZ:09626|] Re:0se%6| RP:0938| § 0004[ Re:oors|[ R:09261|[ RE09720| §
s 0.003 = — g T 0003}, 1% I g
g 0907 o E ° £ ooof . e o E
“w, . T o Lk L P R
S 0001— | e e, g “E 0001t e T T | B 2
S | Peefl | ot ] ™| g S o000l = | S
< 0 05 10 00 05 10 00 02 04 06 ¥ £ 00 05 10 0005 10 00020406 §
§ 00— 57575 - B @ g 003 ®
g :0. . R*:0.9201 R®:0.9194 % ! R2:09728 R2:0.9902 | R2:0.9228 e
g 0.02 2, — N 8 T 002 l.i N ™ ]
= . EN = Q 3 ,3‘ Mo 8
D | 2 L e L Ne 8 E ‘e = *, ﬁ'
o 0.1 .-.:;_\ .;\ oo E ] 0.01 \\ L ‘."‘n ». 2
M N W AN = ey | I SN | TN |-
0 1 2 30 1 2 30 1 2 3 & 0% 301 2 301 2 3 &
Vol. filtered (Licm?) Volume filtered (L/cm?)
c d.
0.004
. R?:08808|[  R2:0.9152 RZ:09321] 2
© 0.003f o — 5
o A 5
5 D00 S s [t E s
E oo e |- NN, -, ﬁ'
g = I
5 0 05 1.0 00 05 1.0 0.0 0.2 0.4 06 §
~ =
8 00 oo . RE:09%6 Re:05269) §
8 o0z -, — 3
5 001 %, g
o 001 — e e
o \‘--. *"a-»‘_ g E
[ =]l | [SSL| | | .&| &
0 1 2 30 1 2 30 1 2 3 &

Vol. filtered (L/cm?)

Figure 4-9: Fouling mechanisms in xylem filters a-c.Complete blocking model (a), intermediate fouling
model (b) and cake filtration model (c) fits (dashed lines) to experimentally observed variation of permeance
with volume filtered (symbols) for CTW (red) and GTW (blue). Each graph corresponds to measurements
with a single filter. All measurement were performed under 1 m gravitational head with eastern white
pine filters (1 cm diameter, 0.375 inch thickness) except for plot (vi) where a ginkgo filter (4 cm diameter,
0.375 inch thickness) was used.d.Schematic illustrating the deposition of foulant particles (red) on the pit
membrane in the intermediate fouling model, which is consistent with foulant deposition observed by SEM
in a partially-fouled ginkgo filter. Scale bar, 1 pm.

Design of GAC column

GAC is a porous carbon-based material that removes contaminants (organic, as well as
some inorganic compounds) by adsorption [67, 64]. GAC is commonly used in municipal
wastewater treatment plants as well as in household drinking water treatment |67, 64]. The
efficacy of contaminant removal depends on a) the carbon source, which determines the pore
size and specific area and thus, the types of contaminant that can be removed, b) the size
of GAC granules, which governs adsorption kinetics, and c) the contact time of feed water

with GAC, which determines the time available for adsorption to take place [64].

To design an effective GAC pre-filtration column, the adsorption characteristics of dif-
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ferent commercially available GACs were investigated using humic acid as a model organic
contaminant. Coal-based and coconut shell-based GACs with grain sizes of 0.6-2.4 mm,
0.4-1.7 mm, and 0.4-0.6 mm (characterized by sieving meshes of size 8x30, 12x40, and
30x40 respectively; 8x30 denotes granule sizes that pass through a mesh of size 8 but not
through a mesh of size 30) were studied. GAC granules were packed in a 5 cm diameter,
15 c¢m long cylindrical pre-filtration column and humic acid removal from DI water at the
same alkalinity and salinity as CTW was measured for different empty bed contact times
(time for which the water is nominally in contact with the GAC; calculated by dividing the
volume of the column by flow rate). Coal-based GAC was able to adsorb more humic acid
for the same contact time than coconut shell-based GAC, and grains with a mesh size of
30x40 showed 20x faster adsorption than those with a mesh size of 12x40 (Figure 4-10).
Based on these results, coal-based GAC column (5 cm diameter, 15 cm length) consisting
of 30x40 granules that could be operated at flow rates of ~2 L/h (flow rates controlled by
a valve) was designed to reduce humic acid concentration in CTW by 95% (corresponds to

concentration <1 mg/L) (details on cost and replacement frequency of GAC are provided in

Section 5.4.
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Figure 4-10: Humic acid removal by coconut shell-based and coal-based GAC.

Effect of pre-filtration on filter performance

When used in conjunction with cloth pre-filtration, the GAC column improved the perfor-
mance of xylem filter with CTW significantly (Figure 4-11a); on average, capacity and flow
rates increased by a factor of ~3x and 5x respectively.

In practice, pre-filtration is not essential for operation of the filter; it is an option which,

in conjunction with water quality, determines the flow characteristics. The decision whether
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Figure 4-11: Effect of pre-filtration on filter performance. a. Pre-treatment with cloth and GAC improves
the peak flow rates and volumetric capacity of ginkgo filters with GTW and CTW at 1 m gravity head.
Each data point represents a single measurement. Inset shows mean+s.d. of the volumetric capacity. b-d.
Variation of flow rate with volume filtered for 4 ¢cm diameter, 0.375-inch thick ginkgo filters for GTW (b),
CTW (c) and CTW with cloth and GAC pre-filtration (d). Different colors denote different filters.

to incorporate pre-treatment and the choice of pre-treatment would be governed by the
tradeoff between the added convenience of longer filter lifetime or lower filter replacement
frequency, cost, and the complication of an added replaceable component, plus the need
to remove any chemical contaminants that may be present in the water. The replacement
frequency of the cloth or the GAC module would vary depending on the type of cloth/GAC
used, configuration of GAC module, and water quality. While the cloth pre-filter could be
washed or replaced once it is dirty, the GAC might need replacement once every few months
(1.5-6 months; see for estimates on GAC replacement frequency). The reduced lifetime or
slower flow rates even with newly-replaced xylem filters could be used as an indicator for

pre-filtration module replacement.
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In summary, these studies demonstrate that xylem filters offer promise for practical
translation. Filters made from Ginkgo biloba (ginkgo) with an area of 13 cm? (4 cm diameter)
using the fabrication protocol shown in Figure 4-6a, operated under a 1 m gravity head could
a) process ~551+21 L of GTW without pre-filtration and 2843 L of CTW with GAC and cloth
pre-filtration, which is more than sufficient to meet the daily drinking water requirement of
a household, b) yield peak flow rates of 1.5-9 L/h depending on water quality (see Figure
4-11b-c for variation of flow rates over filter lifetime), c¢) reject 99.76+£0.25% of 1 pm particles.

4.5.4 Effect of fouling on rejection performance of filters

Deposition of foulants on the pit membranes over the course of filter operation is likely to
further improve rejection. Ginkgo biloba filters rejected 94.01+3.31% of 100 nm particles,
and the deposition of merely 0.13 mg of foulant (humic acid) per cubic centimeter of the

filter volume improved the rejection to 98.73++0.41%.

4.6 Microbiological performance of xylem filters

To assess the potential health impact of xylem filters and their effectiveness in reducing the
risk of diarrheal diseases, the filters’ ability to remove E. coli, MS-2 phage, and rotavirus (the
single largest causal organism of diarrhea [25]) from water was tested. Xylem filters (4 cm
diameter, 0.375 inch thickness, stored for 2 years, no pre-filtration) made from ginkgo were
operated under a 1.2 m gravity head with General Test Water containing WHO-prescribed
concentrations of E. coli (~ 10° CFU/mL) and MS-2 phage (~ 10° CFU/mL) [57] and
NSF-prescribed concentrations of rotavirus (~ 10* PFU/mL) [68]. E. coli and MS-2 phage
were dosed simultaneously in the same test solution while rotavirus removal was tested
separately. The bacterial and virus removal was tested at the start of filter operation and
when permeance declined to 75%, 50%, and 25% of the initial value. After the first sampling
point at the start of filter operation, dust was added to the test solution to accelerate clogging
[69, 57| (refer to Methods section M20 in Appendix A for further details on test procedure).
The filters showed >4-log removal of rotavirus and >3-log removal of E. coli and MS-2 phage

(Figure 4-12, data provided in Table 4.2 and 4.3).
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With such rejection performance, xylem filters would fall under the ‘comprehensive pro-
tection (high pathogen removal)’ category (xx) as per the WHO scheme for classifying water
treatment technologies (Table 4.4) [57]. Since the virus particles are smaller than the ex-
pected pore size of the filters (MS-2 phage and rotavirus are 24 nm [57] and 70 nm [70] in
diameter respectively, while the pore size is 100-500 nm [23]), the results suggest that the
mechanism of virus removal is likely to be adsorption-driven. Virions can adsorb on cellulose-
based materials [71], with cellulose nitrate reported to remove virions that are much smaller
than the filter pore size [72]. It is possible that the relatively slow flow rate and the large

thickness of xylem filters facilitates adsorption and removal of viruses.
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Figure 4-12: Microbial removal performance of xylem filters (ginkgo, 4 cm diameter, 0.375 inch thickness, no
pre-filtration) when operated under 1.2 m gravity head with General Test Water containing E. coli (~ 10°
CFU/mL) and MS-2 phage (~ 10° PFU/mL) dosed simultaneously, or rotavirus (~ 10> PFU/mL). Rejection
was measured at the start of filter operation and when permeance dropped to 75%, 50%, and 25% of initial
permeance (see Method M20 for further details). Different symbols indicate different filters.
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Table 4.2: Rejection performance with microbial contaminants

E.coli rejection

Sample point

Influent conc.

Effluent conc. (CFU/L)

Log removal

(CFU/L) I II I I 11 111
Start 3.60 x 10° 1.02 x 106 | 2.40 x 10° | 3.65 x 10° | 3.548 | 4.177 | 3.995
75% permeance | 3.85 x 10° 2.14 x 10% | 3.10 x 10° | 2.60 x 10° | 3.256 | 3.095 | 4.171
50% permeance | 4.10 x 10° 3.50 x 10° | 4.80 x 10° | 1.45 x 10 | 4.069 | 3.932 | 3.452
25% permeance | 5.20 x 10° 4.20 x 10° | 5.60 x 10° | 2.70 x 10°> | 4.093 | 3.968 | 4.285

MS-2 phage rejection

Sample point

Influent conc.

Effluent conc. (CFU/L)

Log removal

(CFU/L) I II 111 I 11 111
Start 4.25 x 108 2.52 x 10° | 3.78 x 10° | 1.87 x 10° | 3.227 | 3.051 | 3.357
75% permeance | 5.30 x 108 1.88 x 10° | 4.56 x 10* | 2.45 x 10° | 3.451 | 4.066 | 3.336
50% permeance | 6.22 x 108 2.40 x 10° | 2.60 x 10* | 3.86 x 10* | 3.414 | 4.379 | 4.208
25% permeance | 3.52 x 102 3.65 x 10* | 1.96 x 10* | 4.56 x 10* | 3.985 | 4.255 | 3.888

Rotavirus rejection

Sample point

Influent conc.

Effluent conc. (CFU/L)

Log removal

(CFU/L) I 11 111 I II 111
Start 1.03 x 107 1.00 x 102 | 1.50 x 10% | 1.70 x 10% | 5.011 | 4.835 | 4.781
75% permeance | 1.03 x 107 2.50 x 102 | 3.20 x 102 | 3.40 x 10® | 4.613 | 4.506 | 4.48
50% permeance | 1.02 x 107 5.00 x 102 | 6.70 x 102 | 7.50 x 10%> | 4.308 | 4.181 | 4.132
25% permeance | 1.02 x 107 7.50 x 102 | 8.50 x 102 | 9.20 x 10% | 4.132 | 4.078 | 4.044

Table 4.3: Flow rates corresponding to different sampling points for rejection experiments.

Flow rates (mL/min)
Sample point E. coli and MS-2 Rotavirus
I II 11 I I 11
Start 24.5 25.0 26.0 25.0 26.0 26.0
75% permeance 18.4 18.8 19.5 18.8 19.5 19.5
50% permeance 12.3 12.5 13.0 12.5 13.0 13
25% permeance 6.1 6.3 6.5 6.3 6.5 6.5
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Table 4.4: WHO scheme for classification of household water treatment technologies

Performance Logyo reduction required Interpretation (with correct,
ClaSSiﬁcatiOn Bacteria Virus Protozoa COnSiStent use)

>4 > >4 . .
il = 25 = Comprehensive protection
* % >2 >3 >2
N Meets at least 2-star criteria for Targeted protection

two classes of pathogens

Fails to meet WHO Little or no protection

performance criteria

4.7 Summary of findings

The material and operational characteristics of xylem as a water filtration membrane were
studied and methods to engineer xylem filters’ functional attributes for practical applications
were developed. Xylem filters (fresh as well as ethanol-dried) were found to have comparable
permeance to commercial membranes with equivalent pore size. These filters had a unique
tendency of self-blocking, which arose due to the dissolution of loose hemicellulose fibers and
their convective re-deposition on the pit membranes. Soaking filters in hot water for an hour
was found to be effective in mitigating self-blocking. With regards to external contaminants,
xylem filters were found to be most susceptible to fouling by humic acid and dust. Pre-
filters made of granular activated carbon and dust helped improve the performance of xylem
filters in the presence of these foulants. Xylem filters, treated by hot water soaking and
ethanol-drying, were able to achieve >3-log rejection of E. coli and MS-2 phage and >4-log
removal of rotavirus. With this rejection performance, xylem filters would fall under the

2-star category of WHO’s scheme of household water treatment technologies.
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Chapter 5

Technology translation

We assessed filter performance in the field, developed a functional prototype device through
user-centric design, and examined aspects of social acceptance and user preferences to gauge

the potential of xylem filters to lower existing barriers for HWT adoption.

5.1 Validation of filter performance with natural water

sources

To assess the ability of xylem filters to function with natural water and facilitate access to
safe drinking water in resource-constrained settings, field studies were conducted in India.
India has the highest water-borne illness mortality rate in the world with more than 160
million people lacking access to safe and reliable water [25, 73]. In particular, low-income
communities in urban slums (Delhi and Bangalore) and rural villages (Uttarakhand) were
targeted. Xylem filters made from gingko trees in US and those manufactured in India with
indigenous Pinus rozburghii (chir pine) using local resources for all fabrication steps such
as cutting, hot water soaking, and dry preservation, were tested with water from natural
springs, municipal taps, and tubewells (groundwater) (which were the primary sources of
drinking water in Uttarakhand, Delhi and Bangalore respectively; see Table 5.1 for water
quality information).

Xylem filters with 4 cm diameter mounted by simply clamping the xylem filters in a
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filtrate

Cloth + GAC ~ Cloth
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Figure 5-1: Field tests in India. a. Field set-up for testing filter performance. b. Tap water sample (New
Delhi, India) used for testing. c. Xylem filters used with GAC show reduced deposits after filtration with
tap water. Scale bar, 4 cm.

tube (Figure 5-1) and operated under 1 m gravity head yielded peak flow rates exceeding
1 L/h and filtration capacities exceeding 10 L in most cases, with either cloth pre-filtration
or cloth and GAC pre-filtration (Figure 5-2 a,b,d-g). With cloth pre-filtration, xylem filter
capacity ranged from ~40 L with groundwater to 12-30 L with turbid tap water. The
benefits of adding a GAC pre-filtration module varied with water quality; GAC improved
filter capacity from 38 L to 102 L with groundwater and yielded a capacity of ~30 L with
spring water, but did not improve xylem filter performance with tap water. No total or fecal
coliform bacteria were detected in the filtrate for 5 out of the 6 xylem filters tested (3 filters
operated with GAC and 3 filters operated without GAC) (Figure 5-2¢, 5-3). These results
confirmed that xylem filters could remove coliform bacteria and function in realistic settings

with replacement on a daily to weekly basis depending on the operating conditions.
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Table 5.1: Water quality parameters for field tests

Parameter Water Source Desirable Permissible | Standard
Test Limit | limit (BIS) | test
(BIS) method
Spring A (Ut- | Ground- Municipal
tarakhand) water tap water
(Delhi) (Delhi)
pH 8.03 6.5-8.5 No relax- | IS 3025
ation (Part 11,
2002)
Total Dissolved | 49.1 500 2000 IS 3025
Solids (TDS), (Part 16,
mg/L 2006)
Turbidity (NTU) 5.02 <2 1 5 IS 3025
(Part 10,
2006)
Total alkalinity (as | 50 200 600 IS 3025
CaCO3), mg/L (Part 23,
2003)
Total hardness (as | 40 200 600 IS 3025
CaCO3), mg/L (Part 21,
2002)
Fluoride, mg/L 0.9 1 1.5 APHA
22nd Ed.-
4500-F-D
Nitrate, mg/L 0.5 45 No relax- | APHA
ation 22nd
Ed.-4500-
NO3-B
Sulfate, mg/L Not detected 200 400 APHA
22nd
Ed.-4500-
SO42-E
Residual free chlo- | Not detected 0.2 1 APHA
rine, mg/L 22nd  Ed.-
4500-CI-G
Taste Agreeable Agreeable Agreeable APHA
22nd Ed.-
2160-C
Color Not detected 1 5 APHA
22nd  Ed.-
2120-C
Conductivity, 81.3 - - APHA
uS/cm 22nd  Ed.-
2510-B
Chloride, mg/L 8.3 250 1000 APHA
22nd  Ed.-
4500-C1-B
Iron (as Fe), mg/L | 0.5 0.3 No relax- | APHA
ation 22nd Ed.-
3500-Fe-B
COD 246.01 7.71 IS 3025
(Part 58)
Associated figures Figure 5-2a,d Figure Figure
5-2a,e 5-2¢,f,g

Spring A is depicted by a red circle in Figure 5-2a,d. Water quality data for Spring B (Bhainswari village, Uttarakhand)

denoted by the orange circle in Fig. 5f is unavailable. Data for Figure 5-3 was obtained

using the water from Spring A (Kith, Uttarakhand) but water quality parameters other than fecal and

using the water from Spring A (total coliform were not tested when the experiments were conducted.
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Figure 5-2: Xylem filter performance with natural water sources. a-c. Chir pine and ginkgo filters show peak
flow rates and capacity exceeding 1 L/h and 10 L, respectively, indicated by dashed lines in a and b, and
absence of coliform in the filtered water. Legend is shown at the top. In ¢, chir pine and ginkgo filters were
used for tap water and groundwater studies, respectively. d-g. Variation of flow rate with capacity for (d)
chir pine filters with water from two natural springs in Uttarakhand, with cloth + GAC pre-filtration (e) chir
pine filters with groundwater (obtained from tubewells) in Delhi with cloth and cloth + GAC pre-filtration,
(f) ginkgo filters with municipal tap water in urban slums in Delhi with cloth pre-filtration, and (g) ginkgo
filters with municipal tap water in urban slums in Delhi with cloth + GAC pre-filtration. Data is reported
with 4 cm diameter, 0.375-inch thick filters processed using hot water soaking and ethanol treatment and
operated under 1 m gravity head (see Method M15 in Appendix A for details on field testing of filters).
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Figure 5-3: Microbiological performance of ethanol-preserved xylem filters a-c. Removal of coliform bacteria
by ethanol-preserved xylem filters (1 cm diameter, 0.25 inch thickness) operated under 1 m gravity head

with water from a natural spring in Kith village, Uttarakhand. Filters were made from a) Eastern white
pine, b) ginkgo and c) chir pine.
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5.2 Design of xylem filtration devices

Analogous to other membrane filters, xylem filters have to be housed in a device for HW'T.
A wide range of device configurations could be designed to suit different use cases, water
quality, resources available, and user preferences. As an illustrative example, a functional,
first-generation device prototype was built based on the feedback gathered from potential
users on preferences for household water treatment and response to xylem filters (user studies

were conducted in collaboration with MIT D-Lab).

5.2.1 Findings from user studies and literature on design of point-

of-use devices

The criteria for practically useful water filters were formulated based on existing literature on
design of point-of-use water treatment devices [44] and user research studies in the rural vil-
lages of Uttarakhand state and urban slums of New Delhi and Bengaluru in India conducted
over a period of two years in collaboration with D-Lab. These studies involved interac-
tions with over 1000 potential users, water filter manufacturers, and NGOs (Himmotthan,
Essmart, Pan-Himalayan Grassroots, Shramyog, Peoples Science Institute) that distribute
water filters through semi-structured/key informant interviews, focus group discussions, and
design workshops. The key findings from literature and user studies have been summarized

below:

1. Although targets for microbiological performance of water filters and minimum flow
rates for practical use of water filters have been well-documented in literature [74, 75|,
filter lifetimes are relatively non-standardized and vary from 3-6 months for membrane-
based filter cartridges to 1-2 years for ceramic filters |76, 77, 78, 79, 80, 81, 82, 83,
84]. Since xylem filters (in their present form) have a finite lifetime and require daily
to weekly replacement that is very different from existing water treatment products,
literature reports were not helpful in assessing user reception or setting filter lifetime
targets for xylem filters. Consequently, we relied on data gathered from user studies

(focus group discussions and individual household interviews) in India for developing
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a target filter lifetime. The preferred filter replacement frequency was found to be
closely tied to other product attributes such as cost, ease of filter replacement, ease
of availability of replacements, etc., but a minimum lifetime of one day was found to
be critical for uptake. The filter capacity was thus determined based on a daily filter
replacement frequency and estimates on the daily drinking water need for an average
household. An average household in low-income countries of Asia and Africa comprises
4-5 members [85]. Given a recommended daily water intake for an individual of 2-3.5
L [86], the drinking water requirement for such households is 8-17 L per day. Xylem
filters operated overnight (8-10 h) could meet this requirement if they have flow rates
of at least 1-2 L/h; this flow rate is also the minimum useful flow rate reported in

literature [75].

2. Household water treatment systems in resource-constrained areas should preferably
be independent of electricity or tap pressure [44], which makes gravity-driven devices
well-suited for such settings. The water head in these devices should be sufficient to
achieve the desired flow rate, but not so high that it is inconvenient for users to fill the
device with untreated water. 79 of the 100 participants in the user interviews reported

that they would be comfortable with a total device height of 0.9-1 m.

3. Potential users in villages as well as slums mentioned that the natural appeal and the
simplicity of xylem filters distinguished them from other products in the market. 40%
of the 300 respondents cited these as the primary attributes they liked about xylem

filter devices.

4. Consistent with literature [87, 88|, preliminary interactions with low-income households
suggested that they prefer cheaper, frequent replacements to more expensive, long-
term replacements. Of the 120 respondents in the urban slums of New Delhi, 50-60%
reported an average household spending of $3 (INR 200) per week for purchasing
reverse osmosis water cans and strongly indicated a willingness to switch to cheaper

devices if they are available.

5. Users cited aesthetic appeal, ease of usage, and availability of devices at local shops as
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key factors for adoption of water filters.

6. Co-design workshops and interviews were conducted to identify holder designs that
enable easy replacement of filter cartridges and are simple to use. Four different holder
designs were tested (prototypes developed in collaboration with MIT D-Lab): a) a
holder for rectangular filters with an O-ring-based face-seal mechanism and side latch
for clamping the filter in place (Figure 5-4a), b) a holder for circular filters with a
union design comprising of three parts: a lower part for filter insertion, an upper part
that connects to tubing and water reservoir from one end and face-seals against the
filter using an O-ring insert on the other, and a sleeve that couples the upper and
lower parts; this design allows for rotation of the lower part for inserting/removing
the filter cartridge while maintaining the upper part and the associated tubing in a
stationary position (Figure 5-4b) and prevents tube twisting, c¢) a holder for circular
filters comprising of a plastic tubing for filter insertion and a hose clamp that seals
against the sides of the filter; this mechanism enables utilization of the entire filter
surface area (Figure 5-4c), d) a two-part screw-on holder for circular filters where the
filter is inserted into the lower part, and both parts containing O-rings inserts thread
onto one another to face seal against the filter (Figure 5-4d). Of the different holder
mechanisms tested with 175 potential users, 64% of the respondents preferred the

screw-on mechanism to other designs due to its relative ease of usage.

5.2.2 Design of xylem-filtration of device prototype for household

water treatment

Product attributes desired by users revealed through these field studies included: a) ease of
operation (filling and extracting water from the device, replacement of filter cartridge, etc.),
b) low cost, and c) aesthetic appeal. Combining these inputs with existing guidelines for
fabricating household water filters [44], a device consisting of the following components was

developed:

o Top container for feed water

o Screw-on holder that incorporates xylem filter and allows for easy replacement
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Holder with a side clamp

Holder with a union mechanism Holder with a hose clamp mechanism Holder with screw-on mechanism

Figure 5-4: Holder configurations. a-d. Different filter holder mechanisms tested with users. These include
a holder with a latch on the side, a holder with a three-part union mechanism, a holder with a hose clamp
for sealing the filter from the side and holder with a screw-on mechanism where the upper and lower parts
thread together. Scale bar, 4 cm

o A bottom receptacle with a dispenser to extract filtered water and a cover to minimize

the risk of re-contamination

The device height was optimized such that users could fill the water in the top receptacle
conveniently and the water head was sufficient to yield adequate flow rates (Figure 5-ba-
¢). Some challenges encountered during device design included obtaining a leak-proof seal
between the holder and xylem filter due to irregularities on the wood surface, and preventing
air entrapment in the tubing and filter holder that could obstruct flow. These challenges
were overcome by cutting the wood at high speeds using a cold saw to obtain a smooth
surface finish, using O-rings with appropriate compliance to conform to the wood surface,
proper sizing of tubing and connectors to avoid bubble entrapment, and providing a vent
in the holder for releasing any trapped air. This device showed 99.764+0.41% rejection of
1 pm particles in lab studies and filtered 10 L of tap water in Delhi at flow rates >1 L/h
(Figure 5-5d). Flow rates can be improved further by clamping the filter on the side instead
of the face, which prevents complete utilization of the peripheral filter cross-sectional area

containing the xylem (the effective filtration area in the device was 7 cm?.

A list of resources required for filter fabrication in low-resource settings is provided in

Table 5.2.
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Table 5.2: Resource requirement for fabricating xylem filters and filtration devices

Task ‘ Resources needed
Xylem filter cartridge
Extraction of | A pruner or sickle could be used for cutting branches. A chain saw might be used for cutting trunks.
branches

Peeling of bark

The bark in the branches can be usually peeled by hand. Gloves should be used to avoid contact with
resin. Band saws/hand saws might be needed for removing the bark from trunks.

Cutting the wood
to desired sizes

Wood can be cut using a band saw, cold saw or hand saw. The surface roughness of the filter will
vary with the equipment used. Smooth surfaces are required to prevent leaks while using filters with
a face seal holder (as shown in Figure 5-4d), but surface roughness might be a cause of lesser concern
when a side sealing mechanism is used (5-1a). To obtain a smooth surface, filters should be cut with
a cold saw.

Hot water treat-

ment

Clean (tap) water, vessels for soaking the filters in water, stove (gas/electric/induction) or just fuel
wood for heating the water to 60°C, and a thermometer for monitoring temperature.

Alcohol treatment

Certified, food-grade alcohol (methanol, ethanol, etc.) with >99% purity and alcohol-compatible
vessels for soaking the filters. The level of residual alcohol in dried filters should be maintained within
the permissible limits for human consumption as prescribed by food safety standards [50].

Drying

Filters could be dried at room/ambient temperatures of 25—40 °C or using an oven.

Filtration device (The table below enlists the resource requirement for the filter designs depicted in Figure 5-5a-c. Although
these device were fabricated in the US, they are amenable to local manufacture in India. The containers, O-rings, valves,
tubing, dispenser and metal rods used in the device are commonly available items and can be sourced locally. The processes
necessary for device fabrication (cutting, drilling, injection molding, etc.) are also well-established in the manufacturing
industry. The device design could also be tuned as per the local availability of resources.

Storing unfiltered
water

Food-grade container with appropriate capacity should be used. In Figure 5-5a,b, the container

capacity is 5 L.

Providing gravita-
tional head

The container with the unfiltered water has to be placed at a suitable height to provide the gravitational
head to drive the water through the filter (lower head may be compensated for by larger filter area).
While this could be achieved in different ways, a mechanisms have been illustrated in Figure 5-5a,b,
where the container is placed on a sturdy stand. Food-grade tubing is needed to connect the container
at the top to the filter holder.

Holding the filter
in the device

Potential users in India highly preferred a holder with a screw-on mechanism (shown in Figure 5-5a-
c). The particular holder, designed for 5 cm diameter, 0.375-inch thick filters, was machined from
High Density Polypropylene, but the design is amenable to mass manufacture using injection molding.
The key criteria that determine the successful functioning of the holder include: a) An O-ring of
appropriate hardness, such that it conforms to the wood surface to seal it effectively. For the holder
in Figure5-5a,b, silicone O-rings with a shore hardness of 70 (procured from The Hope Group in
Massachusetts, USA) were used. b) Appropriate depth and width of the O-ring grooves is critical.
Excessively deep grooves compromise the ability of the O-ring to conform to the wood surface, while
shallow grooves may cause the O-ring to fall out, making user handling difficult. Further, O-rings
that are smaller than the holder diameter reduce the effective cross-section area available for filtration
(while accommodating a larger size range of filters), but larger O-rings increase the chance of leakage
(when variations in filter shape cause the O-ring to sit on or beyond the filter edge). For the holder in
Figure 5-5a,b, the depth and width of the O-rings was 76% and 124% of their thickness respectively
(conventional design values are 80% and 120%) and the O-ring diameter was 25% smaller than that
of the nominal diameter of the filter (as shown in the inset in Figure 5-5d). The inner diameter of
the holder was 4.3 cm and the O-ring was designed to seal a filter with a diameter 4 cm or more.
¢) Preventing entrapment of air bubbles. Air trapped in the tubes and connectors can disrupt water
flow. Using tubes and connectors with sufficiently large diameters and avoiding narrow constrictions
in the flow pathway can avoid trapping of air. In Figure 5-5a,b, 0.25 inch diameter tubes and the
connectors were used, and a vent consisting of a small hole plugged with an insert made of styrene
butadiene rubber (SBR) procured from McMaster Carr (part number 9545K38) was also provided to
release any air trapped within the holder.

Controlling water
flow from the top
container

A valve may be used between the top container and the filter, such that users can turn off the water
supply when the device is not in use or while replacing the xylem filter cartridge.

Storing the filtered
water

Food-grade container with appropriate capacity and a lid to prevent re-contamination should be used.
The container should also have a dispenser to access the filtered water. This container should be
placed at a height of at least 10-15 cm above the floor such that glasses, bottles, or other utensils can
be placed below the dispenser.

Filter stand

The filter stand in Figure 5-5a was fabricated using 0.25-inch thick aluminum angle rods (90°). How-
ever, stands could be fabricated in several other ways.
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Figure 5-5: Xylem-based filtration device prototype. a-c. Device prototype and its components. b. Device
prototype with which lab-based rejection tests and field-based capacity and flow rate tests were conducted.
d. Device flow rate with tap water in New Delhi and rejection of 1 ym particles measured in the laboratory
are consistent with prior characterization of xylem filters. Filters were made from ginkgo of 4 cm diameter
and 0.375 inch thickness.

5.2.3 Xylem filters for emergency use

During disasters and emergency situations such as floods, disease outbreaks, contamina-
tion of public water supply network, etc., access to safe drinking water is a major cause of
concern. Some common methods employed to provide safe drinking water to the affected
population under such situations include distribution of bottled/packaged water procured
from government agencies or commercial vendors, delivering water through water tankers,
using neighboring water systems and using water treatment systems at point-of-entry or
point-of-use [89]. Point-of-use, household water treatment (HWT) methods can be useful
during the acute phase of an emergency when responders cannot reach the affected pop-
ulation and in the recovery phase when longer term solutions are still under development
[90]. Effective use of HWT treatment methods, including water filtration, has been shown to
effectively reduce the incidence of water-borne diseases during emergencies [90]. Examples

of studies where filtration methods were evaluated during emergencies include the following:
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use of ceramic filters after the 2004 tsunami in Sri Lanka [91] and 2003 floods in Dominican
Republic [92], distribution of ceramic/biosand after the 2010 earthquake in Haiti |93, 94|,
and use of membrane/ceramic filters during an emergency in Pakistan in 2007 [95]. The key
learnings from these studies, in conjunction with guidelines enlisted in the Sphere handbook
(the primary reference tool for NGOs, UN agencies, and governments to respond to emer-
gencies and disasters) that can help guide filter design and its implementation for emergency
use include the following: a) the device should be able to meet minimum drinking water
requirement for survival, which is 2.5-3 liters per person per day [96] and meet the minimum
drinking water quality requirements during emergencies (< 10 CFU/100 mL, turbidity < 5
NTU) [96], b) the target price for emergency filters can be benchmarked against reported
costs of filtration devices distributed during emergencies; during the 2003 floods in Domini-
can Republic, ceramic filters had an upfront cost of $15 (though they were distributed free
of charge) with $4.50 recurring cost every 6 months for candle replacement [92|, ¢) major
factors affecting HW'T usage rates amongst the affected population included quality of source
water, prior experience with using HW'T methods, need for training associated with device
use, availability of replacement parts, level of programmatic support, ease of portability of
device, and the living environment (usage rates varied between people living in permanent
shelters and those moving between temporary shelters)[91, 92, 93, 95, 97, 95|. Based on find-
ings presented in the manuscript, xylem filters could be designed to meet the performance
and cost targets specified above and due to their light weight, could be easy to transport and
distribute. Other factors which could affect product adoption such as user training, filter
lifetime, supply and distribution strategy, and user-perceived need for product would need

to be further investigated.

Figure 5-6 depicts a potential design for a xylem-based emergency used filter. It comprises
of two plastic bags heat sealed around the xylem filter; the plastic bags act as receptacles for
the feed and filtrate water respectively. Plastic containers have often been distributed for safe
water storage and bucket chlorination during disasters and emergencies [98, 99, 100, 101].
Several membrane filters designed for emergency use are available commercially [95, 102, 103],
and some of these are membranes are housed in a plastic bag/container [95, 103]. The

robustness and longevity of the plastic bags would depend on the use case; filters could
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be designed to last for a single use or for a few days, weeks or months with provisions for

cartridge replacement.

Plastic bags
y for unfiltered
J water

5

\ Xylem

filter

Plastic bags
for filtrate

A

Figure 5-6: Illustration of possible configuration of xylem-based emergency use filter

5.3 Factors affecting xylem filter adoption

Although performance is important to the success of any technology, its adoption by the tar-
get population is critical to achieve impact. In addition to lack of awareness, the adoption
of water treatment technologies in resource-constrained settings faces three main barriers:
access, affordability, and acceptance. Xylem filters could lower these barriers in the following
ways. First, the abundant availability of gymnosperms, local access to other raw materials
required for filter fabrication (primarily alcohol for dry preservation), simplicity of the manu-
facturing process, and open access to this technology (filter fabrication has not been patented
to facilitate adoption) could provide an opportunity for local manufacture of these filters,
making them more accessible to local communities (see Table 5.2 for a list of equipment that
can be used in low-resource settings). Due to their low weight (<10 g) and volume (~13
cm?), xylem filters could be shipped easily (even by post to remote locations) and stocked
in local shops to facilitate access. Second, preliminary cost estimation studies suggest that,
in comparison to conventional filter cartridges that cost USD 5-10 and require replacement
every 3-6 months, xylem filters could cost USD 0.06-0.10 and require replacement every 1-5
days with a comparable cost per liter water filtered (see Section 5.4 for cost estimation details
and Figure 5-7 for cost comparison with currently available commercial filters in India). Such

amortization of filter replacement costs could significantly lower the barrier to affordability
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for low-income households, where ‘pay-as-you-go’ or ‘buying less, but more often” model is
preferred over longer-term filter replacements [88]. In Indian urban slums where Reverse
Osmosis (RO) filtered water cans costing USD 0.28-0.56 per 20 L or government-operated
water booths which provide RO water at USD 0.06-0.10 per 20 L are the only options, xylem
filters could provide a viable HWT alternative for those who cannot afford or access these
options easily. They could also facilitate sustained usage of HWT amongst those who are
unable to purchase cans or fetch water from the booths on a regular basis to realize effective
health outcomes. Furthermore, it could offer the opportunity to involve local suppliers, e.g.,
in small stores in the daily distribution of filters. Finally, the traditional comfort associated
with using wood for fuels and utensils could facilitate the social acceptance of xylem filters.
During field studies, 40% of the 300 survey respondents cited natural appeal and simplicity
as the primary attributes they like about xylem filters, suggesting positive prospects for user

reception.

The need for frequent filter replacement creates the risk of lack of user compliance and
disruption of sustained usage, which could be exacerbated if pre-filtration units that require
replacement at a different frequency than the xylem filters are used. Technological and
product design improvements (such as engineering filters with longer lifetime, designing
holders for easy filter replacement) or supply-related solutions (such as filters being available
at stores that provide groceries or other regularly-purchased items) could help mitigate the
risk of disruption of sustained usage, whereas the decrease in flow rate of filters with time
mitigates the risk of lack of user compliance in replacing the filters. These efforts would
nevertheless have to be complemented with behavior change interventions. The motivators
for behavior change and thus, the nature of these interventions, would depend on the local
social, cultural and environmental characteristics, such as water quality (whether water has
visible coloration, odor or poor taste), perceived health risk associated with water quality,
education level of the population, etc. [104, 105, 106, 107, 108, 109, 28|. The influence of
these characteristics on HW'T adoption has been extensively studied in literature and this
knowledge, in addition to field studies with user groups, could be leveraged to facilitate

sustained adoption of xylem filters. [104, 105, 106, 107, 108, 109, 28].
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5.4 Estimation of xylem filter cost

Affordability is one of the major barriers impeding the major factor affecting the adoption of
HWT technologies amongst low-income communities. To understand whether xylem filters
could help lower this behavior, the cost of xylem filters was estimated.

The manufacturing costs of xylem filters (5 cm diameter and 0.375-inch thickness) are

divided into four categories: raw material, wood processing, packaging, and transportation.

1. Raw material: Globally, the typical price of commercial softwood ranges from USD
40-140 per cubic meter [110]. Assuming that a filter uses ~20 cm?® of wood, the cost of
wood required for fabricating a filter is 0.08-0.30 ¢. It is to be noted that the sapwood
used for making the filters is a waste by-product of the timber industry due to its low

mechanical strength and durability, and may be available at lower cost.

2. Processing: The processing of xylem filters involves cutting the wood into desired
sizes, soaking the filter in hot water, soaking the filters in alcohol and drying the filters.
Assuming that filters are fabricated in batches of 500, the cost estimates for each of

these steps has been provided below:

(a) Wood cutting cost: This comprises of three components:

o Equipment cost for cutting each filter calculated at a band saw cost of USD
900 [111, 112|, equipment lifetime of 5 years, duration of operation of 8
hours/day for 5 days a week, and a processing time of 10 s per filter: 0.03 ¢

o Utilities cost calculated for a band saw with a power rating of 1 kW [112] at
an electricity tariff of 10 ¢per kWh [113]: 0.03 ¢

o Labor cost calculated at USD 5 per day (cost based on field visits in India;
could vary with geography) and a processing time of 5 s per filter: 0.09 ¢

o Total wood cutting cost per filter: 0.15 ¢

(b) Hot water soaking:

o Cost of water calculated based on a water requirement of 0.5 L for every filter
(can be further optimized) and an average water tariff of USD 1.98 per cubic

meter [114]: 0.1 ¢
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o Cost of utilities for hot water treatment assuming a heat consumption of 100
kJ, gas stove energy efficiency of 10%, and charges of 8 ¢/h for a gas stove
with a standard capacity of 10,000 kJ/h: 0.8 ¢

o Labor cost assuming a labor charge of USD 5 per day and time requirement
of 3 s for handling: 0.05 ¢

o Total cost of hot water treatment: 0.95 ¢

(c) Alcohol treatment: While filters were manufactured primarily using ethanol
in this study, other alcohols like methanol and isopropanol may also be used.
Methanol is less expensive than ethanol. However, since methanol is toxic, ap-
propriate food safety standards should be consulted to determine the grade of
methanol that can be used, and the level of residual methanol in the dried filters
should be maintained within the permissible limits for human consumption as

prescribed by safety standards [50].

o Cost of methanol treatment calculated at as requirement of 0.1 L per filter
at a price of USD 0.6-1/kg : 5-8 ¢

o Labor charge for alcohol treatment estimated based on a labor charge of USD
5 per day and processing time of 3 s per filter: 0.05 ¢

o Cost of alcohol treatment for 1 filter: 5.05-8.05 ¢

o The cost for alcohol treatment can be substantially reduced if the alcohol is
reused /recycled. Compared to immersion in a single alcohol bath, the alcohol
consumption may be reduced by immersing the filters successively in multiple
alcohol baths of smaller volumes.

o Total processing cost: ~6-9 ¢

3. Packaging: Cost of packaging filters individually in heat-sealed HDPE (high density

polythene) pouches are estimated as follows:

o Cost of plastic required for packaging calculated using HDPE price of USD 2-5 /kg
[115], HDPE density of 930-970 kg/m? [116], plastic requirement of 1 cm® per
filter (200 cm? area, 50 ym thickness): 0.19-0.5¢

o Cost of heat-sealing the plastic around the filter calculated based on a cost esti-
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mate of USD 40 for the heat sealer [117|, equipment lifetime of 1 year, operation
duration of 8 h/day for 5 days a week and packaging time of 5 s per filter: 0.008
¢

o Labor cost for filter packaging estimated based on a labor wage of USD 5 per day
and processing time of 5 s per filter: 0.09 ¢

o Total packaging cost: 0.3-0.6 ¢

4. Transportation: Assuming no infrastructure for transportation, the filters can be sent
by post from the manufacturing location to the customer base. The postal charges for
sending filters as a package of 200 is 0.03-0.07 ¢(based on field visits in India, will vary
with geography).

The total estimated cost of the xylem filters is therefore 6.5-10 ¢(INR 4.5-7). As ev-
idenced by the performance studies on the field, the capacity of each filter could range
anywhere between 10-100 L, depending on the water quality and nature of pre-filtration.

If used, a cloth filter would add $1 to the cost (taken from report of surveys conducted
in India [66]) and could be washed or replaced once it is dirty.

The GAC needs replacement after its adsorption capacity is expended, the frequency of
which depends on the amount of GAC used, water quality, and adsorption capacity of the
GAC. A GAC column for pre-filtration is expected to cost USD 0.67-5 per 1000 L of water

filtered and require a replacement every 1.5-6 months based on the following estimates:

o Cost of coal-based GAC in a column measuring 5 cm in diameter, 15 cm length (as

described in Section 4.5.3) calculated using the following estimates:

— (In the US) Price and density of USD 7-10.5 per kg and 0.5 g/cm? respectively
for coal-based GAC [118]: USD 2-3

— (In India) Price and density of INR 100 per kg and 0.5 g/cm? respectively for
coal-based GAC [119]: INR 15

o Adsorption capacity of GAC for organic matter (estimated based on equilibrium ad-
sorption data for dissolved organic matter (DOM) and humic acids on coal-based GAC

(granule size 0.3-0.4 mm) reported in literature; input concentrations of DOM /humic
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acid were in the range of 5.5-12 mg/L; adsorption capacity of GAC was determined
based on the amount of humic acid adsorbed per unit mass of GAC at saturation, i.e.,
when the residual concentration in the treated solution equaled initial concentration
[120]): 30-100 mg (DOM or humic acid)/ g GAC

o Total amount of organic matter that can be adsorbed by a coal-based GAC column
with aforementioned dimensions: 4.5-12 g for DOM /humic acid

o Volumetric capacity of GAC column (total volume of water the GAC column can pro-
cess while effectively removing organic contaminants) estimated based on adsorption
capacity at different DOM /humic acid concentrations in water ranging from 5.5 mg/L
to 12 mg/L [120]: ~500 — 2000 L

o Cost of GAC column per 1000 liters of water: USD 0.5-3 or INR 0.008-0.03

o Replacement frequency of GAC columns assuming each household comprises of 4 mem-

bers, each consuming 3 L of drinking water per day [85, 86]: 1.5-6 months

The recurring (cartridge) cost of a xylem filter is compared with different commercial
filters in the Indian market in Figure 5-7. The rated capacity and the costs of filtration units
and replacement cartridges was obtained from product websites |77, 76, 78, 79, 80, 81, 83, 82|.
The cartridge cost was normalized by the rated capacity to obtain the cost per liter of filtered
water. The recurring cost for xylem filters was estimated using the above xylem filter cost
(INR 4.5-7). Cost of cartridge per liter water filtered was obtained by dividing the recurring
cost with the filter capacity for different water qualities. Capacity was estimated by using
the data presented for ginkgo filters in Figure 4-7, 4-11 to obtain the permeate filtered
per unit area for different water qualities and pre-filtration methods and then scaling the
permeate per unit area for filters with 5 cm diameter; capacity ranges and average values
for different scenarios have been specified in the legend. The average cartridge cost per liter
water filtered for each scenario was estimated by dividing the average filter price (INR 5.5)
with the corresponding average volumetric capacity. The cost of the GAC column was evenly

amortized across the cartridge replacement costs as follows:

o Assuming that the daily drinking water requirement for an average household is 8-17

L per day (as estimated in Section 5.2.1), the replacement frequency of the xylem filter
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cartridge was estimated for different water qualities based on the corresponding filter
capacity (as specified in the legend for Figure 5-7).

o The total number of xylem filter cartridge replacements required over the lifetime of
the GAC column (1.5-6 months) was estimated.

o The cost of the GAC column was evenly amortized across the total number of replace-

ments and added to the filter cartridge cost.
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Figure 5-7: Cost comparison of xylem filters with other commercial filters. a. Comparison with commercial
filters belonging to four major brands (denoted by different colors) in India shows the potential to offer
unprecedentedly low cartridge replacement cost for a comparable or lower cost of cartridge per liter water
filtered. Product names are included. b. Xylem filter cartridge cost per liter water filtered for CTW is greater
than that for GTW; use of cloth and Granular Activated Carbon (GAC) pre-filtration can reduce this cost
substantially for a marginal increase in recurring cost. Capacity ranges and average values corresponding
to different water qualities and pre-filtration methods have been specified in the legend and are based on
volumetric capacity measured for ginkgo filters in Figure 4-7 4-11 . The horizontal lines indicate average
estimated cartridge cost per liter (calculated as ratio of average filter price (INR 5.5) and average volumetric
capacity specified in the legend).

5.5 Environmental impact of creating xylem filters

Experiments conducted in the lab and the field suggest that xylem filter measuring 4 cm in
diameter and 0.375-inches in thickness can process >10 L of water when operated under a 1
meter gravity head and can cater to the minimum drinking water requirement of an average
household. Thus, the amount of wood needed to create a filter that can be used on a daily
basis is ~ 12 cm3. If 1 billion people use the filters on a daily basis, then the amount of
wood required to create 300 billion filters is ~ 3.6 x 10% m3. The volume of softwood traded

on an annual basis is ~ 100 x 10® m?® [110]. So the amount of wood needed for 1 billion
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people is 3.6%, which is a small fraction of the global softwood trade. It is to be noted that
xylem filters can be made from only the sapwood present in commercially traded timber and
not the heartwood. In addition to wood from trunks which is traded commercially, xylem
filters can also be made from tree branches that are discarded during the wood cutting
process. Further, cultivating trees specifically for the purpose of creating xylem filters might
be yet another option to sustainably produce them while minimizing environmental costs

[121, 122, 123).

5.6 Design guide for selecting tree species for making
xylem filters

To aid technology translation and the manufacture of xylem filters, a design guide for select-
ing tree species for making xylem filters has been provided below.

Gymnosperm xylem exhibits great morphological variability across and within species,
and even within the same tree. A description of how the filter performance (i.e., permeance
and rejection) may vary with the structural characteristics of the xylem is provided below.
Appendix B and C list these characteristics in detail [42, 43, 124, 125, 126, 127, 128, 22, 129,
130, 131, 132, 133, 134] and also provides information on geographic availability, pricing,

and decay resistance for a wide range of gymnosperms.

1. Flow rate: In general, for a given xylem structure without significant pit aspiration,
the flow rate is expected to be proportional to sapwood area and driving pressure,
and inversely proportional to filter thickness. In the absence of fouling, the flow rate

through a xylem filter depends on:

o Fraction of xylem-containing sapwood present in the filter cross-section: Flow
rate increases with sapwood area. Inclusion of impermeable heartwood in filters
(e.g., when a filter is made from a branch cross-section) can reduce the sapwood
area available for filtration. Sections of branches used for filtration tend to have
less effective area for filtration due to the impermeable heartwood present in the

center. Filters made exclusively from the sapwood in trunks have their entire area
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available for filtration but are limited in size by the width of the sapwood in the
trunk. Some tree species, like ponderosa pine (Pinus ponderosa), ocote pine (Pinus
oocarpa), Douglas fir (Pseudotsuga menziesii), pond pine (Pinus serotina), red
pine (Pinus resinosa), spruce pine (Pinus glabra), Virginia pine (Pinus virginiana),
and sitka/yellow/western /silver spruce (Picea sitchensis) have a wider sapwood

and are well-suited for creating large area filters [135].

o Tracheid and pit membrane properties: Wider and longer tracheids can yield
higher flow rates [22]. A high fraction of the tracheid wall area covered by pit
membranes and higher pit membrane porosity increase fluidic conductivity. The
tracheid conductivity for some tree species is provided in Appendix B. The tra-
cheid length plays a key role in determining filter thickness. Filters should ide-
ally comprise not more than 2-3 tracheids along their thickness to minimize flow
resistance without compromising rejection ability. Tracheid lengths could vary
significantly within a tree. For example, tracheids in trunks are typically longer
than those in stems, and tracheid length also decreases with tree height. However,

tracheid lengths are typically less than 5.6 mm [24].
2. The rejection of the pit membranes depends on the following parameters:

o Pore size of pit membranes: Smaller pores have better rejection performance. The
pit membrane pore size varies considerably across and within a plant. The pores
in latewood (summerwood) are typically smaller than those in earlywood (spring
wood) [136]. Intra-species variability is most prevalent amongst pines [136], where
reported pore size measurements vary from 200-400 nm [42, 43, 136]. The pit
membranes in ancient gymnosperms (belonging to genus Cycas and Welwitschia),
Ginkgo, and cedars (which belong to genus Thuja in the cypress family), are very
dense and are expected to be capable of excellent rejection [136].

o Resin canals/ducts: Resin canals/ducts are cylindrical intercellular spaces in the
xylem oriented in the axial (longitudinal) direction [137|. Their inner surface
is lined by epithelial cells, which secrete resins for defense against pests and

pathogens [138|. If not filled with resin, these canals could act as leakage path-
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ways in xylem filters and hence, attention should be paid to their presence. They
could be several centimeters in length and are typically longer in the trunks than
branches [139, 140]. Resin canals are generally present in Picea (spruce), Lariz
(larch), Pseudotsuga (Douglas fir), and Pinus (pine); those in pines being numer-
ous, large and evenly spaced while the ones in spruces, larches, and firs are few,
small, and evenly spaced [141, 142]. These canals are generally absent in Abies
(fir), Tsuga (hemlock), Pseudolariz (golden larch), Cedrus (cedar), Tazus (yew,
caution: yews are toxic), Juniperus (juniper), Cupressus (cypress) and Ginkgo

(ginkgo) unless formed in response to external stimuli or stress [142, 143, 144].

3. Preservation of xylem filters: Filters made from tree species whose pit membranes
are more resistant to cavitation may be less susceptible to drying-induced loss of per-
formance during operation. Prior studies suggest that the resistance to cavitation
depends on tracheid properties, the thickness or the rigidity of the torus, and ratio of
the torus diameter to that of the cell wall aperture [128]. Junipers and cypress-pines

tend to have high resistance to cavitation [128].

In addition to the aforementioned characteristics, the following notes could be useful for

filter manufacture across species:

1. Selection of branches: Branches that do not have leaves undergo inactivation of the
xylem through a process called compartmentalization [145] and have lower permeance.
Junctions (where branches connect to one another) have a bent xylem vasculature and
a lower hydraulic conductivity [146]. The wood from such branches and junctions
should preferably not be used for manufacturing filters. Further, branches or trunks

that show signs of decay (black marks, spots, etc.) should also be avoided.

2. Standardization of filter size: Xylem filters made from branches suffer from variability
in shape and size, presenting challenges for designing compatible filter holders that
can house these filters and enable their practical use. Coring out fixed-diameter circu-
lar discs from branches could enable standardization; but such a process can result in

wastage of the xylem-containing sapwood present in the periphery while preserving the
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impermeable heartwood in the center, thereby reducing the effective area available for
filtration. Standardized filters with a high fraction of sapwood area can be manufac-
tured by cutting rectangular or circular sections from the peripheral sapwood in tree
trunks. Certain species like Ponderosa pine, which have wider sapwood in the trunk
cross-section, are more suited for the creation of such filters [135]. It is to be noted that
the length of xylem conduits could vary across trunks and branches; as a result, the
filter thickness may need to be adjusted to maintain rejection performance [147]. 0.375-
inch thick filters made from branches of Eastern white pine showed 98.841.2% rejection
of 1 pum microspheres. However, 0.5-inch thick filters made from partly-dried trunks
(procured after two weeks of felling) also showed comparable rejection (98.574+0.86%),
whereas 0.75-inch thick filters showed a rejection of 99.21+0.73%.

. Safety: Selection of tree species for filter fabrication should be preceded by a thorough
investigation of the potential toxic effects of its sap and methods to eliminate them
(if any). Sap of some trees is consumed by humans [148, 149|, and sapwood occurs
naturally in surface waters. Plants belonging to genus Pinus (pine), Tsuga (hemlock),
and Picea (spruce) have been characterized as non-toxic [150, 151], though the needles
of Pinus ponderosa (ponderosa pine) and Pinus contorta (lodgepole pine) and can be
toxic to cattle during gestation [152, 150]. The oil extract of genus Juniperus (juniper)
are commonly used in cosmetics [151]. Plants that are known to be non-toxic include
Norfolk pine (Australia hemlocks). All parts of plants belonging to genus Tazus (yews)
and Cycas (cycads) are known to be poisonous [153|. Abies balsamia (balsam fir) is
known to be a skin irritant, and the seeds of Ginkgo biloba (ginkgo) are known to be
poisonous [153]. Confirming that the sapwood is nontoxic is essential for use of the
filters for filtering drinking water for human consumption. In addition, appropriate
safety certifications and approvals may be procured before distributing the filters for
human use. International NSF/ANSI standards are commonly employed to certify
point-of-use drinking water filters. The following certifications could be useful before

marketing the product:

o NSF/ANSI 53: This standard is used to certify health-related microbiological
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contaminant reduction claims.

o NSF/ANSI 42: This standard is used to certify the chemical and material safety of
filters. We note that drinking water standards typically do not have health-related
constraints on natural organic matter in water (although there are constraints
related to aesthetics, such as color).

e NSF/ANSI 61: This standard is intended to cover materials or products that
come into contact with drinking water, drinking water treatment chemicals or

both.

In the future, it may be useful to develop certifications specifically for xylem filters.

5.7 Quality control of xylem filters

Due to the variability in xylem structure across species, trees within the same species, and
even across the same tree, reliable quality control methods are essential to ensure that the
manufactured filters can achieve the desired performance. Test solutions that are made using
commonly available, inexpensive materials and produce a visual output can be very useful
for quality control. Examples of such test solutions include aqueous solution of turmeric and
diluted yogurt (Figure 5-9, work performed in collaboration with Bettina Arkhurst [2]).

While such tests could be simple to perform, they involve wetting the filters with water,
which renders the filters unusable. Such methods are therefore more suited for batch-based
quality control protocols.

Other non-destructive methods, which do not involve wetting the filter, could also be
developed for quality control of each manufactured filter. An example is the use of air
seeded with dust or pollens particles with a known size distribution as a fluid medium for
testing (Figure 5-9). The particle count in the feed and filtrate could be measured with the

help of an air quality sensor to test the rejection performance of the filters.
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Figure 5-8: Test solutions for quality control of manufactured xylem filters. The images on the left and right
show the use of turmeric solution and diluted yogurt as test solutions respectively and present a comparison
between the feed and filtrate. The images on bottom right show images of a yogurt solution before and after
filtration when examined under an optical microscope.
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Figure 5-9: Schematic of set-up for quality control of xylem filters where air seeded with dust particles is
used as fluid medium for testing [2].
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5.8 Summary of findings

Tests conducted with natural water sources revealed that xylem filters were able to cater
to the minimum drinking water need of an average household (8 L). 5 out of the 6 filters
tested were also able to remove coliforms completely. A xylem filtration device prototype was
developed using a user-centric design approach. Preliminary findings from market research
and user studies in India suggest that the organic nature and simplicity of xylem filters are
attributes that appeal to users and could promote user acceptance. Further, preliminary
cost estimation studies suggest that xylem filters can amortize the cost for water treatment,
which could lower the affordability barrier for low-income households, where high-frequency,
inexpensive replacements are preferred over low-frequency, high cost replacements. A de-
sign guide for selecting tree species for fabrication of xylem filters was developed to aid

entrepreneurs and NGOs in taking the technology to the users.
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Chapter 6

Conclusion

This work provides new insights into gymnosperm xylem from the perspective of its use
as a material for water filtration — namely, the interplay between permeance and rejection
governed by percolation, the intriguing ‘self-blocking’ behavior arising from dissolution and
re-deposition of hemicellulose, and elevated propensity for fouling in the presence of large
organic molecules and dust. These insights were leveraged to develop engineering methods
for preserving xylem filters in dry state, mitigating self-blocking, and obtaining practically
useful performance with different water qualities (see Table 6.1 for a summary of the ef-
fect of the key design, manufacturing, and operating parameters on filter performance). To
demonstrate potential for practical utility and translation, filters were fabricated using lo-
cally available gymnosperms in India and filter performance was validated with natural water
sources used for drinking. As an example for how xylem could be incorporated in filtration
devices, a gravity-operated, functional device prototype for household drinking water treat-
ment was developed using user-centered design approaches. Finally, evidence gathered from
user research and preliminary cost estimation studies was used to show how xylem filters
could potentially reduce the barriers of access, affordability, and social acceptance to serve
as an attractive HWT option for low-income communities that are at the highest risk of

water-borne diseases.
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With >3-log removal for bacteria and virus (>4-log removal for rotavirus), xylem fil-
ters can provide ‘comprehensive protection’ against water borne pathogens as per WHO’s
performance criteria for household water treatment technologies [57] and have potential for
reducing the health burden of water-borne diseases (Figure 6-1). The contaminant removal
ability of xylem filters could be improved further due to fouling, by stacking filters or using
other approaches. Use of silver nanoparticles in xylem to enhance the removal of bacteria and
methylene blue (a commonly used industrial dye that causes water pollution) using xylem
[33] and chemical modification of xylem surface for copper adsorption has been reported [32].
Incorporating suitable sorbents such as zeolites or ferrous oxide into pre-filtration modules
could enhance removal of viruses, arsenic, or other pollutants [154, 155|. More generally,
xylem filters could be used synergistically with other water treatment methods, e.g., in
conjunction with chlorine to remove protozoan cysts that are relatively chlorine-resistant.
Beyond gymnosperms, plants like primitive angiosperms that have short xylem conduits and
nanoscale pit membrane pores and are not prone to aspiration [156], or ubiquitous bamboo

nodes64, could be explored for filtration applications.

Some limitations of xylem filters for household water treatment currently are: a) the
higher replacement frequency of xylem in comparison to current filtration technologies could
deter sustained usage, b) heterogeneity in xylem structure within and across gymnosperm
species could create variability in filter performance, and c¢) a possibility that degradation
of filters under certain conditions could cause their rejection performance to deteriorate and
prevent them from getting blocked posing a health risk to users (timescales for degradation
would depend on the feed water quality, type of wood used for manufacturing the filter,
and local environmental factors and could be of the order of 1-2 weeks [157, 158] or less
since bacteria are directly seeded on pit membranes during filtration). Mitigation of these
risks will require: a) pilot studies of filter performance under different operational conditions
(and measures such as increasing filter thickness or providing guidance as to when xylem
filters are suitable for use if filter degradation is found to be an issue), b) standardization
of sources of wood and development of methods to test and assure quality control [2], c)
safety assessment of xylem filters for human use (e.g., assessing the filtrate for presence of

organic compounds leached from xylem and evaluating their safety for human consumption,
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Figure 6-1: Comparison of diarrheal mortality burden due to different waterborne pathogens [25] arranged by
size to the measured rejection of particles of different size by single 0.375-inch thick xylem filters (except for
rejection experiments with 500 nm microspheres, where filter thickness was 0.25 inches) made from different
tree species.

noting that cellulose, hemicellulose, lignin, and pectin occur naturally in many foods, and
that plant material contributes to organic content in drinking water), d) designing filters
holders for maximal ease of replacement along with ready local availability of filters, and e)
behavior change interventions to facilitate sustained usage. To facilitate uptake and further
advances in xylem filter technology, this technology has not been patented and a design
guide for fabricating xylem filters and compendium enlisting the geographic availability,
structural characteristics, and degradation properties of different gymnosperms have been
created (Appendix B and C). It is important to use non-toxic sapwood for making xylem

filters.

Xylem filters present a HWT solution with unique characteristics (see Table 6.2 for
comparison with other low-cost water treatment technologies).

The availability of wood is not a bottleneck for scaling and large-scale dissemination —
the sapwood used for making these filters is a low-grade by-product of the timber industry;

we estimate that 0.01 % of the timber used in softwood global trade could be used to
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Table 6.2:

Comparison of xylem filters with other low-cost water treatment technologies

Technology Level of protection Advantages Limitations
Chlorination [159] Targeted (bacteria and | e Portable, light-weight e Less effective in inorganic-rich/turbid water
viruses only) e Simple to use, no maintenance | e Unpleasant taste and odor
e Dosage depends on water quality
e Harmful organic by-products
Solar  disinfection | Targeted to comprehen- | e Little/no maintenance e Poor efficacy with turbid water
[159] sive (bacteria, virus, pro- | © Minimal chance of re- | ® Dependent on weather
tozoa) contamination e Volume to treat depends on availability of in-
e Simple to use tact container
e Long treatment time
Ceramic filters | Targeted (bacteria and | e Local production e Performance heterogeneity due to manufac-
[160] protozoa only) e Minimal chance of re- turing variability and susceptibility to cracks
contamination e Low flow rate: 1-3 L/h
e Difficult to transport
Flocculation- Comprehensive (bacteria, | ® Residual protection against re- | e Need for multiple steps and additional user
disinfection virus and protozoa) contamination support
[160, 159] e Easy to transport (typically | e Can have a negative effect on odor and taste
available as sachets) e Requires reliable supply chain
e Reduction of some heavy
metals and particle-associated
pesticides
Xylem filters Comprehensive (>3-log | ® Biodegradable e Frequency of replacement is relatively high
removal of bacteria and | e Light weight (maintenance concerns)
virus) e Minimal chance of re- | e Needs pre-filtration or large filter sizes with
contamination water having high turbidity or organic content
e Local production e Low flow rate: 1-3 L/h
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make a billion filters annually [161]. The compactness, light weight, and long shelf life of
xylem filters could enable easy shipping to remote locations and bulk storage for prolonged
use. Due to the worldwide availability of gymnosperms and simplicity of the filter fabrication
process, xylem filters offer potential for local manufacture of a wide variety of water treatment
and other filtration products, ranging from compact filter pouches for use in emergencies
to household filtration devices. This opens up the possibility for involvement of micro-
entrepreneurs at a global scale [162], implementation of innovative business models, and
engagement of local communities in filter distribution [163, 164] and manufacture to raise
awareness about importance of safe drinking water and encourage adoption. In addition, the
characterization, modeling, and engineering of xylem filters is not limited to household water
filters and has the potential to be applied to different filtration needs, such as for disaster
and emergency use, microfiltration for assessment of water quality, and as an alternative to

synthetic microfiltration membranes for some applications.

82



Part 11

Removal of biomolecules using

extracorporeal blood purification device
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Chapter 7

Development of predictive mass
transport model for an extracorporeal
blood purification system to regulate

Systemic Inflammatory Response

Syndrome (SIRS)

This chapter is based on a paper by McAlvin et al [165].

7.1 Introduction

Systemic inflammatory response syndrome (SIRS) is a physiologic response of the body to
a variety of insults [166] and involves complex interactions between platelets, leukocytes,
coagulation system and multiple pro- and anti-inflammatory mediators (such as cytokines,
histamines etc.) [167]. While SIRS is a result of innate immunity, it can have deleterious
effects when it becomes excessive or uncontrolled and can result in multiple organ failure
[167]. Sepsis, which is the systemic inflammatory response to a confirmed infection, is

the primary cause of death in intensive care units [168]. The mortality associated with
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SIRS can be attributed to at least two main causes - severely impaired immunity due to
prolonged release of inflammatory mediators and the potential cytotoxic effects of cytokines
[169, 170|. Prior studies have reported that septic patients tend to have high concentrations
of circulating inflammatory cytokines (a condition referred to as hypercytokinemia), and
mortality is highest when both, pro- and anti-inflammatory, cytokine levels are high [169,
171, 172].

In order to improve outcomes and survival rates for septic patients, extracorporeal blood
purification (EBP) therapies where inflammatory mediators are removed to regulate host
immune response have been proposed [169]. Examples of such techniques include high vol-
ume hemofiltration, high adsorption hemofiltration, high cut-off membrane filtration, plasma
exchange, and hybrid systems like coupled plasma filtration adsorption [169, 173|. A vast
majority of these therapies have focused on the non-specific removal of a broad-spectrum
of inflammatory mediators to restore immune homeostasis [169, 173]. However, some of the
drawbacks of these methods are that non-specific removal eliminates harmful as well as po-
tentially beneficial cytokines [174] without accounting for the fact that specific cytokines can
be deleterious at one stage but beneficial at others [175]. Non-specific cytokine removal dur-
ing the pro-inflammatory phase could result in immunosuppression later [169]. Further, such
processes also result in removal of desirable molecules, like therapeutic antibiotics [176] and
clotting factors [177], which are required for patients with hypercytokinemia. A cytokine-
specific, temporally controlled method for cytokine removal could be potentially beneficial

in treating sepsis and a wide range of other conditions associated with SIRS [178, 179].

7.2 Background

EBP devices that selectively remove cytokines by passing the blood through tubes coated
with antibodies against target cytokines (called Antibody-Modified Conduits or AMCs) have
been developed (Figure 7-1) [180]. If installed in parallel and for patient-specific durations,
AMCs could allow temporally controlled manipulation of specific cytokines during the in-
flammatory cascade in SIRS. From an implementation standpoint, the efficacy of such a

device in arresting SIRS progression would depend on the identification of the right cy-
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tokine(s), and the extent, specificity, and rate of cytokine removal. The specificity will be
largely governed by the choice of a suitable antibody and the extent and rate of removal
will be determined by the transport properties of the AMC, which will in turn depend on

antibody concentration, tube geometry, flow rate and other such parameters.
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Figure 7-1: Schematic of extracorporeal blood purification with AMCs

7.3 Scope of thesis work for Part-II

Developing an understanding of the transport processes that govern the rate and effectiveness
of cytokine clearance in AMCs is critical for designing effective devices for SIRS treatment.
As a second goal, this thesis attempts to study the binding and transport kinetics of cytokine
clearance from blood as a function of device geometry, operational conditions and surface
properties to develop a predictive mass transport model that captures these interactions.
This predictive model could then be used for building devices capable of achieving the desired
performance. This research was conducted in collaboration with Boston Children’s Hospital,

where all experiments were performed. The thesis focuses on only the modeling part.
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7.4 Modeling transport kinetics in AMCs

To identify the critical parameters affecting transport in AMCs, experimental data was
gathered for different AMC geometries and operating conditions (experiments conducted
by researchers in Boston Children’s Hospital). AMCs were functionalized with antibodies
against two model cytokines, human vascular endothelial growth factor A (VEGF-A) [181],
which known to be an important determinant of sepsis morbidity and mortality and tumor
necrosis factor a (TNF-«) that has been difficult to eliminate via non-selective EBP methods
[182, 183, 184]. The efficacy of cytokine clearance was studied for 5 different variables:
flow rate through AMCs, antibody concentration used during conjugation, AMC geometry
(aspect ratio; length/inner diameter), circulating pH of fluid, molecular weight of PEG
spacer molecules, and AMC surface area. These experiments were conducted using an in
vitro apparatus where solutions of cytokines in PBS were circulated through the AMC and

their concentration in the reservoir was measured over time (Figure 7-2).
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Figure 7-2: Schematic of the experimental setup for selective elimination of cytokines by AMCs. Cytokine-
containing solutions were circulated through AMCs by a peristaltic pump and cytokine concentrations in
the fluid were measured over time. Arrows represent direction of flow.

The different conditions under which the AMC performance was evaluated have been
described in Table 7.1. The PEG spacer length and reservoir volume were held constant at
10 kDa and 20 mL in all cases.

Cytokine elimination from circulating fluid occurs when cytokines in the fluid bind to

surface antibodies and is described by the Langmuir adsorption isotherm. The fraction of
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Table 7.1: Experimental conditions for studying AMC performance in vitro

Parameter var- | Inner di- | Length Surface area | Aspect ratio | Flow Rate | Antibody con-
ied ameter (mm) (mm?2) (length\diameter) (ml/min) centration
(mm) (mg/ml)
1.6 886.0 4451.3 553.8 20.0 1
1.6 444.5 2233.2 277.8 20.0 1
3.2 222.3 2233.7 69.5 20.0 1
4.8 148.1 2232.2 30.9 20.0 1
4.8 98.6 1486.1 20.5 20.0 1
6.4 111.3 2236.7 17.4 20.0 1
6.4 55.4 1113.3 8.7 20.0 1
9.5 74.2 2213.4 7.8 20.0 1
9.5 24.6 733.8 2.6 20.0 1
0.8 150.0 376.8 187.5 20.0 0.5
0.8 400.0 1004.8 500.0 20.0 0.5
Conduit Geometry | 0.8 400.0 1004.8 500.0 20.0 0.5
0.8 400.0 1004.8 500.0 20.0 0.5
0.8 800.0 2009.6 1000.0 20.0 0.5
0.8 800.0 2009.6 1000.0 20.0 0.5
1.6 150.0 753.6 93.8 20.0 0.5
1.6 400.0 2009.6 250.0 20.0 0.5
1.6 400.0 2009.6 250.0 20.0 0.5
3.2 150.0 1507.2 46.9 20.0 0.5
3.2 200.0 2009.6 62.5 20.0 0.5
3.2 200.0 2009.6 62.5 20.0 0.5
3.2 200.0 2009.6 62.5 20.0 0.5
3.2 400.0 4019.2 125.0 20.0 0.5
3.2 222.3 2233.7 69.5 20.0 2
3.2 222.3 2233.7 69.5 20.0 1.5
Antibody Packing 3.2 222.3 2233.7 69.5 20.0 1
Density 3.2 222.3 2233.7 69.5 20.0 0.5
3.2 222.3 2233.7 69.5 20.0 0.1
3.2 222.3 2233.7 69.5 20.0 0.05
3.2 222.3 2233.7 69.5 10.0 1
Flow Rate 3.2 222.3 2233.7 69.5 20.0 1
3.2 222.3 2233.7 69.5 30.0 1
3.2 222.3 2233.7 69.5 40.0 1
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antibodies with bound cytokines (f) depends on the concentration of cytokines at the conduit
surface (¢s) and the affinity of surface antibodies for those cytokines (dissociation constant,

K ;) according to the following relation [185]:

e

Effective cytokine elimination (large €) occurs when the antibody affinity for a given
cytokine is high (small K;) and the initial concentration of that cytokine (cy) significantly
exceeds K,;. Otherwise most of the antibodies will remain un-bound (small #). A second
necessary condition for large @ is that the quantity of surface antibodies must be greater
than or equal to the quantity of cytokine molecules in the solution. Under these conditions,
nearly complete clearance of the cytokine is expected (Figure 7-3, Case A). If the affinity
is high, but the number of antibodies is less than the number of cytokine molecules (either
from low surface antibody packing density or insufficient AMC surface area with optimal

antibody packing density), then the cytokine concentration will decay until AMC capacity
is saturated (Figure 7-3, case B).

c(t)
C,
c(t) = ¢, exp (-t/1)
t t
Case A : Amount of Case B : Amount of
Antibody > Cytokine Antibody < Cytokine
Total amount of cytokine cleared : +(c (t,) - ¢ (t,))

Rate of clearance : v/ T

Figure 7-3: Two theoretical cytokine elimination curves representing either complete (Case A) or incomplete
cytokine elimination (Case B); the latter represents AMC saturation with cytokine (Cisat).

Experimental data showed both patterns, where the cytokine concentration either de-
creased to zero or a steady value [165]. In the latter case, the amount of unbound cytokine
remaining in circulation is given by M = My — C' where M, is the initial amount of cytokine
in the reservoir and C'is AMC capacity. Provided ¢y >> Ky, then the number of antibodies
available for binding is a good approximation of capacity.

Cytokine uptake by antibodies involves two main steps: transport of cytokine to surface

antibodies and subsequent binding. The flow of cytokine containing fluid through the AMC
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is accompanied by the formation of boundary layers, which are regions close to the wall

where, there exists a concentration and velocity gradient (Figure 7-4).
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Figure 7-4: Schematic depicting transport in AMC. Thickness of concentration and velocity boundary layers
(5C and 8V respectively) vary along the length of an AMC until flow is fully developed, referred to as
concentration (L) and hydrodynamic (Lg) entrance lengths respectively.

The concentration boundary layer is formed because of the presence of antibodies, which
reduce the cytokine concentration near the surface to zero establishing a concentration gra-
dient across the cross section of the AMC. The thickness of this boundary layer (.) depends
on diffusivity (D), or the ability of the cytokine to diffuse from the bulk solution to the wall
where it can interact with the antibodies. The velocity boundary layer arises because the
fluid in contact with the wall has zero velocity in comparison to the bulk fluid, which is being
circulated at a certain flow rate. The velocity gradient arises because of viscosity, or relative
motion between fluid molecules and gives rise to shear in the fluid. The thickness of this
boundary (d,) layer depends on fluid viscosity. Both, the velocity and concentration bound-
ary layers vary in their thickness up to a certain length, referred to as the hydrodynamic
entrance length (Ly) and concentration entrance length (L¢) respectively, beyond which
their thickness is constant and the velocity /concentration profile across the length remains
unchanged (Figure 7-4). If the length of the AMC is much more than the entrance length,
the flow is referred to as developed. Depending upon the flow parameters, tube geometry and
diffusivity of the species involved in mass transport, the flow may or may not be developed
velocity-wise, concentration-wise or both.

If the antibody affinity is high and antibodies are available for binding, uptake of cytokine

by the antibody depletes cytokine within the concentration boundary layer near the wall, the
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thickness of which is governed by the combination of laminar flow in the axial direction and
cytokine diffusion in the radial direction. The time scale for diffusion across the concentration
boundary layer to the AMC wall where binding takes place can be estimated to be §%/D
based on Fick’s law of diffusion. For binding to occur between the antibody and cytokine,
the diffusion time scale must be at least equal to (if not shorter than) the time scale for fluid
flow from one end of the AMC to the other, as otherwise, the cytokine will cross the AMC
without interacting with the antibody-coated surface. The time scale for fluid flow can be
estimated to be L/V, where V is the fluid velocity, and L is the AMC length. Equating the

two time scales gives Equation 1.

FEquation 1:
DL

6 ——

%

Further, in fully-developed pressure driven laminar flows, it can be assumed that the
velocity within the boundary layer scales linearly with the distance from the wall (Equation
2). For the conditions under which the experiments were conducted, the velocity profile
was predicted to be fully developed, except in a very few cases and the flow was found to
be laminar (based on Reynolds Number calculations). This approximation is valid as long
as the ratio of the concentration boundary layer thickness to the AMC diameter is much

smaller than 1, which for all experimental conditions tested was of the order of 1072,

Equation 2:
V ~ A6

Here, V' is the fluid velocity within the boundary layer and -y is the fluid shear at the wall.
Equation 1 and 2 were then combined to give an expression for the concentration boundary

layer thickness (Equation 3).

FEquation 3:

As the fluid velocity varies roughly between zero to the average flow velocity, Uy(which
can be expressed in terms of the volume flow rate V and AMC diameter d), an order of

magnitude of estimate for v can be obtained using Equation 4.
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Equation 4:

Combining Equation 3 and 4, an expression for J can be obtained in terms of all known
parameters (Equation 5).

Equation 5:
5 3 7Td3‘DL
V

As described in in the main text, the elimination of cytokines will be limited to an annular
region near the AMC surface having a thickness of . The mass clearance rate of cytokines
m can therefore be expressed as shown in Equation 6, where A is the area of the annulus, C
is the cytokine concentration and V' is the velocity.

Equation 6:

= ACV = (7d8)CV ~ (7rd6)0%5

Substitution of Equation 5 in 6 gives Equation 7.
Equation 7:

d*DL 3 .
tiv ~ (" e 23Uy ~ C V42 D2L2V

The rate of change in cytokine concentration, C' depends on the mass clearance rate m
and reservoir volume V,., as shown in Equation 8, which in combination with Equation 7
gives Equation 9.

FEquation 8:

Equation 9:

< S ey

dt Vi

Equation 9 can be integrated to predict the variation in cytokine concentration in the
reservoir over time (Equation 10 and 11), which can be then used to estimate the rate of
cytokine removal by the AMC or the cytokine half-life (Equation 12).

Equation 10:

dC  amD2I2V

RPN S
C V.
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FEquation 11:
C = Coe~

Equation 12:

Ve ,Th = 0.6937 = 0.693 Y

Var2D2[2y ° v/ Ar2 D22V

The rate at which the cytokine concentration is reduced in the reservoir, can be estimated

T =

with Equation 13.
Equation 13:

: 3 .
V, = E = VA4r2D?2L[2V

-

The expression used above can be validated with the solution to a very commonly stud-
ied flow and transport problem for laminar fluid flow between two surfaces separated by a
constant thickness, referred to as the Lévéque problem [186]. The solution applies to a mass
transfer problem, where the solute in the incoming fluid reacts with the surface to reach
a constant concentration, different from the inflow. For our purpose, the cytokine concen-
tration at the surface could be zero or non-zero depending on whether the antibodies are
saturated or not. The Sherwood number (Sh), which is indicative of the volumetric clear-
ance rate, is given by Equation 14. Here, Re denotes the Reynolds number and Pr denotes
the Prandtl number. Expressions for Re and Pr have been given in Equation 15, where p

denotes fluid density and p denotes fluid viscosity.

Sh=1.6151/ RePr%

Upd
— Mo ,Pr:i
It pD

Equation 14:

Equation 15:

Re

Substitution of Equation 15 in 14 gives the following expression for Sh (Equation 16).

3/ d2U, 3/ 4V
Sh=1.6151/ DI —1.615\/m

The total volumetric clearance rate across the entire AMC can then be expressed as

FEquation 16:
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shown in Equation 17.

Equation 17:

: 3 .
V., =nDLSh = V4n?D2L[?V

It can be seen that Equation 12 and 17 are similar in terms of their dependence on

the parameters involved. We note that Equations 12 and 17 (1. = h\/} and V} =
P 4 ( > V4n2D2L2V

3 .

V4m2D?2L2V) hold only in the case where the AMC capacity is much greater than the

cytokine amount (i.e. My < C). If not, the upstream end of the conduit will be saturated
with cytokines and shorten the effective length L of the conduit, slowing cytokine clearance).

The rate of change in cytokine concentration predicted by the model (Equation 13)
correlated linearly (R? value = 0.8) to that obtained by fitting exponential curves to the data
(Figure 7-5A). The model also predicted volumetric clearance (i.e. the volume of solution
from which the target cytokine is completely eliminated per unit time; m?®/s). Predicted
volumetric clearance (Equation 17) correlated linearly with measured values (R? value = 0.9;
Figure 7-5B). The measured volumetric clearance (V) was obtained by dividing the fluid
volume in the reservoir (V') by the time constant 7. Thus, the theoretical model accurately
describes (and quantifies) AMC function, and can be used to predict, cytokine half-life and
the volume of blood a given AMC will clear based on input parameters for that AMC.
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Figure 7-5: Comparison of theoretical cytokine elimination (T%) and volumetric clearance from a predictive
model (x-axis) to measured cytokine elimination rate and rate of volumetric clearance (m?/s) (y-axis).

Further, in addition to the rate of cytokine clearance, the total amount of cytokines that

can be removed is an important performance parameter of practical relevance. This would
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depend on the number of binding sites on the AMC surface that are accessible to cytokines,
which, in turn, would vary with the antibody concentration, AMC surface area and the
method used for coating antibodies on the AMC surface. If the number of accessible bind-
ing sites exceeds the number of cytokines, the cytokine concentration in the reservoir will
eventually reduce to zero or else, the cytokine concentration in the reservoir will saturate
at a non-zero value. AMCs have to be designed such that the cytokine concentration in
the reservoir is reduced to the desired level without over-saturating the AMC surface with
antibodies, as it would drive up device costs significantly. In order to understand the depen-
dence of total cytokine clearance on antibody concentration and surface area,the variation in
total cytokine removal for different tube geometries (or surface areas) coated with a certain
antibody concentration was studied. The total cytokine clearance varied linearly with the
surface area (Figure 7-6). This allowed calibration of the total cytokine clearance against a
specified AMC geometry and antibody concentration. In conjunction with the mass trans-
port model, this knowledge can help predict the rate of clearance for different operating

conditions.
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Figure 7-6: Variation of total cytokine clearance with AMC surface area

7.5 Conclusion

A predictive mass transport model was developed to guide the design of AMCs, that se-
lectively remove cytokines from the bloodstream. The model captures the dependence of
rate of cytokine clearance on device geometry and operating conditions. The predictions of

the model correlated to experimental data with 80% accuracy. In the future, AMCs could
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be used for creating flexible and highly selective blood-filtering platforms for elimination
of individual, harmful cytokines as they are expressed, without eliminating other cytokines
best left in the circulation. This could greatly facilitate the development of personalized

treatment strategies.
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Appendix A

Methods for design and development of

xylem filters

M1. Cutting of xylem filters from branches: Straight sections of branches of appro-
priate diameters were excised from trees (Eastern white pine, Eastern white cedar, ginkgo
or chir pine) using a hand pruner and immediately immersed in water to prevent drying (in
winter, foliate branches were excised and stored indoors at room temperature for 2-3 days
with one end immersed in water to restore xylem activity and improve permeance). Branches
without leaves or sections near branch attachments were avoided due to their low hydraulic
conductivity [146, 145]. The natural direction of water flow in the branch was marked with
a sharpie and the same flow direction was maintained in experiments. The branches were
subsequently cut into smaller sections with the desired filter thickness using a band saw.
The outer bark and the cambium were peeled off by hand to obtain a fresh xylem filter. The
filters were stored in deionized (DI) water for up to 8 h before experiments or subsequent
processing steps.

M2. Water flow rate and volumetric capacity measurements: Xylem filters were
mounted in PVC (polyvinyl chloride) tubes with 0.375, 1.5 and 1.875 inch inner diameters
(McMaster-Carr, part numbers 5233K63, 5233K77, and 53945K22) for 1, 4, and 5 cm diam-
eter filters respectively. The tubing was connected to a nitrogen tank and regulator set at 10
psi (69 kPa) pressure, or to a water-filled tank providing a one-meter head (specified in figure

captions). For nitrogen gas-driven measurement of permeance of 1 cm diameter filters, the
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tube was filled with 5 mL of DI water and the time required by the filter to process the water
was used to obtain the flow rate. In gravity-driven experiments to measure permeance and
capacity of 4-5 cm diameter filters, the volume of fluid processed by the filters was moni-
tored with time by collecting it in a cylinder with 20 mL graduations to obtain flow rates.
For experiments with DI water containing Ca?" and K™ ions, calcium chloride dehydrate
(ACS reagent grade, CAS number 10035-04-8, Sigma Aldrich) and potassium chloride (ACS
reagent grade, CAS number 7447-40-71, Sigma Aldrich) were dissolved in DI water at the
desired concentrations. For experiments involving intermittent filter operation, filters made
from ginkgo (4 cm diameter, 0.375 inch thickness) were operated for a duration of 7 days
while processing 5 L of DI water per day. The filters were mounted in the device and oper-
ated under a gravitational pressure head of 1 m with 5 L. of DI water added into the device
every day. The filters stopped producing water after the 5 L. water was filtered, till 5 L of
water was again added on the following day. The time required to filter the 5 L of water was
measured and used to calculate the average permeance to filter 5 L of water on a given day.
Permeance was calculated by normalizing the flow rate by the filter cross-section area and
the driving pressure. The permeate processed by the filter per unit area was calculated by

normalizing the volume of the fluid processed by the filter by the filter cross-section area.

M3. SEM Imaging: Xylem structure was visualized using scanning electron microscopy
(SEM, Zeiss Merlin High Resolution). Samples were prepared by cutting thin slices of dried
filters in the direction of the flow (longitudinally) using a razor blade. No coating was
applied on the samples. The slices were imaged under an extra high tension (EHT) voltage
of 0.7-1.2 kV and a probe current of 75-90 pA. The depth-of-resolution mode was used for
acquiring images. The images in 2-3 were obtained from ethanol-dried xylem filters made
from ginkgo (1 cm diameter and 0.25 inch thickness) after filtration of DI water spiked with
500 nm carboxylate-modified latex microspheres with yellow-green fluorescence (Thermo

Fischer Scientific).

M4. Rejection of fluorescent microspheres: Carboxylate-modified latex micro-
spheres with yellow-green fluorescence (Thermo Fischer Scientific) with diameters of 100
nm, 500 nm and 1 ym were used. The microspheres were sonicated for 1 min using a VWR

Ultrasonic Mixer at room temperature (25°C), suspended in DI water at 105 mL~! concen-
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tration, and vortexed for 1-2 min to obtain a homogenous feed solution. The feed solution
was filtered through xylem filters mounted in PVC tubing at 10 psi pressure as described
above. The filtrate was collected in clean glass vials; a feed volume 3-4x of the filter vol-
ume was used. 10 uL of the feed or filtrate solutions was introduced into a hemacytometer
(Neubauer-modified C-Chip, InCyto) and imaged with a Nikon TE2000U epifluorescence
microscope using a 20x objective for the 1 ym microspheres or 40x objective for the 500
and 100 nm microspheres. Due to the limited depth of focus of the 40x objective, images
were acquired (by Andor iXon camera) with the focus at the mid-plane of the C-chip, and
the particle count in this plane was used to estimate the concentration of the 100 nm mi-
crospheres. Particle counts over three draws of the feed/filtrate solution were averaged to
calculate rejection as follows, where Cfeeq and Cliyrate are microsphere counts in the feed

and filtrate solutions, respectively.

(Ofeed - Cfiltrate)
Cfeed

Rejection =

Log — rejection = —logio(1 — Rejection)

Rejection tests with the xylem filter device were conducted by mounting the xylem filter
in holder Figure 5-5c,d, connecting the holder to PVC tubing, filling the tubing and the
holder with a fluospheres solution (concentration of 10° mL—1) of volume 3-4x that of the
filter and pressurizing the fluid through the holder at 10 psi gas pressure. The filtrate was
collected in a glass beaker. The particle count in the feed and the filtrate were evaluated
as above. As the mechanism of bacterial removal in xylem filters is physical sieving [30], we
expected the contaminant size to be the key determinant of the filtration characteristics and
used 1 pum latex microspheres as surrogates for E. coli. Latex microspheres have been used
as proxies to study the transport of E. coli in porous media due to the similarity in size and
zeta potential [187, 188|.

M5. Treatment of xylem filters: For hot-water treatment, filters were soaked in
covered glass containers filled with deionized water maintained at 60 °C using a temperature-
controlled water bath for 1 h (tap water and a simple stove was used for filters fabricated in

India). A wood to water volume ratio of 1:20 was used. Subsequently, filters were immersed
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in room-temperature DI water 4-5 min before subsequent processing. 200-proof ethanol
(CAS number 64-17-5, Koptec) or isopropyl alcohol (ACS reagent grade, CAS number 67-
63-0, Macron Chemicals) were used for alcohol treatment; ethanol with 99.9% purity (CAS
number 64-17-5, Merck) was used for field studies in India. Ethanol-water mixtures of
different concentrations were prepared by adding DI water to 200-proof ethanol (CAS number
64-17-5, Koptec). Xylem filters (freshly cut or hot-water soaked) of 1 cm and 4-5 cm diameter
were treated by flushing and soaking, respectively (filter to alcohol volume ratio of 1:6-8).
For flushing, 10 psi gas pressure was used to drive the desired volume of alcohol loaded
in plastic tubing in which xylem filters were mounted, similar to permeance measurements
described above. For soaking, filters were placed edge-on in appropriately sized glass vessels
and completely immersed in ethanol for 24-48 h. Most of the filters ( 90%) were soaked
for more than 24 hours, in which case the alcohol in the vessel was typically replaced with
fresh alcohol after 24 h. Filters manufactured in the field were treated with alcohol only by
soaking.

M6.Drying of xylem filters: In laboratory experiments, all filters (soaked in water or
in alcohol) were dried by placing edge-on on aluminum foil in an oven (VWR 1410 vacuum
oven) at atmospheric pressure and 45 °C. To ensure complete drying, the filter weights were
monitored (using Mettler Toledo AL104 scale) till they stabilized. Water-dried filters with
1 cm diameter and 0.25, 0.5 and 1.5 inch thickness required around 10, 25, and 50 h for
complete drying. Ethanol treatment resulted in faster drying ( 6-8 h for 1 cm diameter,
0.25-inch thick filters). In field studies, filters were dried at 45 °C and atmospheric pressure
for equivalent durations (at least 48 h) using an oven (Bajaj Majesty 1603 T'SS Oven Toaster
Grill) but weights were not monitored due to lack of access to appropriate instruments.

M?7. Atomic Force Microscopy (AFM): DI water was filtered through Eastern white
pine filter (1 cm diameter, 0.375 inch thickness) at a gas pressure of 10 psi using the method
described above. The filtrate was collected in a clean glass vial, dispersed and dried on a
substrate and analyzed under an Asylum-2 MFP-3D Coax AFM.

MS8. FTIR Eastern white pine xylem filter (1 cm in diameter, 0.375 inch thickness) was
placed in a glass vial filled with 20 mL deionized water maintained at 60 °C for 1 h. The

filter was removed and the residual water was evaporated until the volume reduced to 5 mL
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to concentrate any extracts from the filter. The concentrate was analyzed using a Perkin

Elmer FT-IR spectrometer.

M9. Preparation of synthetic test waters General Test Water (GTW) and Chal-
lenge Test Water (CTW) were prepared by adding the WHO-prescribed dosage of sea salts
(Sigma Aldrich, product number S9883), sodium bicarbonate (BioXtra, 99.5-100.5%, CAS
number 144-55-8 procured from Sigma Aldrich), and tannic acid (ACS reagent grade, CAS
number 1401-55-4 obtained from Sigma Aldrich,), or humic acid (50-60%, CAS number
68131-04-4 procured from Alfa Aesar) in DI water Table 4.1 [57|. To achieve a turbidity of
40 NTU in CTW, Arizona Test Dust (ISO 12103-1, A2 fine test dust obtained from Powder

Technologies Inc.) was added to DI water at a concentration of 70 mg/L.

M10. Susceptibility of xylem filter to different contaminants: To determine the
susceptibility of volumetric capacity to different organics, DI water having same alkalinity,
salinity, and turbidity as CTW (1.5 g/L sea salts, 100-120 mg/L sodium bicarbonate, 70
mg/L Arizona test dust) and varying dosages (0 mg/L, 1.5 mg/L, 15 mg/L or 150 mg/L)
of tannic or humic acid was used. To evaluate the effect of dust on capacity, DI water
with the same alkalinity and salinity as CTW (1.5 g/L sea salts and 100-120 mg/L sodium
bicarbonate), 15 mg/L of humic or tannic acid, and varying dosages of dust was used (0
mg/L and 70 mg/L). All measurements were performed with Eastern white pine filters (1
cm diameter and 0.375 inch thickness) operated under a 1 m gravity head. Volumetric

capacity was measured as per the protocol specified above.

M11. Cloth pre-filtration A sediment pre-filter manufactured by Hindustan Unilever
Limited (Purelt microfiber mesh) was used for removing visible dust particles. Feed water
was first passed through the pre-filter, collected in a separated beaker and subsequently

poured into the container connected to the xylem filter for further filtration.

M12. Activated carbon pre-filtration Granular Activated Carbon (GAC, Activated
Carbon Corporation) of 12x40 grain was sieved in a fume hood to obtain 30x40 grain size.
Prior to usage, the GAC was soaked in tap water overnight and rinsed thoroughly under
running tap water to remove dust that otherwise clogged the filters. The GAC column was
fabricated by assembling off-the shelf components. The GAC was packed in a 5 cm diameter,
15 c¢m long pipe threaded at both ends (MPT (male pipe thread) x MPT, product number
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4677T45, procured from McMaster Carr). A circular mesh with 5 cm diameter was cut from
the Purelt microfiber mesh manufactured by Hindustan Unilever Limited and fixed to the
lower end of the pipe using epoxy (3M Scotch-Weld Epoxy Adhesive DP100 Plus) to keep
the GAC granules in place. The top end of the pipe was attached to 0.375 inch diameter
PVC tubing ( McMaster-Carr, part numbers 5233K63) that was connected to the feed water
container through a set of connectors, which consisted of a 2-inch coupling (FPT (female pipe
thread) x FPT, part number 9499, Metropolitan Pipe and Supply), a 2-inch x 0.75-inch
reducer (MPT x FPT, part number 9530, Metropolitan Pipe and Supply), and a 0.75-inch
x 0.375-inch reducer (McMaster-Carr, product number 5372K154). The lower end of the
pipe was threaded on to a cap (McMaster-Carr, part number 4880K807) and connected to
a standard port valve (McMaster-Carr, part number 45975K32) to regulate the flow rate
(and thus the GAC contact time). The valve was connected to the xylem filter. During
experiments, care was taken to avoid formation of air bubbles. If formed, air bubbles were
removed by squeezing the tubing. The humic acid concentration in the feed and the filtrate
was measured by UV-Vis spectrometry (Agilent Cary 60). The absorbance was averaged
over 300-500 nm wavelengths and absorbance at 700 nm was subtracted. Calibration curves
were generated using different concentrations of humic acid in DI water (curves were linear).
Dust was not used in experiments involving measurement of humic acid concentration due to
interference with the UV-vis measurement. DI water with 1.5 g/L of sea salts, 120 mg/L of
sodium bicarbonate, and ~10 mg/L of humic acid was used as the test solution for comparing

the performance of different GACs (Figure 4-10).

M13. Testing xylem filters in field studies Experiments in India were conducted
with locally fabricated filters made from chir pine (Pinus roxburghii), as well as ginkgo
(Ginkgo biloba) and Eastern white pine (Pinus strobus) filters fabricated in Massachusetts.
Filters made in Massachusetts were transported to India by air in zip-locked pouches con-
taining desiccant (Silica gel manufactured by Dry Packs, serial number 1203-61) to prevent
condensation of moisture and blocking. Water was collected from different water sources
in clean 20 L plastic cans. Before starting the experiment, the tube, holder, and device
container surfaces were wiped with cotton soaked in isopropyl alcohol to prevent contami-

nation of the feed water. The feed was introduced after 5-10 min to allow sufficient time for
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alcohol evaporation. For microbiological testing, the feed and filtrate were collected in glass
or plastic bottles that were previously disinfected in boiling hot water for 15-20 min. The
filtrate for microbiological testing was collected during the filtration process as follows. Prior
to collecting the filtrate for microbiological analysis, the bottom surface of the xylem filter,
the hose clamp, and lower end of the tubing were wiped with cotton soaked in isopropyl
alcohol (while filtration continued). Collection of the filtered sample was started after 10
min to allow sufficient time for any residual alcohol to be flushed or evaporated. The micro-
biological tests were conducted by certified third-party labs (Uttarakhand Jal Sansthan for
all the tests conducted in Uttarakhand Figure 5-3 and Delhi Analytical Research Laboratory
for tests conducted in Delhi Figure 5-2c. The methods used for sampling and microbiologi-
cal examination conformed to Indian Standards, IS:1622 (1981) for data in Figure 5-2¢ and
American Public Health Association (APHA) 22nd edition for data in Figure 5-3.

M14. Construction of xylem filters from trunks: Eastern white pine (Pinus
strobus) trunks for constructing xylem filters were procured from a local sawmill in Essex,
MA. Due to logistical issues, logs were used 2 weeks after the tree was felled (partial drying
of the wood within this duration could have compromised rejection). The bark was removed
using a band saw. 10x4 cm2 sections were cut from the sapwood (lighter in color than the
heartwood) to obtain xylem filters. Hot water soaking and ethanol treatment were performed
as described above. Rejection performance of these filters was tested as described above on
cylindrical 1-cm diameter filters cored out from the dried filters using a hammer-driven small
hole punch with 0.375 inch hole diameter (McMaster-Carr, part number 3424A25). To avoid

leaks, the xylem filter were sealed in the tubing using epoxy.

M15. Statistical information All graphs were plotted using GraphPad Prism v8. The
error bars in all figures represent positive and negative standard deviations from the mean
and calculated using in-built functions in GraphPad Prism v8. The n values correspond to
measurements taken with different filters. The n values for the data have been included in

the figure captions for several plots.

M16. Field Studies Information on user needs and preferences for water filtration
devices and feedback on xylem filtration device prototypes was gathered through 600 in-

dividual semi-structured interviews, 53 focus group discussions, and 2 hands-on co-design
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workshops with over 1000 potential users. The research sample for the field studies included
low income rural households in the mountainous state of Uttarakhand, India and the urban
slum households from Bangalore and Delhi and other stakeholders in the water filter supply
chain, including, filter vendors, manufacturers, NGO staff, and local health officials. The
'National Ethical Guidelines for Biomedical and Health Research Involving Human Partici-
pants’ guidelines published by the Indian Council of Medical Research (ICMR) were followed
while conducting user research in India. These guidelines suggest that social and behavioral
research for health applications should be approved by the ethics committee for the re-
searchers’ institution, which in our case would be the Massachusetts Institute of Technology
Committee on the Use of Human Subjects (MIT COUHES). All human-subjects research
procedures were approved by MIT COUHES under protocol 1612798762.

Different sampling strategies were followed for different data collection methods. Poten-
tial segments with potentially different needs were stratified based on a variety of factors
including the geography, types of water sources, proximity to town, and heterogeneity of the
population in terms of water related practices. Villages were selected based on these criteria
with the assistance of local partner NGOs. For semi-structured interviews, simple random
sampling was used within the selected villages. In general, 20-30 subjects were interviewed
for each segment [189]. For focus group discussions and design workshops, a combination of
non-probability sampling techniques such as convenience sampling and snowball sampling
techniques were used. For key informant interviews, a purposeful sampling strategy was used
to select participants. Data saturation was also considered in the studies. The homogeneity
of the population with regards to water usage practices was assessed with the help of local
experts and data was considered saturated when no new information or themes were ob-
served. Pen and paper were used to record the data. Photos were taken and voice recorders
were also used with participant consent. A translator was present during data collection.
Researchers were not blind to experimental condition and study hypothesis. No data points

were omitted while performing data analysis.

M17. Microbiological performance as per WHO protocol The microbiological
performance of xylem filters was tested by a third party laboratory (Quality Filter Test-
ing (QFT) Laboratory LLC, 1041 Glassboro Road Suite E-4, Williamstown, New Jersey
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08094, USA; ISO 17025 laboratory certified by International Association of Plumbing and
Mechanical Officials (IAPMO) to test water filters as per National Sanitation Foundation
(NSF)/American National Standards Institute (ANSI) standards). Xylem filters (4 cm di-
ameter, 0.375 inch thickness) made from ginkgo (Ginkgo biloba) wood using hot water treat-
ment and ethanol-based dry preservation at Massachusetts Institute of Technology (MIT),
USA and stored for 2 years were mounted in 1.5 inch diameter PVC (polyvinyl chloride)
tubes (McMaster-Carr, part number 5233K77) and secured in place using hose clamps, and
were shipped to the third-party laboratory. In the third-party laboratory, the tubing was
connected to a water-filled tank providing a 1.2 m head. E. coli (ATCC 11229) and MS-2
phage (ATCC-15597-B1, with host organism E. coli ATCC-15597) were dosed in General
Test Water at concentrations ~10° CFU/mL and ~10° PFU/mL respectively as per the
‘WHO International Scheme to Evaluate Household Water Treatment Technologies’ [57].
For rotavirus removal, rotavirus strain SA-11 (ATCC-VR-899) was spiked in General Test
Water at concentration ~10* PFU/mL (as specified by NSF Protocol P231 for Microbiolog-
ical Water Purifiers) [68]. The removal of bacteria and virus were tested at the start of filter
operation and when permeance declined to 75%, 50%, and 25% of the initial value. Flow
rates were measured by monitoring the volume of fluid processed by the filters over time.
After the first sample at the start of filter operation, dust was added to achieve accelerated
clogging of the filter (dust concentration raised turbidity to 120 NTU and 130 NTU for FE.
coli /MS-2 phage and rotavirus respectively, which is above what is required for Challenge
Test Water). Prior to collecting the filtrate for microbiological analysis, the bottom surface
of the xylem filter, the hose clamp, and lower end of the tubing were wiped with cotton
soaked in ethanol (while filtration continued). Collection of the filtered sample was started
after 10 min to allow sufficient time for any residual alcohol to be flushed or evaporated.
E. coli and MS-2 phage were assayed using Standard Method 9222 and 9224 published by
American Public Health Association (APHA) for the Examination of Water and Wastewa-
ter. The log reduction values were determined by measuring the bacteria/virus count in the

feed solution (Cfeeq), and filtrate (Cirare) using the following equation:

Cy
log — removal = —logmM

Cfeed
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M18. Code for percolation model
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2/2/21 11:45 PM /Users/karth.../Percolation model thesis.m 1 of 4

clc; % Number of tracheid rows

length=10;

n_col=200; % Every second column of tracheids isv¢
counted in the node network, number of tracheids = n_col+2

n_connect=4; % Number of tracheids each tracheid canv
connect to

xylem_ref=zeros(length,n_col); % Reference matrix for node positions
p_open=0.5; % Probability that a xylem pit will remain¥

open (solvent-dependent)
n_trials=100;
cluster_size=zeros(n_trials,1);
row_max=zeros(n_trials,n_col);
fraction=zeros(n_trials,n_col);

SrrkkkknannnnnnInitializing pit status randomly post—drying~~aaannnnnsokskokk%
%xxkThe algorithm currently assumes that each pit is associated

%w1thskskskekokok

%*kka random probability of a pit remaining open. In actual practicexskkkkx%
%skthis will be a function of the pressure changes with drying progressionx%
SrkkkkkkkkkkkThe distribution of random numbers is norma Ukskskskskskskokskskskskskokk%

n_row=length;
row_hist=zeros(n_row,n_trials);
for t=1:n_trials

xylem=rand(n_row,n_col,n_connect);
xylem=(xylem <= p_open);

%Checking connection between 21/34
xylem_dry=zeros(n_row,n_col,n_connectx2);
xylem_l=xylem(:,:,1);

xylem_1(:,1)=[1;

xylem_3=xylem(:,:,3);

xylem_3(:,1)=I[];

connect_21=or(([xylem_1,zeros(n_row,1)].xxylem(:,:,2)), ([xylem_3,zeros(n_row,1)].v
*xylem(:,:,4)));

array=n_row+1:n_rowkn_col;

ref_2_1=reshape(array, [n_row,n_col-1]);

ref_2_1=[ref_2_1,zeros(n_row,1)];

ref_21=ref_2_1.*connect_21;

xylem_dry(:,:,1)=ref_21;

connect_12=connect_21;

connect_12(:,n_col)=[1;
ref_1_2=reshape(1l:n_rowx(n_col-1), [n_row,n_col-11);
ref_12=[zeros(n_row,1),connect_12.xref_1_2];
xylem_dry(:,:,2)=ref_12;

%Checking connection between 13/24
xylem_l=xylem(:,:,1);
xylem_1(1,:)=[];
xylem_2=xylem(:,:,2);
xylem_2(1,:)=[1;

connect_31=or((xylem(:,:,3).*x[xylem_1;zeros(1,n_col)]), (xylem(:,:,4).x[xylem_2;zeros¥
(1,n_co)]));
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ref_3_l=reshape(1:n_rowxn_col, [n_row,n_coll);
ref_3_1(1,:)=I[1;
ref_3_1=[ref_3_1;zeros(1,n_col)];
ref_31=ref_3_1.xconnect_31;
xylem_dry(:,:,3)=ref_31;

ref_1_3=reshape(1:n_rowxn_col, [n_row,n_coll);
ref_13=ref_1_3.*connect_31;
ref_13(n_row,:)=I[1;
ref_13=[zeros(1,n_col);ref_131;
xylem_dry(:,:,4)=ref_13;

%Checking connection along diagonal-32 connections

xylem_3=xylem(:,:,3);
xylem_3(:,1)=[1;
xylem_3=[xylem_3,zeros(n_row,1)]1;

xylem_2=xylem(:,:,2);
xylem_2(1,:)=I[1;
xylem_2=[xylem_2;zeros(1,n_col)];

connect_32=xylem_3.x*xylem_2;

%Upper connection
array=n_row:n_rowk(1+n_col)-1;
ref_upper=reshape(array, [n_row,n_col]);
ref_upper(1,:)=I[1;
ref_upper=[ref_upper;zeros(1,n_col)];
ref_upper_ind=ref_upper.xconnect_32;
ref_upper_ind(n_row,:)=[1;
ref_upper_ind=[zeros(1,n_col);ref_upper_ind];
xylem_dry(:,:,5)=ref_upper_ind;

%Lower connection
ref_lower=reshape(2:n_rowxn_col+1, [n_row, n_coll);
ref_lower(n_row, :)=zeros;
ref_lower(:,n_col)=zeros;
ref_lower_ind=connect_32.xref_lower;
ref_lower_ind(:,n_col)=[1;
ref_lower_ind=[zeros(n_row, 1), ref_lower_ind];
xylem_dry(:,:,6)=ref_lower_ind;

%Checking along diagonal - 14 connections
xylem_l=xylem(:,:,1);

xylem_1(1,:)=I[1;
xylem_1=[xylem_1;zeros(1,n_col)];
xylem_1(:,1)=[];
xylem_1=[xylem_1,zeros(n_row,1)];

xylem_4=xylem(:,:,4);
connect_14=xylem_1.xxylem_4;
array=n_row+2:n_rowx(1+n_col)+1;
ref_upper=reshape(array, [n_row,n_coll);

ref_upper_ind=ref_upper.xconnect_14;
xylem_dry(:,:,7)=ref_upper_ind;
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ref_lower=reshape(1:n_rowxn_col, [n_row,n_coll);
ref_lower(:,n_col)=I[];
ref_lower=[zeros(n_row,1),ref_lower];
ref_lower(n_row,:)=[1;
ref_lower=[zeros(1,n_col);ref_lower];

connect_14_m=connect_14;
connect_14_m(n_row, :)=I[];
connect_14_m=[zeros(1,n_col);connect_14_m];
connect_14_m(:,n_col)=[1;
connect_14_m=[zeros(n_row,1),connect_14_m];

ref_lower_ind=ref_lower.xconnect_14_m;
xylem_dry(:,:,8)=ref_lower_ind;

% Finding node connections-Method I
xylem_op=nonzeros(unique(xylem_dry));
xylem_open=reshape(1l:n_rowxn_col, [n_row,n_coll);
xylem_open(intersect(xylem_op,xylem_open))=-1;
xylem_open(xylem_open~=(-1))=0;
xylem_open=abs(xylem_open);
open_row=sum(xylem_open~=0,2);

%Finding node connections— Method II

x=cat (3, reshape(l:n_rowxn_col, [n_row,n_coll),xylem_dry);
xo=zeros(n_rowxn_col,n_col);

k=zeros(1,n_col);

for i=1:n_col

temp=nonzeros(xylem_dry(1,i,:));

s=size(temp,1);

if (ismember((i-1)*n_row+1,x0))|]|(size(temp,2)==0)
continue

end

loc=1:s;

xo(loc,i)=temp;

k(i)=s;

i=1;

while (j<=k(1i))
row=mod(xo(j,1i),n_row)+n_rowk(mod(xo(j,1i),n_row)==0);
column=ceil(xo(j,i)/n_row);
templ=nonzeros(xylem_dry(row,column,:));
temp2=setdiff(templ,xo(:,1));
s=size(temp2,1);
if (isempty(temp2))

j=j+1;
continue

end
loc=(k(1i)+1):(k(i)+s);
xo(loc,i)=temp2;
k(i)=k(1i)+s;
J=3+1;

end

end

%Mapping connected nodes
xmap_ref=nonzeros(unique(xo));
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xmap=reshape(1:n_rowxn_col, [n_row,n_col]l);
xmap(intersect(xmap_ref,xmap))=-1;
xmap (xmap~=(-1))=0;
xmap=abs (xmap) ;
xmap(1,:)=1;
row_hist(:,t)=sum(xmap,2);
end

row_hist_avg=mean(row_hist,2);
bar(1:n_row, row_hist_avg)
imagesc(xmap)

set(gcf, 'PaperUnits', 'inches');
set(gcf, 'PaperSize', [4 21);
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(Geographic availability and pricing of
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Appendix C

Structural and degradation

characteristics of gymnosperms
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e Information on family, species names, common name, continent of availability and
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and https://www.conifers.org/.

e References for in the information in other columns have been provided in the last

column. These include the following papers:

— Bouche, P. S. et al. A broad survey of hydraulic and mechanical safety in the
xylem of conifers. J. Exp. Bot. 65, 4419-4431 (2014).

— Pittermann, J., Sperry, J. S., Hacke, U. G., Wheeler, J. K. & Sikkema, E. H.
Inter-tracheid pitting and the hydraulic efficiency of conifer wood: The role of
tracheid allometry and cavitation protection. Am. J. Bot. 93, 1265-1273 (2006).

— Delzon, S., Douthe, C., Sala, A. & Cochard, H. Mechanism of water-stress induced
cavitation in conifers: Bordered pit structure and function support the hypoth-
esis of seal capillary-seeding. Plant, Cell Environ. (2010). doi:10.1111/j.1365-
3040.2010.02208.x

149



— Jansen, S. et al. Plasmodesmatal pores in the torus of bordered pit membranes
affect cavitation resistance of conifer xylem. Plant, Cell Environ. 35, 1109-1120
(2012).

— Wilson, J. P. & Knoll, A. H. A physiologically explicit morphospace for tracheid-
based water transport in modern and extinct seed plants. Paleobiology 36, 335-355
(2010).

— Bannan, M. W. Length tangential diameter and length/ width ratio of conifer
tracheids. Can. J. Bot. 43, 967-984 (1965).

— Pittermann, J. & Sperry, J. Tracheid diameter is the key trait determining the
extent of freezing-induced embolism in conifers. Tree Physiol. 23, 907-914 (2003).

— Terrazas, T. Origin and Activity of Successive Cambia in Cycas (Cycadales). Am.

J. Bot. (1991). doi:10.2307/2445272

— Ryberg, P. E., Taylor, E. L. & Taylor, T. N. Secondary phloem anatomy of
Cycadeoidea (Bennettitales). Am. J. Bot. (2007). doi:10.3732/ajb.94.5.791

— Scott, D. H. On the primary structure of certain palseozoic stems with the dadoxy-

lon type of wood. Trans. R. Soc. Edinburgh (1902). doi:10.1017/S0080456800034359

— Bailey, I. W. & Tupper, W. W. Size Variation in Tracheary Cells: I. A Compari-
son between the Secondary Xylems of Vascular Cryptogams, Gymnosperms and

Angiosperms. Proc. Am. Acad. Arts Sci. (1918). doi:10.2307,/20025747
— Langdon, L. M. Stem Anatomy of Dioon spinulosum. Bot. Gaz. (1920).

— Greguss, P. Xylotomy of the living cycads, with a description of their leaves and

epidermis. (1968).

— Chrysler, M. A. Vascular Tissues of Microcycas Calocoma. Bot. Gaz. (1926).
doi:10.1086/333658

150



ourd IeATy
puowydry pue osurd
Keg uojaroly ‘ourd
o3uaog ‘eurd pue|

(¥102) soyouRIq -suoonyy ‘ourd [eIU TTwrey3uruund
‘e LE} ayonog Sunog 80°0 F ¥9°¢- -ojop ‘eurd dooyg eLIRONRIY orOORIIRINRBIY
ourd IeATYy
‘Sururels puowydry pue ourd
TeSuny o3 oJqrydeosns Keg uojaroly ‘eourd
/1opuy os[y *90URISISOI 3098 oStiroq ‘eurd puep
-poom /wod aseqeIRp -ur 1ood fs[qeystiod 09 Juas -susonyy ‘ourd [eIU TTwrey3uruund
-poom-mmam/ /:sdyyy a[qeInp-uou se pajey -qe s[eued uIsay 09-6¢ -ojop ‘eurd dooyg eLrRONRIY arvedRLIBONRIY
(¥10z | seyoueiq s
) ‘e 10 ayonog Sunox 80°0 F 10°¢- asurd efung -pIq ®elIERONERIY QevadRLIRONRIY
(¥102) soypuURIq osurd ueI[yy Io eueONERIR
‘e b ayonog Sunox 18°0 F 90°¢€- 9213 o[zznd KoqUOIN eLIRONRIY aeadRLIRONRIY
‘Sururegs
TeSuny o3 oyqrydeosns
/Iepuy os[y '90URYSISAT  409S
-poom /uwod aseqeyep -ur 1ood fsiqeystied 03 aurd uesry) ruURONRIR
-poom-mmm/ /:sdyay s[qeInp-uou se pajey juesqy 09-6¢ ‘e1zZNg Aoxuon eLIRONRIY aeadRLIRONRIY
/1opuy *90UR)SISAT 098
-poom /woo aseqeIRp -ur 1ood fo[qeystied oj e1[oj19snd
-poom mmam/ /:sdyyy a[qeInp-uou se pajey Juesqy 09-6¢ aurJ eueied -ue RLIRONBIY ovadRLIRONRIY
oelye spreyo
109SUI 01 9[qelaunA -eIy (stsuanyia "y
/1opuy ‘a[qeanp A[@jerspowr o9 snoursax pue ‘eqre 'y
-poom /wod aseqeIRp a[qeinp-uou  A[[erousd surejuod Tmey[ ‘strergsne ()
-poom-mmam/ /:sdyyy ‘sotoads M  SOLIBA Juasqy ‘0g-¢g¢ jueruUy ‘e ‘dds  siyje8y orOORIIRINRBIY
ey payieq
(¥102) soyouRIq -yjoowrs 10  ourd ejsnq
e 10 ayonog Sunox 90°0 F 06°2- ey pue[susang) -ox siyyesSy aevodRLIRONRIY
(900z
e ge
/1opuy uuew
-poom /wod-aseqeep -19191)
-poom-mmm/ /:sdyryg Z LT ey urejunon ejeao siyjesy aevodRIIRONRIY
(900z) | 3001 pue
‘e 3 uuURWINGGI] wels LLT 0T0T Z° LT €6°'T Hney urejunojy ©jeAO SIYIR3Y aeadRLIRONRIY
(¥10C) soypuRIq eAyoe}SOId
e 10 ayonog Sunox L0°0 F SG'g- ey [ng -1 s1yyesy oevodRLIRONRIY
(¥10z) | seyoueiq siresy
e 10 ayonog Sunox €12 rneyy -sne  siyreSy QeadeLIRONRIY
(9002) 1001 pue sIel)
e 30 UURWINGGIJ we}s 8G'C 09T1T [ V1 neyf -sne  s1yjeldy avadRLIRONRIY
(¥102) soyouRIq ey eorndin
e 10 ayonog Sunox 120 F 68°C- an[q Io 1mey oerqg -doaye siyresSy QevodRLIRONRIY
()
ozISs AANE\m (suoad
axod -edIN)) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io sreued -wawx -oa eeJe -wrerp yiSueg
souaaajoy juerq aouejysisaa Keda(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) soroadg Aprure g

151



swrodsouw A8

(010%) pounxe  jo  snuepn
[[OUM PpUB UOS[IA\ ov 12°0€ [ ‘saureu WOWIWIOD ON ds sejrepio) 2v20RIIRPIOD)
swredsouw£3
(o102) jpounxe  jo  snuepn
[[OU3 pue UOS[IA\ 0¥ [elext~3 [statd ‘sowreu UOWWOD ON *ds sejrepio) sroORIIRPIOD
smurodsouwr A3
(0102) jounxe  jo  snuep
[[OU3] pue UOS[IA\ oV oy STy ‘Soureu UOWUWOD ON -ds sejrepIo)) orodRIIRPIO)
swrodsouwr A3
(ot02) PUNXS  JO . SnuUdy
J[ouU3M PuU® UOS[IA\ (1} 0g ¢e ‘souwreU WOWWIOD ON ds sejrepio) 2vodRIIRPIOD)
surrodsoutw A3
(o102) 10UI}Xe  JO  SnULL)
[[OUd PpUB UOS[IA\ ov et qT'¥ ‘soureu WOWWIOD ON ds sejrepio) 2ea0RIIRPIOD)
mof wnid
uos[ip\ pue  ‘eurd
(¥10T) soyouRIq [1e3-s, MO0 uemreJ, eURIUOS[IM
‘Te LE}) syonog Sunogx 62°0 + T6'L- ‘mok wnid uemref, snxejoreydea)) oraoexejoreyda)
ould [rR3IMOD)
1o ‘snxejoreydod
(z102) 'T® s, uojSurLIR ‘mok
1o wesuer ‘($107) soyouRIq -wnd osoueder eruojgurirey
‘Te 19 syonog Sunox L7°0 F 1C°L- ‘mok wnd uearoy] snxejoreyde | oesdexejoreyde)
(z102T) B
9o uasuer ‘($10%7) soypuURIq T9UN}.I0]
e 10 syonog Sunox 8%°0 F 9T 'L~ moaf winid asauryp snxejoreyde) | oeodexejoreyde))
uorjelaSoA ueru
(010%) -eA[fsuuog ojeT jo
[[oud Pu® UOS[IA\ juouodwoo juejlrod
Aq Ppoouaisjoy -WIl U POuLIO] YOIyMm soprojAxorod
£(gL61)  IemMy3oy 0¥ 00T 0T | ‘suiey pees jo Aqrure | uojdydoysiep |owedejdydoysiren
(¥10T) | seyoueiq sIIq
‘e 10 ayonog Sunox GT1°'0 F gee- outd Twa[[oAN -ou  RIWA[[OA\ oroORIIBRINRBIY
(9002) j001 pue eLres Hs[ejuaqne
‘B 19 UURWISNGIJ we)sg 06S¢ (<R [ -nere sjuaqne| a(l erreoneIy oeadeLIRONRIY
(o102) T®
10 uozpp@ ‘(¥10Z) | seyoueiq Huegsuny
‘e LE} ayonog Sunox 80°0 F €¥'¢- UL 10 NUI[3] elIRONRIY oroORLIRONRBIY
(¥102) soyouRIq e[[Aydots
‘e 10 ayonog Sunogx L0°0 F 96°¢- ourd pue[s] M[0JION -197 BIIRONRBIY oroORIIBRINRBIY
‘Surture)s
[eSuny o3 o[qydeosns
/1opuy OS]y '90U®)SISOI 309S
-poom /wod-aseqeep -ur 1ood ‘s[qeystied o9 e[Aydoio
-poom-mmm/ /:sdyayg a[qeinp-uou se pajey juasqy 09-G¢ aurd pue[s] Y[0JION -197 BIIRONRBIY oroORIIBRINRBIY
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} aueaq KJIAT19STS ECLE] (wrur)
ue3ao sreued -wawx -ox eoae -wrerp y3Suag
oousasjay juerd eoueg)sisax Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD seroedg Arure

152



ourd ssoxdA>

(z10T) 'T® I9pUD[S ‘Suoorewr
1o uwesuer ‘($10g) soyouRIq ‘ourd Aexinjy ‘ourd 11s
‘e 10 ayonog Sunox 0G0 F L6'F1- pue[s] 1s9U}30Y -stead suIjI[eD aeadessaxdn)
ourd
ssoxd Ao ueruew
-se], 1o ‘ould 1ALl
(¥102) soypuRIq ‘ourd ssoxdA> AwSid eSuo|
‘e 10 syonog Sunox G8°0 F 88°01- ‘ourd sy  ysnog -qo SHIMRD orodessordny
(¥10T) soyouRIq eordoury
‘e 10 ayonog Sunox €L°0 F I8°CI- ssaxd£o anig -RIJUT SLIYI[[eD) aseadessaxdn))
(sutd-ssexdf>
/SeToTaIe-3S03e]
/sn-qnoqe/me’ r03 es
(z1o02) "1° ‘ezoTFeIeIs MMM/ /
190 uwesuer ‘(¥10%) soypurRIq :sdaay) ourd ssexad ST
e 10 ayonog Sunox 6S°0 F 92°¢1- -£o ureyInog -eI8  sLII[RD ovooessardny
(¥10T) soyouRIq Lourg ssexdAp e[[Aydoo
‘e bE] ayonog Bunox 9€'0 F 0€°'G1- 9YM,  S.elrIISnY -ne[d sujIreD aeadessaxdn)
(¥102) seypuelq Heyolpus
e LE} ayonog Sunog 0L°0 F¥6°C1- outd sseadAo yoerg SLII[[RD orodessaxdny
yoeyre
909SUI 0} JUR])SISAI OS[e (err&yd
/1opuy ST pue ‘ooue)sisol Aed aurJ ssoxd -oone[3d e}
-poom /uwod aseqeIRp -op Surpie3a1 oqeInp -£D  e3ymM  ‘ssead =) sue[PWN
-poom mmam/ /:sdyyy K1oa oq 03 pojroday Juasqy 09-¢¢ -£D ueI[RIISNY -[00  suIjIreD orodessaxrdny
(dyd - sTIeTToUMTOD
~sTI3TTTR)/NO /310
(z102) 'T® *SI9FTUOD MMM/ /
1o uwesuer ‘($10%) soypuRIq :sdaay) ‘ourd sLIR[[OWIN
e LE} ayonog Sunog 8T°0 F 64°GT- ssoxd Ao jseo)) -[0d>  suIjIreD orodessaxdny
(6199082
/659€T€/s0100ds
/810" 3sTTPOIUONT
(¥102) soypuRIq ~nnn//sdagy) SISUS[IYD
e 10 ayonog Sunox 61°0 F 96~ 1epod ueo[IyD SNIPOO0I}SNY orooessordny
(eTToFTXRT-STXRIOIYIR
/sauetd/npe
*@eqsuofaio
*squetdedesspuet//
:sdaay) 1epo))
(v102) seyoueIq jpruwng - feutd 10 elojixe|
‘e FE] ayonog Sunox 61°0 F LV 2- -usa g ueIURWSET, SIX®10IY}Y aeadessaxdn)
(¥102) soypurRIq soprossoxd
e 10 ayonog Sunox ¥€'0 F 91°¢- autd [ous g -Nd SIXBIOIYIY oeoadessoxdn))
ourd ssoxdAd
s 081005 Sury pue
(o102) soyouRIq ss01dAD I9ATY ueMg sireprueadd
e 19 uozjog Sunox 160 F gL OT- ‘ssaxd Ao duwremg SNqOoI1}souI}dy orooessardny
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io s[eued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

153


https://landscapeplants.oregonstate.edu/plants/athrotaxis-laxifolia
https://landscapeplants.oregonstate.edu/plants/athrotaxis-laxifolia
https://landscapeplants.oregonstate.edu/plants/athrotaxis-laxifolia
https://landscapeplants.oregonstate.edu/plants/athrotaxis-laxifolia
https://landscapeplants.oregonstate.edu/plants/athrotaxis-laxifolia
https://www.iucnredlist.org/species/31359/2805519
https://www.iucnredlist.org/species/31359/2805519
https://www.iucnredlist.org/species/31359/2805519
https://www.iucnredlist.org/species/31359/2805519
https://www.conifers.org/cu/Callitris_columellaris.php
https://www.conifers.org/cu/Callitris_columellaris.php
https://www.conifers.org/cu/Callitris_columellaris.php
https://www.conifers.org/cu/Callitris_columellaris.php
https://www.stateflora.sa.gov.au/about-us/latest-articles/cypress-pine
https://www.stateflora.sa.gov.au/about-us/latest-articles/cypress-pine
https://www.stateflora.sa.gov.au/about-us/latest-articles/cypress-pine
https://www.stateflora.sa.gov.au/about-us/latest-articles/cypress-pine
https://www.stateflora.sa.gov.au/about-us/latest-articles/cypress-pine

(¥10T) soyouRIq ssaad stIqau
‘Te LE} ayonog Sunox 19°0 F €9°01- -£5 Surdeem esauly) -ny snssoxdny orooessordny
(z102) "T® jnoaey 10
jo uesuer ‘($10%) seyouRIq ‘ssordAo  uRIDOIOIN rueizeidnp
e 19 syonog Sunox 90°0 + 6201~ ‘ssaxdAo urIeyRS snssexdny) orooessordny
(dyd - etweySutuuny /no
(¥102) soypuRIq /810" s193TUOD "MMM// eye[OdOUR]
e 10 ayonog Sunox LT°0 F+ 09°€- :sdagy) a1y euryd erweysuruuny) orooessordny
(¥10T) soyouRIq 18ns eoruode(
e 19 syonog Sunox 91°0 F 99°¢- 10 1eped osoueder errowolrdAr) seadessaxdn))
*90UR)SISDT
/1epuy I910q /909suUl  @jeISpOW
-poom /wod-aseqeep fo[qeanp o3  9[qrINp 1epa) eoruode(
-poom-mmm//:sdyy A[ejeiopowr se pajey juesqy 09-GT oseueder ‘13ng erewo}dL1n aeaoessaxdn)
*90Ue)SISOT
/Iepuy I1910q /409SUl  9)eISPOW
-poom /uwod aseqeyep fojqeanp 0% 9[qeInp 1epa)) eoruode(
-poom-mmm //:sdyy A[ojeropowr se pajey quasqy 09-GC oseueder ‘13ng erewo}dL1D aeadessaxdn)
/1opuy *9oue)sIsal Aedop Sur Iepa)) 9y
-poom /woo aseqeIRp -pae8aa1 a[qeanp AI1aA 03 wIaInog ‘repa) soproAyy
-poom mmam/ /:sdyyy alqeinp oq o3 pajroday Juasqy 0S-¢¢ 9TY M o13uUR[}Y stredAooewrey)) orodessaxdny
(z102) ‘T°
190 uwesuer ‘(¥10%) soyouRIq eremeg exoyistd
e 10 ayonog Sunox 12°0 F 9%°¢- 10 ssoadAo eiemeg stredAoorvwey)) orooessardny
(z1o0g) '1® oury
1o uesuer ‘($10%) soyouRIq 10 sseadAo  wyoury esnjqo
‘Te 19 syonog Sunox CI'0 F 14°€- ‘ssoad Ao osoueder stredAoorwey) seadessaxdn))
*SORIJR JO9SUI JSOW
03 jue)sSISal OS[e pue
/1epuy ‘oouegsisar  Keoop Sur
-poom /wod-aseqeep -pre8ea1 o[qeanp K1oa 09 ssoadL s uosmer] euURIUOSME]
-poom-mmm/ /:sdyay a[qeInp aq 03 pajroday Juasqy 09-¢¢ ‘repa)) piojiQ 310g | stredAoseurey) seadessaxdn))
(euesowzog -snipsdoTed
/sIsyTu0d /310
*£1810083093TUOD //
(¥10T) soyouRIq :sd33jy) Ieped asuLad RUBRSOULIOJ
‘Te 19 syonog Sunox G9°0 F T6'%- -ut osoueMIR], snapeado[e)) seadessaxdn))
20ue)SISaI Kedop
0} spie3ax ul o[qeInp
AI9A 09 9[qeINp Se pajel
SI poom poaup ‘(,I1epad
Axoad,, se 01 poirsjol (suoazinoop
/1opuy sowrrjowos) Aeoop [el snIpasoqi]
-poom /uwod aseqeIep -unj jo sjaxood jo sseu Iepa)) 93IYA\ BIUIOJ ‘uks) suaIInd
-poom mmm/ /:sdyay -uowrwod oy3 aydseq Juasqy 0g-g¢ -1re) ‘Iepe)) asueduy -op snapadsore) oeoadessoxdn))
(o10g) 12 %0
uozp ‘(g102) 1°
19 uwesuer ‘(¥10%) soyouRIq eaploq
e 10 ayonog Sunox €60 F 201~ ourd Aeg 1930 -woya SLI[eD orooessardny
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ueSao sfeued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

154


https://conifersociety.org/conifers/calocedrus-formosana
https://conifersociety.org/conifers/calocedrus-formosana
https://conifersociety.org/conifers/calocedrus-formosana
https://conifersociety.org/conifers/calocedrus-formosana
https://www.conifers.org/cu/Cunninghamia.php
https://www.conifers.org/cu/Cunninghamia.php
https://www.conifers.org/cu/Cunninghamia.php

(¥102) soypuRIq sIsuou
‘e LE} ayonog Sunog $6°0 F 8801~ ssoxd Ao esauly)) -1yo snradrunp orooessaxdny
(¥10T) soyouRIq ssoad Ao urruosueied soprossaxd
e 19 syonog Sunox LE€°0 F 00°G- ‘uenyery JERREI AT -no  eAoazirg aseadessaxdn))
(¥10%) soypuURIq rIoYOIe
‘e EE] ayonog Sunox ¥S'0 F gL'8- autd jnujsayD ewasIq aeadessaxdn)
/1opuy *)}or)JE J09SUI 0} 2dUe)
-poom /wod aseqe)ep -SISOI1  poxXrTwr  ‘a[qeinp Jues TIpuerAa|
-poom-mmm/ /:sdydyg A[@jeropouwr se pajey -qe s[eURD UISIY 0G-G2 ssoadA puefer] x snssexdny) orooessardny
(z1o02) '1®
190 uesuer ‘(¥10%) soyouRIq ssoxdAd wejnyg Io eso[NI0Y}
Te 10 ayonog Sunox 690 F G€°8- ssoadAo  uelepewryg snssaxdny oeadessaxdn))
(oto0z) '1® ssoxd
1o uozpg ‘(¥10%) sayouRIq -£p uereyy ‘ssead suaaiazaduwes
‘e B ayonog Sunox 0T'T F 6€'01- -£D ueAURIISIIPAIN snssaxdny) aeadessaxdn)
/1opuy Jovjye 109suUl ssoxd
-poom /uwod aseqeIRp 03  o0oUR)SISOI  poXIW juas -£p uerneyy ‘ssead suaatazodwos
-poom-mmam/ /:sdyyy forqeanp se pojey -qe  s[eURD UISOY 0G-S2T -£D ueLaURIISIIPOIN snssaadny orooessardny
(0102)
[[oU3] pue UOS[IA\
Aq poouaiajoy mjuag
{(g96T) uruuRg 00¥% 8 1¢ 16°C sso1d Ao s juelieg -1es snssoxdny oroorssardny
(0102)
[[ous pue UOS[IM
Aq poouaiajoy mjuag
£(g96T) ueuueyg 00% Z'6% 9927 sse1d 4o s juelieg -1es snssoxdnp orooessardny
‘SORIJR J09SUL JSOW
0} jue)SISaI OSs[e pue
/1opuy ‘oouegsisar  Keoop Sur ssoadAD
-poom /wod-aseqeep -paeSaa ajqeanp AI1aa 03 100N ‘repa) sIsuajexjoou
-poom-mmm/ /:sdyayg a[qeInp aq o3 pajrodoy Juasqy 0S-GT MO[[OX uesery snssaxdny oeoadessoxdn))
(¥10T) soyouRIq edieooroewt
‘e 19 syonog Sunox 8€'0 F €4'9- sso1d Ao Ao19juoN snssaxdny oraoessordny
/1opuy JorYjE J09SUI 0) 20UR)
-poom /uwod aseqeyRp -SISOI1  poxTwr  ‘a[qeinp edredsoroewr
-poom mmam/ /:sdyyy A[ojeropowr se pojey Juasqy 0G-G2 ssoxdAD KorojuojnN snssaadny orooesserdny
)orIJE J09SUI 0} 2dUe)
-SISoI1  poxrTwr  ‘a[qeinp
/1opuy A[9yeropowr 03 o[qeInp
-poom /uwoo aseqeyRp -uou woiy :AIqeInp ©Or) JO IBpPaD eoTuR)ISN]
-poom mmam/ /:sdyyy uo sjrodex Surorguo)) juasqy 0G-S¢ ‘ssoxdAD URDIXOIN snssaadny orooessardny
/1opuy JorIJE J09SUI 0} 2dUe)
-poom /wod-aseqeyep -SISoI1  poxrwr  ‘a[qeinp euURIUIAOS
-poom mmm/ /:sdyay A[@jeropouwr se pajey juesqy 0G-G2 ssoad A uamor) snssexdn)) orooessardny
ssoxd Ao
(o102) T® ruoZILY qroows
190 uwozpq ‘(¥102) soyouRIq 1o ssoad Ao yaeq eiqe[s
e 10 ayonog Sunox €0'T F2eII- yjoows BUOZIIY snssaxdny oeadessoxdn))
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3ao sreued -wawx -ox eoae -wrerp y3Suag
souaaajoy juerq aouejysisaa Keda(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) soroadg Aprure g

155



(o102)

[[oud PuU® UOS[IA\ SOP10qOI3S0)
Aq PoduLILyey -d&18
£(g96T) ueuueg 007 554 5% poompar ume( eronbase)ay oeooessordny
(otoz)
[[oUd PpuU® UOS[IA\ SOP10qOI3S0)
Aq poouaiejey -d£(8
‘(g96T) ueuueyg 00% €e z poompar ume( rronbasejon orodessaxdny
Iepad dIjewWory
pue ‘Ieped [IDULSJ
(ot02) ‘rodrun( poy ‘rodru
[[ouM PpPuU® UOS[IA\ -nl ureysey ‘rodrun(
Aq Ppoouaisjoy uRIUISIIA ‘IRpOd pal eueIuld
{(g96T) ueuueg 00% 1°GT [6°T uiggsey ‘Ieped poy -11a snzedrungp oradesseadny
/1opuy Jowrlle 109sUl pur ABO9pP Iepeopoy
-poom /wod aseqeIRp Yjoq 03 ooueISISaI UL uro)sey ‘repa)) euerurs
-poom-mmm/ /:sdyyy Juo[[edXe se poapleday juesqy ge> Poy SIjRWOIY -11a snradrunp ovooessaxdny
(eooro1yIS “TRA
/1opuy euURIUISIIA SN
-poom /wod-aseqeep -odrunp) eoom
-poom-mmm/ /:sdyayg I'pOOpPoY UILYINOg -111s snxadrunp orooessardny
€0 F
61 XN
‘e ‘31eg
(£00g) A110dg F 1T Todru wniomndoos
pue uuRwWINGIJ youeag TuedIN -nl urejunoy A3ooy snrodrunp oeooessordny
(oto0z) '1®
19 uozppq ‘(¥102) soyouRIq aadriu wntondoos
‘Te 19 syonog Sunox 0€°0 F €8°6- -nf urejunojy £3o0Yy sntadrunp seadessaxdn))
Tedru wniondoos
wels el -nf urejunoy Aooy sniadrunp aeadessaxdn)
(oT0T j001 pue radru wniondoos
) ‘Te 30 uuewWIolg wolg zL ¥8'290C 18°6 L8 %8 -nl urejunojy A3ooy snrodrunp orooessardny
ewraodsosy
welg z'L radrunl yein -so sniedrunp oredessaidny
(o102) T®
jo uozppg ‘(¥10%) soyouRIq rwIodsoa)
e 10 syonog Sunox GE€'0 F 89°'8- sadrun( yein -so sniadrunp orooessordny
(9002) 1001 pue ewIadsoo)
‘TR 19 uURWINIIg w9l I8°L GL0TLL LL°6 6T TLL rodrun( yein -so snradrunp orooessaxdny
rwIsdsouowt
wels S TT Jadrun( pess-auQ sniedrunp aeadessaxdn)
J1opuy
-poom /wod aseqeIRp euead
-poom-mmam/ /:sdyyy Jadrunp 109e31[y -dep sniadrunp orodessaxdny
(oto0z) '1®
190 uwozpq ‘(¥102) soyouRIq sTuUnwWuwod
‘e 10 ayonog Sunogx 220 F LE'9- zodrun( uwowrwoy) snrodrunp orooessardny
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3ao sreued -wawx -ox eoae -wrerp y3Suag
oousasjay juerd eoueg)sisax Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD seroedg Arure

156



(900g) | 3001 pue wnyor
e 39 UURWINGGIJ welg IT°6ET 89°CC ¥9' 1T ssoxdAo preg -SIp WNIPOXET, oeadessaxdn))
(z102) 1B sopto
190 uwesuer ‘(¥10%) soyouRIq -trowroyd 1o
‘e 10 ayonog Sunox 620 F 8¢'¢e- eTURMIR], eruemIe], oeadessaxdn))
901y S1q A(durs 1o
eIUO}IUI[[PA\ ‘POOM
(0102) B %0 -pel ueldIg ‘poom
uozpdq ‘(g10T) ‘T® -pa1  eirdIg  ‘poom
10 wesuer ‘(¥10%) soyourIq -pa1 juerd se umouy wnajuesrs
e 10 ayonog Sunox 90°0 F 8L°¢- os[e ‘eronbes juelr) |uoipusprionbeg ovooessardny
T F
v XeIN orooessordny
'8°0 poompar erwiopiie) | /'pud  (uoQ
(£00g) A110dg (1rews) F 0z pue poompal [B}SROD ‘) suaarazad
pue TURUWIIDI J youerg TweaN ‘poompar 150D -wes  eronbag oeoadessoxdn))
8T F
8V XBIN
1 POOMPAL RIUIOJ[E)) /pud (uoq
(£00g) L110dg (e8xer) F 9z pue poompal [B}SROD ‘) suaarazad
pue TURUWIID J youerg TweaN ‘poompar 150D -wes  eronbag oeoadessoxdn))
(010%) 'T® %0
uozpp ‘(2107) ‘I poompal eruIojiren
1o uwesuer ‘(¥10%) soyouRIq puR POOMPAI [€)SROD suaarazed
‘e 10 ayonog Sunox L1°0 F 8%~ ‘poomparx 150D -wes  eronbag seadessaxdn))
(0107)
[[oud] pue UOS[IA\ poompal eIuIOjIRD
£q JSERTEREIELE] pue poompal [B}SROD suaarazod
£(g96T) ueuueg 00% L€V 4% 7% ‘poompar 150D -wes  eronbag seadessaxdn))
'$9913 YIMOI3-puodas
198unok woajy jey) uey)
a[qeinp olow aq 03
Spue} sS99I} Yimoi3-p[o
woay Iaquinry ‘oouey (1anq) euoaep
/1opuy -s1so1  Aeoop SurpireSax ‘poompay eruIojire)
-poom /woo aseqeIep a[qeInp AI19A 03 d[qeInp Jues ‘poompayg 150D suaarazod
-poom-mmam/ /:sdyyy A[@jeropouwr se pajey -qe s[eued UISAY 0g< ‘etonbag  ‘poompoy -wes  eronbeag orodessardny
poompal BIUIOJI[E))
(9002) 1001 pue pue POOMPAI [€)SROD suaarazed
e 19 UURWINGIJ wo)g TL'TSS 8L°CT T ‘poompar 150D -wes  eronbag aseadessaxdn))
(zr02) "T°
1o uesuer ‘($10%) soyouRIq 9B}IAIOQIR [RIUSLIO SI[ejULLIO
‘e bE] ayonog Sunox S¥'0 F ¥0°6- 10  elnyy [ejuLLIO snpepAjerd orooessordny
(¥102) soypuRIq euended
e 10 ayonog Sunox €¢°0 F 69¥- - snapooendeq orodessordny
(z102) 1® S9ploqoIsoy
190 uwesuer ‘(0T0Z) soyouRIq -d&138
e 10 uozpg Sunox €10 F 16°2- poompar ume( eronbasejay oeadessoxdn))
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io sreued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

157



s9r
-99q jsod 1epmod pue

S9JIWII9) 0}  JURISISAI
/Iopuy os[e ‘{90UB)SISAI AwIOP 2eyIAIOqIY
-poom /uwoo aseqeyep Burpiede1 ojqeinp AIoA uIo)sey ‘repe)) si[ejuap
-poom mmam/ /:sdyyy 03 o[qeINp se pajey JuesqQy qe> Y M UISY}I0N -1000 elnyT, aeadessaxdn))
zodrun( ueolyy pue
HEERG ] POOM-TOI}TO
HebR e i) ueauel
-I991PaIN HEREY ]
‘orqra-roqre Areq
-req ‘9I313 9p sioq
‘orreqaeqg op weAnyl
PLIRSIY P eAnyy
‘[osorreN] 1eySIeys
(¥102) soyouRIq ‘9917 wng owvIepues eje[norg
e 10 ayonog Sunox GL°0 F 1C°€1- ‘eorore ‘9o1j1RIy -Ie SIUI[ORI}DT, orooessordny
zodrun( ueoryy pue
HEERG] POOM-TOI}TO
{od10Te urouel
-I99IPaIN JERRE] ]
‘orjria-10qae Areq
-req ‘9I31y 9p stoq
‘orreqieqg op weAnyg
‘o1193[V . P eAnyg
/1opuy ‘[esorreN] reySieys
-poom /wod-aseqeep *90URSISAI I1910( /J09sUL ‘9917 wng oevrepues eje[nor
-poom-mmm/ /:sdyayg pooS ‘o[qeinp se pajey ‘od1are ‘oa1yaRIYy -Ie SIUI[DRI}d], oeadessoxdn))
ajenyenye
10 ‘ourqes ‘ssoxdAo
(¥102) soyouRIq eWNZajuUON ‘ssoxdAd wnyeuoId
‘e 10 ayonog Sunox I1°0 F €2~ preq |UWINZIJUOIN -NW WNIpoxXeJ, aeadessaxdn))
9L F
9L XBN
LT
(£00g) A110dg F ov (1) wnyory
pue UURUWIISY J youeg Twea ssoxdAd> preg -SIp WNIPOX®eJ, aseadessaxdn))
(otoz) "1®
1o uozppq ‘(¥10%7) soyouRIq wnyoty
‘e b ayonog Bunox 200 F 62°2- ssa1dAo preg -SIp WNIPOXET, aeadessaxdn)
‘a[qeanp
A[ejeropowr se  pajel
Auo s1 s9a13 I198UNOA
woIj poom o[Iym ‘eoury
-sI1sa1 Aedop 01 spiegaa
/1epuy ur  o[qeinp Aia 09
-poom /wod-aseqeep a[qeinp Suraq se pajelr ssaad wnyo1g
-poom-mmm/ /:sdyayg st sseadAD Ymoi3-pio juasqy wmn 0g< -Kopreg ‘ssoad LD -SIp WINIpOXe], orooessardny
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3ao sreued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

158



TcF

8T X®BIN
L
(£00g) £xrodg F ool o1y T
pue TURWIDH J youerg TweaN IreyuopIe]y ‘0SNUID) eqoriq oxM3urn oea0r0SUID
(otoz)
[[oud pue UOS[IM
Aq poouaIajey
£(Z061) 'T® 30 13008 007 87 6'C - 113{92q 0SxurD 2ed0'O0S UL
(0102) 110U
pue uos[Ipy  Aq
poousidyey *(L00T)
‘Te 10 819qAy woiy ~dds
o8eIoA® snuon) 08 [eele] [sid sotoads joun)xy ©BOpIOOPRIAD) ovoORpPIOSPRIAD)
(otoz)
[[oud pue UOS[IM
Aq poouaIsley
‘mrrojlIe[ROS  OIel
{(166T) sezelIog, (1} ee T pedAd reodseIepreIN s1eny) seok) oreoRpRILD
(z102) ‘T® sso1d Ao mo[[ehk
10 uesuer ‘(¥10%) soyouRIq 10 Iepad-eyse[y sIsuajexjoou
‘Te 19 syonog Sunox G0 F €1°g- ‘ssoad Ao ©Y100N stredAooyjuey seadessaxdn))
(¥102) saypuRIq rrpuel4or stred
e 10 syonog Sunox L1°0 F 8G°8- ssoxd Ao puefher -Aoossexdny x orodessordny
(¥102) soypuelq elogipou
e 10 ayonog Sunox 670 F L8 L- sso1d Ao urejunon RIUO)ISULIPPIAA orooessardny
(z1o02) '1®
1o uesuer ‘($10%) soyouRIq ejeIqRIOp
‘Te 19 syonog Sunox 8€'0 F ST ¥- aejIAroqIe BRI sisdo(ny,J, orooessordny
pooma[3urys
1o ‘1epoo juers
(010T) ‘1B 90 ‘9RIIAIOQIR UISISIAN
uozpq ‘(g10T) ‘T® 10 9®)IAIOQIR JURID)
190 uesuer ‘(¥10%) soyduRIq ‘repeopal oymeJ Io
‘e 10 ayonog Sunox €1°0 F 0T ¥~ Iepaopal UIDISOAN ejeord elnyqg, aseadessaxdn))
JorYYe 3098
-Ul 03 90UR}SISAI paXIwl
e sey 31 ysnoys ‘eouel
-s1saa  Aedep 01 pies
/1opuy -o1 ur a[qeinp AIaa 03
-poom /uwod aseqeIep a[qeINp se pajel ueaq Iepa) POy UIS)SOAN
-poom mmm/ /:sdyay SR IBpoOPaYy UIDISIAN Juasqy 09-G¢ ‘Iepeopoy  UIOISOAN ejeorrd elnyg, oeoadessoxdn))
(otoz)
[[OUd pue UOS[IA\ aejIazoqIe
Aq poouaiajey urogser I0  Iepad sIejuap
£(g96T) ueuueg 00¥ 9°8% £€9°C -931y M UILDYIION -1900 elnyT, oeadessoxdn))
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3ao sreued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

159



J1opuy
-poom /wod-aseqeep

-poom-mmm //:sdyay Iy 1eselq 119sRI] SOIqY avadRUlJ
(v102) | sououeaq
‘e pte) aysnog wﬁﬂ0> 200 H*H v e I 3891104 T1}S9110] SoIq Y/ oradeurJ
R
we)sg '8 I0[0OUOD) ‘I SIIYAA I0[0OU0D S2Iq Y oevadeurq
‘syoeIR 4008
-Ul 0} 9DUR)SISAI O[]
/1epuy Yiym ‘odue)sisor Aedop (yussoad Aqreuors
-poom /wod-aseqeep SurpreSax oiqeysired o9 -8000 S[RUBD UISDI iy
-poom-mmm/ /:sdyay s[qeINp-uou Sse pajey orpewiner)) Juosqe 09-¢¢ I0[0OUOD) ‘I SIIYAA I0[0OU0D S2Iq Y oeadeurq
Jiopuy
-poom /wod aseqeiep eoruoreydad
-poom mmam/ /:sdyyy 1y Mealn) soI1qy oredRUL]
J1opuy
-poom /wod aseqeIRp a1y eION BIURS 'IROJORIq
-poom-mmam/ /:sdyyy ‘ayg QU0209[)S1Ig so1qy orodRUIJ
(z102) soyouRIq ‘eowres
‘e 19 ussuer Sunox 7€'0 F v9°€- a1y wesreqg -1eq so1qy orOORUIJ
‘s3oeIR 4008
-Ul 0} 9OUR)SISAI O[]
/1epuy Yam ‘eoue)sisar Aedop (yussoad Aqreuors
-poom /wod-aseqeep Surpre8aa o[qeysuiad 01 -BDDO S[RURD UISAI eaures
-poom-mmm/ /:sdyayg s[qeinp-uou se poajeYy orjewiner}) Juosqe 0g-G¢ a1y wesreqg -1eq so1qy oradRUIJ
‘s)oeIR 4008
-Ul 0} 9DUR)SISAI O[]
/1epuy am ‘eoue)sisar Aedop (yussoad Aqreuors
-poom /wod aseqeep Surpre8aa o[qeystiad 03 -BDD0 S[RURD UISAI
-poom-mmm/ /:sdyayg s[qeinp-uou se poarey orpewiner}) Juosqe 0G-G¢ Iy I9A[IS oyroed si[iqewe solqy oraoRULl]
‘s3oeIR 4008
-Ul 0} 9DURISISAI O[]
/1epuy Yam ‘eoue)sisar Aedop (yussoad Aqreuors
-poom /wod-aseqeep Surpre8aa o[qeysuiad 03 -BDD0 S[RURD UISAI
-poom mmm/ /:sdyay s[qeinp-uou se pajreYy orpewiner)) juosqe 0g-g¢ 1y 19Af1s ueadoiny eqle seiqy oraoRULl]
(o102) TR
19 uozpg ‘(¥10%) soypuURIq I I9ATIS IO
e 19 aypnog Sunox I1°0 F 00'%- 1y IeAqrs ueadoangy eqre saIqy orvodRUI]
EERGY
woals 1€ Irequeprey ‘o3Nurn rqO[Iq 03 UID) orooROS UIY)
(0102)
[[OUd pue UOS[IA\
\Aﬁ poeduaisjoy 2913
{(206T) "T® 32 33008 00% 08 L | Trequeplely ‘oSyury | eqoiq oSyurp s'20'OINULD
(0102) 110U3] pue
UOS[IA\ Aq poduaie
ou (co61)  Te
12 33005 {(8T6T) o013
1oddny, pue Aerreg 00% ov T Irequoprey ‘o3Nurn rqO[Iq 03NUID) oeoROS UIY)
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} aueaq KJIAT19STS ECLE] (wrur)
ue3ao sreued -wawx -ox eoae -wrerp y3Suag
oousasjay juerd eoueg)sisax Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD seroedg Arure

160



Jiopuy
-poom /uwod aseqeIRp

-poom-mmam/ /:sdyyy Towrefo ‘I1y paioeg ©sOI81[a1 soIqy orodRUIJ
‘syoe3R 098
-Ul 09 20UR)SISAI O[]
/1opuy Ym  ‘ooue)sisar Kedap (yussoad Aqreuors
-poom /wod aseqeIRp Surpre8aa orqeystrad o3 -B000 S[RURD UISDI
-poom-mmam/ /:sdyyy s[qeInp-uou se pajey oIjRWINEI)) JUISE 09-G¢ Iy 9[qOoN ereooxd so1qy ovadRUIJ
(o102) "1®
¥ uwozpd ‘(¥10%) seypurIq
e 10 ayonog Sunox ¥1°0 F ST'¥%- 1y ysruedg odesuld se1qy orodRUIJ
‘syoeIR 3098
-Ul 03 Q0uR}SISAL B[]
/1epuy Ym ‘eoue)sisal Aedop (yussoad Aqreuors
-poom /wod-aseqeep Surpre8aa oqeysuad 03 -e000 S[RURD UISAI Iy pax ‘ay dijaeafrs edyIu
-poom-mmm/ /:sdyayg a[qeINp-uou Sse pajey orjewiner}) Juosqe 09-¢¢ Iy pax  eruiojire) -Sew saIqy avadeUrJ
9
urejunoy A}ooy ‘1y
wres[eq uIa)som ‘ures
-leq ojIym Iy wes
(otoe) ‘1B -[eq  utejunowr  ‘Iy
1o uwozpq ‘(¥10%7) soyouRIq 93IyMm ‘Iy wes[eq ‘1y edres
e 10 ayonog Sunox L0°0 F+ ¢9'€- ourdie ‘ay eurdreqng -orse| saIqy o'IDRUILJ
RS
urejunojy A3}oo0y Iy
‘syoeIR 1008 ureseq UIo)soMm ‘wres
-UI 0 90URJSISAI O] -leq o3Iym ‘Iy wes
/Topuy Ym  ‘ooueysisar Aedop (yuesoad A[reuors -Teq urejunowr ‘Iy
-poom /uod aseqeyep Burpiel3ea a[qeystiad oy -eDDO S[RUBD UISAI 231ym ‘Iy wres[eq ‘1y edreo
-poom mmm/ /:sdyyy a[qeInp-uou se pajey orpewIner}) JuUosqe 0g-6¢ surdre ‘a1y surdeqng -orse| seIqy avadeUlJ
Y
urejunoN AXooy ‘1y
wes[eq UIo)som ‘ures
-Teq o3Iym ‘Iy wes
-[eq urejunowr ‘Iy
(9002) 3001 pue oYM ‘Iy wes[eq ‘1y edieo
‘e jo uuerunLaljlg wal s 86°C8G1T 18°CT 76°0 surdie ‘ay surdreqng -o1se[ Selqv Qreadeuld
9
U081 10 ‘1Y I9ATOD
-ueA  ‘Ig 93IYm UuIe
(0102) 'T® -1soMm ‘I IDATIS peaId
19 uozppq ‘(¥102) soyouRIq ‘I ejIym  pue[mor
‘e 10 ayonog Sunox 900 F g9°¢- ‘ag quer8 ‘1y puein sipueas soIqy orOdRUIJ
9
‘syoeIR 3098 uo821() 10 ‘1Y I9AN0D
-Ul 03 Q0UR}SISAI B[] -ueA Iy 9jIYMm  UId
/1epuy Yum ‘eoue)sisal Aedop (yussoad Aqreuors -1som ‘11 I9A[IS 1218
-poom /wod-aseqeep Surpre8aa oqeysuad 03 -e000 S[RURD UISAI ‘I ejIym  pue[mor
-poom-mmm/ /:sdyayg a[qeINp-uou se pajey orjewIner}) JuUIsqe 09-¢¢ ‘ay quers ‘ay puern sipueas sarqy avadeUlJ
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue8ao s[eued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

161



‘Ked

/1opuy -op 03} JuUR}SISAI-UOU O} oonidg uewr
-poom /wod-aseqeep queysisax A[3y3i[s Sureq -105) ‘eonidg ueadoa
-poom-mmm/ /:sdyayg se pojel ST pPOOMIIRDH] -nyg ‘eonidg KemioN saIqe 'adIJ orodRUIJ
(o10T) soyduRIq oonuds ueadoany
e 19 uoz[pq Sunox 60°0 F 99°¢- 10 oonids AemioN soIqe @Il J oeodRUI]
(o10zZ) T®
10 uozpp@ ‘(¥10Z) | seyoueaq sire
‘e LE} ayonog Sunox Y10 F 12¥- YOIR[ UIDISOAN -UspIrod0 XIIe] oredRUI]
TeI9A08s Jo sdnoid
Terpue8ue) ur Io
Arejrjos fuoryng
/Iopuy ‘oouey -1I3SIp Ul oqeliea
-poom /uwoo aseqeyep -sisoa Aedop SuipieSoa pue juenboaajur s1[e)
-poom-mmm/ /:sdyayg a[qeanp A[oye10poIN ‘sfeued UIsal [[RWS 09-¢¢ YOIeT UWIDISOAN -USpIdd0 XIIer] avadeUlJ
TeI19A8s Jo sdnoid
Terpue8ue) Ul 1o
Arejrjos fuoryng
/1epuy ‘oouey -LI3SIp Ul oqelieA yoaer
-poom /uwod aseqeyep -sisaa Aedep SuipieSoa pue juenbaajur uteyse; ‘yoaer] uwed
-poom-mmm//:sdyy a[qeanp A[oye1opoIN ‘sfeued UISAI [[RWS 05-9C -LPwWy  ‘yorIRWE], euIOIR] X1Ie] aeadRUlJ
(s1detogder
/Iopuy -oouR) T ‘uhs)
-poom /uwod aseqeyep -s1soa Aedop SuipieSoa 1rejduweey
-poom-mmm/ /:sdyayg a[qeanp A[oye1opoIN yorer] essueder x1rer] orvodRUI]
(P10T) | seyoueiq
‘e 10 ayonog Sunox 810 F €1°¢- yorel uernyeq Trurjow8 xXrrery orodRUIJ
(010%) 'T® %0
uozp ‘(z10Z) ‘1&
19 uesuer ‘(¥10%) soyouRIq yodler] uowrwo))
e 10 ayonog Sunogx L2320 F 119~ ‘yoxery ueadoangy enpIoop Xue orodRUIJ
/1epuy ‘oouey
-poom /wod-aseqeep -sisax  Aedop SurpreSex YoIe] WOWWOoD)
-poom-mmm/ /:sdyay a[qeinp A19yRISPOIN ‘yoxery ueadoinyg enploep xuer oredRUI]
(A£mfur oy
/1opuy “3[peIje 109SUT 09 onp juesard sowrg
-poom /uwod aseqeyep jue)sisor A[[erous8 pue -owos ySnoyy) jues
-poom-mmm/ /:sdyayg ‘o[qeinp Aroa se pojey -qe s[eued UISOY ge-qg uoueqar] Jo 1epa) uRqI SNIpaD avadeUlJ
niepeasp
/1epeaap/iepaop/I1ep
(0102) TR -oop 10 ‘1repod
19 uozpg ‘(210%) soypuURIq uelepewry erep
e 19 uesue[ Sunox 9¢€'0 F 69°9- ‘reped Tepoa( -0op snipa) orodRUI]
(0102) ‘T® %0
uozppq ‘(¢10T) 'T®
90 uasuer ‘($10%7) soypuURIq ed1juR]
e 10 syonog Sunox 800 F €1°G- Iepod SB[}y -je snape) oredRUIJ
(¥102) soyouRIq sIsuou
e 3o ayonog Sunox L0°0 F €T°¢- 19 ureyxes -leyoes  seqy. Qradeuldg
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3ao sfeued -wewt -a1 woJe -wrerp y38usg
oousasjay juerd eoueg)sisax Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD seroedg Arure

162



(900g) | 3001 pue
‘Te 3o uURWILIg welg 927996 l4dan ST'T sonuads yoerg eURTIRW BIDIJ ovadRUlJ
(mo=eTTF01dsT
B0S.T6C=pTUOXE] ;XdSe
*STTR39(I9PUTJIURTd
/Ioputauerd/SIo
*feopIeSTes TUR10qTINOSSTW
(¥102) seyourIq ~mnn//sdaay) stsueg
‘e b ayonog Sunox €1'0 F 98°'¢- oonuads Suemry -uemqI[ eI J avadeUlJ
(z10T) | seyoueiq
e 10 uesue[ Sunox 920 F g% oonads 29T A\ eone[S ead1g ovadeUIJ
‘Aed
/1opuy -9p 0} jue)sISAI-UOU 09
-poom /wod-aseqeep queysisax A[1y3i[s Sureq
-poom mmm/ /:sdyayg Se pojel SI POOMIIRdI] oonadg 99Ty A\ eone[S ead1qg avadeurJ
(otoz)
[[ouy] pue UOS[IA
Aq poousieyey
£(g96T) ueuueg 00% eLe 10°¢ oonuads 29Iy A\ eone[S ead1qg oeadeurq
(0102)
[[ous] pue UOS[IM
Aq peouaiejey
£(g96T) ueuuRg 00% 9°,€ ce'e oonads 991y A\ eone[s eadrd orodRUI]
oonads
I9ATIS I10 ‘eonads urey
(010%) soypuURIq -unow ‘eonids 931ym ruueut
‘e EE] uozieg Sunox 600 F ST ¥- ‘eonads uueweluy -[e8us  wed1g avadeUlJ
sonads
I9ATIS I0 ‘eonads urey
-unow ‘eonids 931ym nuuew
welg L'8 ‘oonads uuewpSuy -eSus  eedIg oradRUIJ
‘Led
/1opuy -9p 07} JuUR}SISOI-UOU O}
-poom /wod aseqeIRp juegsisax A1pySis Sureq muuewt
-poom mmam/ /:sdyyy se pojel ST poOOMIIBOH oonidg uueweduyg -1o8us ©’a01 g orodRUI]
(0102) sonads
[[oUd pue UOS[IA\ I9ATIS 10 ‘eonads urey
Aq poouaiajey -unow ‘eonids a31ym nuuew
{(g96T) ueuueyg 00% 1°9¢ 16°C ‘oonads uueweSuyg -1o8ua ©°O0IJ orodRUIJ
(o102) sonuds
[[OUd pue UOS[IA\ I9ATIS 10 ‘eonads urey
Aq poouaisyey -unow ‘oonids 931ym ruuew
£(g96T) ueuueg 00% ¥'ce 6°C ‘oonads uueweSuy -1o8ua ©°a0IJ orodRUIJ
oonads
I9ATIS I1o0‘eonads
urejunow ‘eonids
(¥102) 1001 pue arym‘oonads TuuRw
‘e Jo uUURWILg welg 16'% 7G8 €8°CT 9T'T uuewpSuy -[oSus  eod1g avadeUlJ
()
a2z1s (gui/s (suoad
aaod -edIN) -rur)
poa3sag aueaq KJIAT19STS ECLE] (wrur)
ueSao sfeued -wewt -a1 woJe -wrerp y38usg
souaaajoy juerq aouejysisaa Keda(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) soroadg Aprure g

163


https://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?taxonid=291750&isprofile=0&
https://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?taxonid=291750&isprofile=0&
https://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?taxonid=291750&isprofile=0&
https://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?taxonid=291750&isprofile=0&
https://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?taxonid=291750&isprofile=0&
https://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?taxonid=291750&isprofile=0&

‘{Arejrjos Ap3sowr

/1opuy ‘Aedop 09 ‘poInqrigsip A[uaso
-poom /uwod aseqeyRp Jue)sIsal K[ojerapout se pue snorownu
-poom-mmm / /:sdyay pajel ST poomyresay 9y J, ‘sreuro ursex agier 09-6¢ aurd ueaqqrie) eoRqLIRD SNUIJ avadRUIJ
(900g) | 3001 pue
‘e 39 uuReuwIaljrdg E@Gm L8T Z'ST €T D:_Q Q.NUQQM.N.NO eoarquIed Snul g oradeurJ
(0102)
[[oud] pue UOS[IA
£q JeEBLEREIEIN eueIsyURq
$(g961) ueuued 00% v'ae £C°€ surd per snutd Qreadeuld
(0102)
[[ous] pue UOS[IM
£q SERICREIEE euRISNURQ
$(g961) ueuued 00% 6 7€ vie outd spep snutd Qresdeuld
Arejrjos
Apysowr ‘paynqriysip
/1epuy *ooue)sIsar Keodop A[usAs pue snotowr
-poom /wod-aseqeep Ul MO[ 0} 9jeISPOW S -nu  ‘sfeued  UISAI euRISNUR(Q
-poom-mmm/ /:sdyay pajel ST poomireay oy J, pazIs-wWnIpajy 0g-9€ surg oer snurg oeooRUI]
ould Suides1)) pue
(ot02) ‘1 fourd  qnidog  ‘ourd
10 uozpp@ ‘(¥10T) | seyoueiq yoyg  ‘eurd ey sines
™ 3o yonog Sunox 0T'0 F 6T°€- ‘fourd IR “lqre snuid Qresdeuld
TeI19A0s Jo sdnoid
Terpuedue) Ul 1o
Arejrjos ‘fuornqriy
-SIp Ul 9[qeLIRA pu®R
‘Aed snolawnu o3 asieds
/1opuy -op 09} JuR}SISAI-UOU O} ‘(eonads 19yjo ueyy
-poom /wod-aseqeep queysisox A[9y3i[s Sureq I981R[) S[eURd UISII SIS
-poom mmm/ /:sdyayg se pojel SI POOMIIRDH pozis wnipaN 09-G¢ oonidg eq11g -uayDd}Is ®IDIJ orodRUIJ
‘Ked
/1epuy -9p 03} juRj}SISAI-UOU O}
-poom /wod-aseqeep queysisor A[9y3i[s Sureq oonidg >oep
-poom mmm/ /:sdyay se pojel SI POOMIIRIH -uoarpy ‘eonadg poy suoqni 'adlg oraoRULl]
(z10g) | seyoueiq
e 10 uosue[ Sunox 61°0 F 12°S- sonads xoerg ruURIIRW €Ol oredRUIJ
(0102)
[[ous] pue UOS[IM
Aq poouaiejey
{(g96T) ueuuRg 00¥ g'ze e sonuads yoerg PURTIRW BIDIJ ovadRUIJ
(0102)
[[oud pue UOS[IM
Aq poouaiajey
£(g96T) ueuueyg 00% L'6C z0°¢ oonuads yoerg eURIIRW BIDIJ orodRUIJ
‘Aed
/1opuy -9p 0} jue)sISAI-UOU 09
-poom /wod-aseqeep queysisax A[9y3i[s Sureq
-poom-mmm/ /:sdyayg se pojel ST pPOOMIIRDIH] oonadg >oelrg eURIIRW BIDIJ orodRUIJ
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ueSao sfeued -wewt -a1 woJe -wrerp y38usg
oousasjay juerd eoueg)sisax Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD seroedg Arure

164



‘se10ads oy
10] AjI{IqeInp 9Id0Ipauwr
$99BOIPUISIaIY peop
Burpue)s uo sauop Apnis
e ‘IoAomoy  ‘o[qefreae

are  s9s9)  AI[IqeRINp {L1ejrjos Apysowr
/Iopuy umouy ou ‘lequun se ‘poInqrigsip A[uaso uoAurd opeio
-poom /uoo aseqeyep pojsoarey A[eiousald pue snoJlewnu -[0D ‘uoAurd o[peeu
-poom mmm/ /:sdyyy 9, UST 9ulJ uoAuig 2ourg ‘speuen ursex o8aery 0S-G2 -omJ, ‘eurg uoAuig sInpe snuiJ orodRUIJ
Arejrjos Apjsour
/1opuy *90ur)sIsal Aedop ‘poInqrigsip A[uaso
-poom /uwod aseqeyRp Ul MO[ 03 9jeIopow se pue snorownu
-poom mmam/ /:sdyyy pajel ST poomyresay 9y J, ‘sreuro ursex afier 09-G¢ aulJ jea[3ioys ©)RUIYDD SNULJ avadRUIJ
osurd ej10ju0)) ‘ourd
(ot02) soypurIq postmy, ‘ourd a1oyg
e 10 uozjog Sunox 810 F 06°¢- ‘ourd arode3pory ®1I0)U0D SNUIJ orodRUIJ
(otoz)
[[ou3y] pue UOS[IA\ ouid ej103uoy ‘eurd
Aq poouaIsley porsim, ‘eurd aioyg
£(g96T) ueuueg 00% ¢'ee 10°€ ‘ourd ajode8pory ©1I0)U0D SNUIJ oradRUIJ
80 +
c8 XBIN
0 ouid ej103u0y ‘eurd
(£00g) A110dg ¥ 22 pojsimy, ‘eurd aroyg
pue UURUWIINGI J qunay, TweaN ‘ourd a1odaSpor ©}10)U0D SNUIJ avadeur g
W VT F
€0 XBIN
‘9°0 ouid ej103u0y ‘eurd
(£00g) A110dg ¥ A pojsimy, ‘eurd aroyg
pue UURUWIIN J youerg ‘weaN ‘ourd a1oda8por ©}I10)U0D SNUIJ avadeUlJ
Axejrjos
Apysowt ‘pagnquaysip
/1epuy ‘o0uR)SISOr ARDOp AJusAs pue snotowr
-poom /wod-aseqesep ul MO[ 0} 9jelopouwr se -nu  ‘sjeued  uIsal aurg aI1oyg
-poom mmm/ /:sdyayg pajel ST poomireay oy J, PpozIS-WNIpPajy 09-¢¢ ‘ourg a1oda8por ©}I10JU0D SNUIJ aeadeur g
(0102)
{[ou3d Ppue UOS[IA\ outld eji03uoy ‘eurd
Aq peousiejey possmmy, ‘eurd eaioyg
£(g96T) ueuueg 00% ¥v'ge 6'C ‘ourd a1oda8por ©}I10)U0D SNUIJ oeadeurq
(900z) | 2001 pue ourd a10yg
“Te 3o uuewWILaIg wels GG LLET 9C¥1 6°0 pue ourd sjode3pory ©}103U0D SNUIJ avadRUlJ
{Areqrjos A(3sowr
/1opuy *aour)sIsal Kedop ‘paInqrigsip A[uaso
-poom /wod aseqeIRp Ul MO 0} 9jeIopowr se pue snorownu
-poom-mmam/ /:sdyyy pojel ST poomyresay 9y J, ‘sreuro ursex afiery 09-G¢ aurJ pueg esned snurJ ovadRUlJ
(oto0z) '1®
190 uwozpq ‘(¥102) soyouRIq auid efjore
e 10 yonog Sunox L1°0 F ¢o'e- 10 ourd auO0ls SSIMG eIqUILD SNUIJ avadeUlJ
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io s[eued -weut -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

165



(900z) | 1001 pue e[dyd
‘e Jo UURW I J wealg 12°8VEV ceer 66°0 uofurd yes[-o[Surg -ouowr  snurg orvodRUI]
oelye
109sUI /031UI9Y 0% O[qIY
-deosns osfe st oulg
ueIjeWInG  "9OURISISOI
/1epuy Aedop SuipreSai  o[qe
-poom /wod-aseqeep -ysuad 03 o[qeinp-uou Qulg SNISIN
-poom-mmm/ /:sdyay se pojel SI poomiresy ‘ourg ueIjRWUNG usnyIawW snut g orodRUl]
{A1eyijos os[e wn
Apysow ‘pasnqray 09 ueyy
/1epuy ‘oduR)SISOI ARDOP -sip  A[uead  pue arow aq
-poom /wod-aseqeep ur Mo[ 0} 9jeISPOW SB snorownu  ‘speued pnoo euery}
-poom-mmm/ /:sdyay pejel sI poomireay oy, ursex  o8ie] AIop ‘wn ge< surd resSng -Taquuie| snuld oreoRUI]
/Iopuy *90uRr)sIsal Aedop (strernsur
-poom /wod-aseqeiep Ul MO[ 0} 9jeIdpOW S® aurg d ‘ufs)
-poom mmam/ /:sdyyy pajer st poomyreay 9], jon8uag ‘ourd 1seyy| eA1soy  snuidg orooRUI]
poomA[Ies (K1ejrjos
Apjsowr ‘paynqriysip
/Iopuy *90uRr)sIsal Aedop A[uoA® pue Snolaw
-poom /wod-aseqeiep Ul MO[ 0} 9jeIdpow Se -nu  ‘s[eued  UISOI
-poom mmam/ /:sdyyy pajer st poomyreay ay,J, o8re[-WNIPaJN 09-G¢ surg Asager hoxgel snurg oradRUIJ
(z102) soypuelq 1Semyrey
e L} uasue Sunox G0'0 F gy e- ourd s Somjrely snurJ orodRUIJ
(oto0z) '1®
19 uozppq ‘(¥102) soyouRIq uaI0 s, WelesnIaf sts
‘Te 19 syonog Sunox S0°0 F L9°¥- ‘ourd oddary -uodoyey snurg orODRUIJ
Arejrjos Appsowr
/1epuy ‘oouRr)sisal Avoop ‘ponquigsip A[uaase
-poom /wod-aseqeep Ul MO[ 0} 9jeISPOW S pue snorownu
-poom-mmm//:sdyy pojel st poomjresy oy, ‘syeued ursax 98Ier] 09-g€ osurg sonxdg eiqe[s snurg oeooRUI]
(o102) T® ourq
jo uwozp@ ‘(¥10T) | seyoueiq 9TY M urejUNOIN
e 10 syonog Sunox S8T'0 F 14°€- Apoy ‘eurd raquuii] SI[IXoY snuig oredRUIJ
Axeqrjos Ap3sowr
/1opuy *aour)sIsal Aedop ‘poInqruigsip A[uaso aurg
-poom /woo aseqeIRp Ul MO[ 0} djeIopour Se pue snoJownu 9TYAN UrejuUNoN
-poom-mmam/ /:sdyyy pojel sI poomjreay oY, ‘sTeued uIsal a3ier] 09-¢¢ A3poy ‘eurd Jequuir SI[IXoY snuld orodRUIJ
Axeqrjos A[3sowr
/1opuy ‘Aedop 01 ‘paInqriysip Auoss
-poom /uwod aseqeIep Jue)sisal A[ojeIspowr se pue snoJownu
-poom mmm/ /:sdyay pojel SI poomjreay oy, ‘sTeued uIsal a3ier] 09-G¢ aurg yseis 113901[[@ snurJ orodRUIJ
uoutd Ajdurrs
1o ‘fourd  uoAurd
(o102) soyouRIq ‘uourd o[poau-omy
e 19 uozjog Sunox 90°0 F €0°'%- ‘uoAurd oprio[o) sIMpo snurJ orodRUIJ
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue8ao s[eued -wow -a1 eaJe -werp y33uag
oousasjay juerd @ouejysisaa Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD saroadg Arure

166



(0102)
[[ouU3 Ppue UOS[IM

ourd
-MO[[9A UISISOA\ IO

Aq peouaiejey] ‘ourd yoelyoerg ‘eurd 'solop
£(g96T) ueuueg 00¥ 9'8¢ ce'e 1Ing ‘outd esoropuod -uod snurg oreoRULl]
{L1eyijos
A[3sowt ‘panqriysip ourd
/1epuy ‘oduR)SISOI ARDOP A[usAs pue snotowr -MO[[eA UISISOA\ IO
-poom /wod-aseqeep Ul MO[ 0} 9jeISPOW S -nu  ‘s[eurd  UISAI ‘ourd yoelsoe[g ‘eurd esoIap
-poom-mmm/ /:sdyay pejel sI poomireay oy, o8re[-wNIPaIN 09-G¢ 1Ing ‘eutd esoropuod -uod snurg oreoRULl]
(0102) TR ourd [osered
1o uozpg ‘(¥10T) soypuURIq pue ourd e[PIqUN
‘e LE} syonog Sunox 910 F 7€ ¥~ ‘ourd ouojs ueli[R)] eourd snuidg oradRUIJ
(010%) ‘T® %0
uozppq ‘(2102T) ‘T
1o uwesuer ‘($10g) soyouRIq autd 199sniD
“re LE) ayonog Sunog .00 F zLe 10 ourd ewIILIRIA 1o9seurd snur g orodRUI]
\h@@ﬂm ‘odue)sisal %@UD@
-poom /wod aseqeIep Ul MO[ 0} djeIopou Sse asurd 193sn[D
-poom mmm/ /:sdygyg pojel SI poomireay oy, 1o ourd owIILIRIN 1o9seurd snurg orodRUIJ
'90uR)SISaI Avd
/1opuy -ap 03 spIeSar ul s[qeyst
1@003\500.0@@3@&@@ -1od 01 9[qeanp-uou se
-poom-mmm/ /:sdyag pojel SI poomireay oy, aur g ernjed e[nyed snurg orodRUIJ
Arejrjos A[3sowr
/1epuy ‘Aedop 01 ‘pagnqriysip A[uoas
-poom /wod aseqeep jue)sIsal A[ojeIopout se pue snorewnu S1I)
-poom-mmm/ /:sdyayg pejel sI poomireay oy, ‘speueo ursax o3aery 09-G¢ aurd jeo[8uory -snjed  snurg oraoRULl]
*oouey
-sisoa  Aeoop 09 spieS
/1epuy -21 Ul S[qrINp-uou 0%
-poom /wod-aseqeep a[qeinp A[ojerspowr se QUIJ MO[[OL
-poom mmm/ /:sdyay pojel s1 poomireay 9y, ueOIXSIN ‘Ould 91000 edrecoo snurg oradRUIJ
(z10g) | soyoueiq surd 3pe[q
e 10 uosue[ Sunox zqe- 10  ourd ueLSNy eISTU Snuig oredRUIJ
{L1eqrfos
*aour)sIsal Aedop A[3sowr ‘panqrig
/Iopuy Surpre8a1 o[qeinp-uou -sIp  A[uaae pue
-poom /uwoo aseqeyRp 0} 9[qeinp A[ejeropowr snorowinu  ‘speued autd oe[q
-poom mmm / /:sdyay se pojel SI POOMIIedH] UTSaX POZIS WNIPDA 09-G¢ 10 eurd uenysny eigtu snurg avadRUlJ
(0102) ‘T®
10 uwozpq ‘(¥102) soyourIq aurd urejunour
e L} ayonog Sunox L0°0 F vLe- ssimg 10 ourd o3ny o8nw snurg orodRUIJ
Arejrjos Ap3sowr
/1epuy ‘ooue)sisar Keodop ‘paInquiysip Auoss
lﬂvOO;\EOU.Omﬁﬂﬁuﬁﬁu ur MO O} 9jelspouwr se pue snoJswinu Quld 93IgA\ oyepl e[od
-poom-mmm/ /:sdyayg pojel SI poomireay oy, ‘sTeued ursal agier] 09-G¢ ‘aurd 93T A\ UID)SOAN -1juowr  snulJ orodRUIJ
(wu)
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue8ao s[eued -wow -a1 eaJe -werp y33uag
oousasjay juerd @ouejysisaa Aeda(g uisada Jo aduasaid ng (edIN) osd preyoedy, | parysed, preyoeay, sweu uoWWIOD saroadg Arure

167



auild 3j0g pue

(o102) ‘ourd y3nowdam
[[ou3] pue UOS[IA\ ‘ourd  o3iyp  ‘eurd
Aq poduaiajey 29Iy m WISYFION
£(g96T) ueuueg 00% v Y0¥ ‘ourd ojrym uILseH snqoajs snurg Qvadeurq
{L1ejrjos Ap3sowr
/1epuy ‘oduR)SISOI ARDOP ‘pagnqriysip A[uoad
-poom /wod-aseqeep ur mo[ O} 9jrIspow Se pue snorswnu aurg
-poom-mmm//:sdyayg pajel ST poomireay oy, J, ‘sreuro ulsax afiery 09-¢¢ ysieN ‘eurg puod eUI0I8S SNUIJ oevadeurq
{L1ejrjos Ap3sowr
/1epuy *oouRr)sisal Avoop ‘ponquigsip A[uaase
-poom /uwod aseqeyRp Ul mO[ 0} 9jrISpowW Se pue snotewnu
-poom-mmm//:sdyy pejel SI poomyresy ayJ, ‘s[euro ursel adrer] 09-G¢ aurg youd ep18u snurg aeadeUlJ
(otoz)
[[OU3] pue UOS[IA\
Aq poouaivjey aurd
£(g96T) ueuueg 00¥ v LE 9¢€'€ AemioN ‘eurd peoy eSOUIsal snul g avadRUlJ
‘sotod
Ay119n 10 s3sod se yons
suoryeorjdde Ior199xo Ul
pesn oq Iajjearayy ued
pue searjearssaxd yjim
pejeal) A[Ipeal si aurd {L1eqrfos
paoy ‘eouejsisar Aeoap A13sowr ‘penqrry
/1opuy Surpiedaxr 9[qeinp-uou -SIp  A[uead  pue
-poom /woo aseqeIRp 09 o[qeInp A[@jeIspowr snorownu  ‘speued aur g
-poom-mmm/ /:sdyayg Se pojel SI POOMIIRIT] UISOI POZIS WNIPIIN 09-G¢ AemIoN ‘eurd poy BSOUISAI SNUTJ ovadRUIJ
autg
(z102) soyouRIq suSisuy ‘ourd Aarsg
e 10 uesuer Sunox V10 F LET- -UoN ‘eurd elerpey ejRIpRI SNUlJ orOdRUIJ
‘suorjeoijdde I01193%0
Ul pesn SI pur S9AI}RA
-1esoxd UM pajealy
Arpeaa st poomdes oy J, {Areqrjos Ap3sowx
‘ooue)sisal  AvO9p 01 ‘paInquiysip Auosd
/1opuy spieSox ur o[qeystiad pue snorownu aur g
-poom /woo aseqeIRp 0} s[qeInp-uou se A19A ‘sTeurd uIsal stu8isuy ‘ourg Ao193
-poom-mmam/ /:sdyyy pojel ST poomyresay oY J, o8 Ie[-wnIpajyN 09-G¢ -UOJN ‘eurd ejyeIpey ejeIpRI SNUIJ ovadRUIJ
Axeqrjos A[3sowr
/1opuy ‘ooue)sisal Keoop ‘paInqriysip Auoss
-poom /uwod aseqeIep Ul MmO[ 0} 9jelopowr se pue snorownu aur g
-poom mmm/ /:sdyay pojer ST poomyresay oY J, ‘sreurd ursax afier 09-G¢ UreIUNOIN a1qe], suaSund snurJ ovadeUIJ
ourd
(0102) 'T® -MO[[9A UIdISOA\ IO
190 uwozpq ‘(¥102) soyouRIq ‘ourd xoelyoerg ‘ourd esoIop
e 10 yonog Sunox G0°0 F 98°¢- g ‘eutd esorepuoJg -uod snurJ orodRUIJ
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io s[eued -weut -o1 waae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

168



(0102)

asutd uerquno))

[[OU3 PU® UOS[IA\ pue ‘ourd uo8
Aq peouaiajay -210 ‘1y-sersnoq 1se1ZUa W
£(g96T) ueuueg 00% 7' 0% 6S°¢ ‘ayg se[8noQq e8nsjopnasd orodRUl]
{[eranss jo sdnoa8
Terpueldue) ur JIo
‘yoryje g00suUl 0} 9[qIY Areyijos fuoryng
-deosns st 4nq ‘Aroop 03 -LIJSIp Ul 9[qelIRA suid uerquniop
/1epuy preSa1 ur s[qeinp A[oje pue quenbaajur pue ‘ourd uo8
-poom /wod-aseqeep -Iopow aq 03 pajel sI ‘s[eurd UISAI POzZIS -210 ‘ry-serSno( sa1ZuUa
-poom-mmm/ /:sdyayg poomyreay aIrg-se[Snoq wnipaw 03 [[ewg 09-G¢ ‘ay se[Sno( e8nsjopnasg avadeur g
(y10g) | seyoueiq siIqeure
‘e b ayonog Sunox ST'0 F 9T %~ yoIe| uspon XLre[opnasJ aeadeUl]
aurd
(z10%) soyouRIq 291 Mm uele[ew eue
e 10 uosue[ Sunox IT°0 F €8°C- 10 ourd ueAerewry -IyoI[em snui g orIdRUIJ
Axeqrjos Ap3sowr
/1opuy ‘ooue)sisal Kedop ‘paInquiysip A[uoss
-poom /woo aseqe)ep Ul MO[ 0} 9jelopowr se pue snorownu aur g eue
-poom-mmam/ /:sdyyy pojer ST poomyresay oY, J, ‘sreuro ursax afiery 09-G¢ qniog ‘ourg erurSirp -TuiSara - snurg ovadeUIJ
(o102) "T®
19 uozppq ‘(¥102) soyouRIq ejeu
e 10 ayonog Sunox LT1°0 F L1°0- aurd urejunojy -roun snutg orOORUIJ
Arejrjos Appsowr
/1epuy ‘o0uR)SISOI ARDOP ‘pagnquiysip A[uoad
-poom /wod-aseqeep ur mo[ 0} 9jrIspow Se pue snorownu
-poom-mmm//:sdyay pajel ST poomireay oy, J, ‘sreuro urlsax agiery 09-¢¢ aurg A[[orqor] epae) snurg oevadeur g
‘sotod
Ay119n 10 sysod se yons
suorjeorjdde 101193x0 Ul
pesn oq I9jjealsy} ued
pue soarjearssard yjim
pojear) A[ipeal s1 aurd Axeqrjos
$7100G "90UR)SISAI ABDOP A[3sowr ‘panqrig
/1opuy Surpre8a1 o[qeInp-uou -sIp  A[uaae pue
-poom /uwod aseqeyRp 0} 9[qeinp A[ejeropowr snorowinu  ‘speued STI)SOA[AS
-poom mmam/ /:sdyyy se pajel SI PoOmjIed UuIsal pazls WnIpajy 09-G¢ aurJ 3008 snurg avadeUlJ
(o102) soyouRIq SI119S9A[AS
e 10 uozpg Sunox 200 F 0T'¢- aurd sjoog snurg avadeUlJ
auild 3jjog pue
(o102) ‘ourd Y3nowdam
[[0OU3M Ppue UOS[IA\ ‘ourd  oqypan  ‘ourd
Aq poouaiajey 29Iym UWISYIION
£(g96T) ueuueg 00¥ 0¥ zL€ ‘ourd ojrym uIalseH snqoIjs snurg aevadeurJ
suild 3jjog pue
Arejrjos Ap3sowr ‘ourd YINOW AN
/1epuy ‘ooue)sisar Keodop ‘paInquiysip Auoss ‘ourd  oqypn  ‘ourd
-poom /wod-aseqeep ul MO[ 0} 9jelopouwr se pue snorawnu 29Iym UISYIION
-poom-mmm/ /:sdyayg pajel ST poomireay oy J, ‘sreuro ulsax agiery 09-¢¢ ‘ourd ojrym uIalseH snqoIjs snurg avadeUlJ
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io sreued -wawx -ox eoae -wrerp y3Suag
aouaasajeoy juerq aouejsisaa Keosa(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) saroadg Aprure g

169



soprourwWOYd

(900g) | 2001 pue 113
e 30 UURWINGGIJ welg 0T¥%T TTT 89T eyeyourJ, snpeorAyd aeadedieoopod
ourd I9A[IS 9ITYA
(¥102) soyouRIq 10 ‘ourd pue[lsopn 108
‘e 10 ayonog Sunox 12°0 F 88°¢- ‘ourd I9A[IS ‘OBOURIN -U9[0d OBOURIA orodedrecopoJ
(¥10T) soyouRIq aurd arrenb urpueIy
‘e bE] ayonog Bunox 9¢'0 F ge'¥- -or]N 10 suid uony soqouajsoreder| aeadedieoopod
*}10v4U0D
punoid 3091Ip JO Suol}
-eordde ur s[qeinp-uou
se pojel oie -dds wnip
-A10e ysSnoyy ‘suory
-eoridde ourrewr ur £31
-[lqeanp poo3 Suiaey
/1opuy se popieSel L[[eiousn)
-poom /woo aseqeIRp ‘uoryeoijdde pue seroads aurd atrenb T uRIy
-poom mmam/ /:sdyyy uo Suipuadep SOLIBA Juasqy 09-¢¢ -oeJy 1o auid uony soqoajsoreger] orededieoopod
(¥102) seypuriq ourd urey H[MMplq
e 10 ayonog Sunox 120 F €G- -unojy 1o ould Sog sndieosojey orooedresopod
(¥102) soypuURIq osurd oIS soproxe)
‘e FE] ayonog Sunox €90 F gg'g- ueruopae) MIN wnojjesreq avadedieoopod
(9002) j001 pue wnuissoxd
‘e jo UURWILIIJ welg 0S6T 60T c9'T nwryy -no wnipAIoeq oeadedieoopod
soyoueIq seprorredoneIe
(¥102) 'Te 72 yonog Sunox 6€£°0 + 8L¢- - wnipAied oseadedieoopod
(o102) soypueiq soprorpAoep
e LB} uozd Sunox 910 F 149°C- eoreIey] sndieolioeq orodedresopodg
(¥102) soyouRIq poom 101710013
e 10 ayonog Sunox 0T'0 F 9¢'9- MO[[eA ueolyy 9Jser sndresoryy aseadedieoopod
(¥102) soypuURIq rroyoued
‘e b ayonog Sunox L0°0 F z9'e- - s[Adowoy seadedieoopod
3{orjje 309sUl 09 I[qTY
/1opuy -deosns os[e pue ‘eouey
-poom /uwod aseqeyRp -s1sa1  Aeoop Suipiedaa rvuRIS
-poom mmam/ /:sdyyy a[qeInp-uou se pajey Juesqy 09-6¢ MOO[WaH UIRJUNOIN -usjrow e3nsy, avadeUlJ
3[orjje 309suUl 09 I[qIY
/1opuy -deosns os[e pue ‘eoue)
-poom /woo aseqeIRp -s1sax  Aedoop Surpiedax e[dAyd
-poom-mmam/ /:sdyyy a[qeInp-uou se pajey Juesqy 09-6¢ OO[WOH WIDGSIAN -oroj9y eSnsy, ovadRUIJ
3[orjje 309suUl 09 I[qIy
/1opuy -deosns ose pue ‘eoue)
-poom /wod-aseqeyep -s1sox  Aeoop SurpreSax JoO[Wa] ueIpeUR)) sIsuapeued
-poom mmm/ /:sdyay a[qeINp-uou se pajey Juasqy 09-6¢ “Spporwe wIagser ednsy, ovadeUIJ
ourd uerquIniop
(0102) T® pue ‘ourd  uoB
190 uwozpq ‘(¥102) soyouRIq -210 ‘ry-serSno(q Isa1ZULa
e L) yonog Sunox S1'0 F 89°¢- ‘ay se[8nog e8nsjopnasg avadeUlJ
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ue3io sreued -wawx -oa eeJe -wrerp yiSueg
souaaajoy juerq aouejysisaa Keda(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) soroadg Aprure g

170



3[oe)Ie 109SUL

JsoWw 0} JUBJSISOI OS[e

st

pue ‘oouejsisor Aeo

/1opuy -op 07 paeSal ul a[qeinp mok uead
-poom /wod-aseqeep A19A 01 o[qeINp WOIJ {ques -omng 10 ‘mak ysis
-poom-mmm/ /:sdyyyg soSuer mox ueadoing -qe s[eued UISOY qz> -uy  ‘moek  uowrwo)) ejeddRq SNXE], oroOEXR],
(0102) “'T® mok ueod
19 uozppq ‘(¥10%T) seyourIq -oang 10 ‘mak ysis
‘Te 19 syonog Sunox 1€°0 F 679~ -uyg  ‘med  uowrwo)) ©1eIOR( SNXE], ELERIA B
(z102) "T®
9o uasuer ‘($10%7) soypuURIq LR ©)R[[IDTLIDA
‘e FE] ayonog Sunox 0T°0 F L0°%- e[eiqun  ossueder sAy1doperdg oeooekjrdoperog
(¥102) soypurRIq snreure
‘e L} ayonog Sunog ¥1°0 F €8°¢- oautd soerg sndieoepung orodedresopoJ
(dyd - eseysofaxeg,/od
(¥102) soyouRIq /810" sI9FTUOD *MMM// enordsuod
e 19 ayonog Sunox €20 F 6£°¢- :sdaay) oruRIN eoryl039XRY seadedieoopod
(9002) 1001 pue Toutut
‘e Jo UURW I walg 808 LT LT uoyonoq srog wnpdydoryeyy oeooediesopod
(¥102) soyouRIq nuojdurod
‘e 10 ayonog Sunox 60°0 F ¥5°¢- - win[jAydorjayg orodedresopoJ
(9002) j001 pue eouIgniIag
‘Te 10 uUURW I welg 0g1c S IT €9'1T [eRigny s1pAdouwna g oseooediesopod
(¥102) seypuelq ourd 3pe[q opel
‘e 10 ayonog Sunox €¢°0 F 89°9- uoe3andg JunoN s&ydouwnag orodediesopodg
(¥102) seyouriq eIejo}
e 19 syonog Sunox 910 F S6°%- 'vIRIOT, sndieoopod aseadedieoopod
(¥102) soypuURIq dreoopog jeol-Autdg snsornurds
e 19 aypnog Sunox ¥€'0 F ¥8°9- 10 ould winid jrem(y sndresopod oeooediesopod
(¥102) soypurRIq dresopod snuSipes
e 10 aypnog Sunox 9T°0 F 8T '¥- Jea[-MO[[IAN sndresopog orooediesopod
(¥10T) soyouRIq suaqni
e 19 aypnog Sunox ¥0°0 F €L°¢- - sndieoopod oseooediesopod
(dyd - teousamet
~sndresopod/od/310
*SIBFTUOD MMM/ /
:sdaay) ourd
(¥102) soyouRIq wnyd urejunoOwW 1eouUDIME]
e 19 syonog Sunox 120 F 28'¢- ‘ourd wnid ourdyy sndreoopod seadedieoopod
wind
(¥102) soypuURIq e1IRMR[[] oY) 10 auld snyero
e 19 aypnog Sunox 6€°0 F ¥L°9- umorg ‘eurd wn[g sndresopod oeooediesopod
eIel0) padIeq
(9002) j001 pue -uryJ, I0 eIEj0} UIR} mureySuruuno
‘e 19 uuRWINIg wolg 08¥T 0T veT -unoy ‘erejoy s ey sndresopog oeooediesopoJ
soprourwoyo
(¥10T) | seyoueiq -1
e 10 aypnog Sunox czZ'0 F OT°L- eyesourR], snpe[oo[[AyJ orooediesopod
(waw)
a2z1s (gui/s (suoad
aaod -edIN) -rur)
poa3sag aueaq KJIAT19STS ECLE] (wrur)
ueSao sfeued -wewt -a1 woJe -wrerp y38usg
soustayeoy juerq soueysisaa Ledaq ursed Jo aduasaad g (edIN) oed proyosed], | paryoeday, proysedy, sweu uowwo) saroadg Lrureq

171


https://www.conifers.org/po/Podocarpus_lawrencei.php
https://www.conifers.org/po/Podocarpus_lawrencei.php
https://www.conifers.org/po/Podocarpus_lawrencei.php
https://www.conifers.org/po/Podocarpus_lawrencei.php
https://www.conifers.org/po/Saxegothaea.php
https://www.conifers.org/po/Saxegothaea.php
https://www.conifers.org/po/Saxegothaea.php

(0107)
[[ou3] pue UOS[IA
Aq peouarsyey ¢

(926T1) 1o[sK1y) |UWOD0[BD
‘wrrojure[eds  Jref o¥ 3% 9 - sedAD0IDTIA oevadRIUIRY
0T0Z ‘[[ou3] pue
uos[ip\ Aq peouals
Jo4  £(8961) ssnS
-1 ‘(0z61) uop
-Suey ‘(8T6T) Iod wiped wns
-dny, pue ALerreg (1} ze {9 wng) ‘uoorp jueID -ornurds uooIi orodRIWIRY
(z102) 'T® mok-Sowynu
1o uesuer ‘(¥10%) soyouRIq osoueder 10 e8I ©IJI0
‘Te 19 yonog Sunox 0€°0 F 66°G- -107 osoueder weAey -nu eA9110], ELERIA )
(z102) "T®
o uasuer ‘($10%7) soypuURIq (sunjroy) sip
‘Te 19 yonog Sunox g0 F 69'F- Mok Sowrynu osauIy)) -ueld eAa1I0], ovodeXR],
(z102) ‘T®
jo uesuer ‘($107) soyouRIq eA£2110) RIUIOJITRD) edTuIoy
‘e 10 yonog Sunog 0€'0 F 6£'9- I0 Sowynu evIuUIOJI[RD) -1eo  eAai10], o'OORXR],
Jowejje 309sul
1sOW 0} JUB)SISOI OS[e
/1opuy ST pue ‘ooue)sisal Aed
-poom /wod aseqeIRp -op 03 pIeS8al ur o[qeInp Juas Mok uo8e1() ‘mok eI]
-poom-mmam/ /:sdyyy A1oa s1 mox Ooyoed -qe s[euURD UISIY gz > UI99SOAN ‘mak oygroeJ -0J1ADIq SNXRE]T, o'OORXR],
(oto0z) '1®
190 uwozpq ‘(¥102) sayouriq Mok uo8a1() ‘mok el|
e 10 ayonog Sunox 0€'0 F ¥%°9- wI9)SOAN ‘mak oyroeg -OJIADIq SnXEJ, oevaoexe],
(G
ozISs ANE\m (suoad
axod -edIN) -rur)
po3so} sueaq K31AT19SIS RCLE] (wrur)
ueSao sfeued -wewt -a1 woJe -wrerp y38usg
souaaajoy juerq aouejysisaa Keda(q uIsax Jo aouasaxg 1ndg (edIN) osd preyosedy, | parysedf, preyosedy, swreu UOWWoD) soroadg Aprure g

172



Appendix D

Development of graphene
membrane-based device for analytical
sample preparation for biotherapeutic

applications

D.1 Introduction

Therapeutic antibodies are increasingly being used as a treatment modality for several dis-
eases [190]. The ability to characterize and quantify antibodies and antibody mixtures is
critical for the development of biotherapeutics. Liquid Chromatography /Mass Spectrometry
(LC/MS) is a widely used tool for the qualitative and quantitative assessment of antibodies
and antibody mixtures [191, 192]. The LC separates out the components in the sample and
introduces them into the MS, which creates and detects charged ions [193]. The separation in
the LC is accomplished by injecting the analyte into a solvent (referred to as mobile phase)
that passes through a column packed with chromatographic column material (referred to
as stationary phase). The separation occurs on the basis of the interaction of the sample
components with the mobile and stationary phase [194]. Once the analyte is injected into

the mass spectrometer, it is ionized. The ions are then accelerated and deflected based on
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their mass to charge ratio and subsequently sent to a detector [195]. While the LC/MS
system offers a reliable method for detecting biological compounds, the mobile phase in the
LC often has high concentrations of salts, which affect the sensitivity and accuracy of MS
measurements [196]. Issues associated with presence of salts include high signal to noise
ratio, inability to detect target molecules at low concentrations, poor resolution, lower peak
intensity, and clogging of ion tips and corrosion [196, 3, 197|. A comparison between the

mass spectrum of an antibody in the presence and absence of salts is shown in Figure D-1.

“ IgG in PBS IgG after On-line Desalting

No recognizable protein mass Typical protein spectrum that can be
spectrum deconvoluted reveal isoforms of IgG

Figure D-1: Effect of presence of salts on MS spectrum of IgG [3]

Therefore, it is essential to remove salts from the analyte prior to its injection into the MS.
Desalting of the analyte can be performed via a variety of methods, which could be online
or offline. Some of the common principles which are employed for desalting are described

below [198, 199, 200, 201]:

e Size exclusion chromatography: Different sample components are separated on the
basis of their size. The column is packed with beads containing pores. Smaller
molecules diffuse through the pores, experiencing slower movement as opposed to larger
molecules, which move through the void space between the beads and elute first.

e Solid phase extraction: Components in the sample are separated through selective
adsorption and elution based on their affinity for the stationary and mobile phase.

e Filtration: Components are based on size-based physical sieving.

e Dialysis: Components are separated based on their diffusivity across a semi-permeable

membrane.

While several methods exist for desalting, they often require sophisticated process or

device design, impose long wait times, or involve multiple steps which can impede automation
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and /or cause user inconvenience. For example, many offline methods based on gel filtration
require 10-15 user steps, solvents used for eluting analytes from columns in solid phase
extraction are often incompatible with the MS, and dialysis-based methods typically involve
long wait times [202, 196].

Nanoporous graphene membranes made of a single layer of atomically thin graphene with
nanoscale pores engineered into its lattice offer potential for creation of de-salting devices
which could address some of these challenges. The atomic thickness and low surface area
of the membrane could help achieve high permeability (resulting in faster sample processing

rates) and low adsorptive sample loss respectively.

D.2 Objective

This thesis aims to design and build a functional, graphene-membrane based device prototype
for desalting antibody samples. Towards this goal, this thesis focuses on the following sub-

alms:

1. Identification of key design considerations and performance targets
2. Design and fabrication of device to meet performance targets

3. Characterization of device performance

D.3 Device design criteria and requirements

A variety of factors govern the choice of desalting method used for sample preparation. A list
of important performance metrics and their relevance for different applications is provided
in Table D.1.

The design targets for a proof-of-concept, graphene-membrane based device were formu-
lated in consultation with Agilent Technologies, an industry leader in developing solutions

for analytical sample preparation. The design targets are listed below:

1. Sample volume: 10-1000 pL

2. Desalting efficiency: 90% with an initial concentration of 100 mM
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Table D.1: Performance metrics for a desalting device

Performance metrics Application notes

Sample loss Important for small scale applications where sample is available in limited
Sample volume quantities.

Time for desalting Important for large scale production, where high throughput is required
Desalting efficiency and final salt con- | Might vary with type of ionization technique and sample type

centration

User friendliness/number of user steps | Particularly relevant for offline desalting systems

Need for auxiliary instruments Includes pumps, centrifuge, etc.

Sample carryover /dispersion Relevant for continuous desalting systems

Number of injections for online methods

Lifetime Single or multi-use for offline methods

Non-specific interactions
Contamination and modification of
sample

Compatibility with organic solvents Important for exchanging analyte into MS-compatible solvent

To be minimized

3. Desalting rate: 15-20 minutes

4. Sample loss: < 20%

5. Device operation (batch/continuous): Batch for initial proof-of-concept, to be adapted
for continuous operation later

6. Other requirements: The antibody should be finally transferred to an MS-compatible

solvent, such as 80% acetonitrile or methanol

D.4 Device development

A design schematic for a device that can house graphene membranes and facilitate removal
of salts from antibodies was developed (Figure D-2). The device consists of an upper reser-
voir for introducing the feed solution and a lower reservoir for buffer flow. The graphene
membrane placed on a support membrane is mounted between the two reservoirs and sealed
from the lower end using an O-ring. Both the upper and lower reservoirs have magnetic
stirrers for improving mixing. The entire device can be placed on a magnetic stir plate for
operation.

The key design parameters for the device include the reservoir volume on the feed side,
buffer flow rate, membrane area, and stirring speed. The reservoir volume will depend on
the volume of sample the device is expected to handle. The membrane area, stirring speed,
and buffer flow rate would govern the transport kinetics of the device and would depend

on the desired rate of desalting. Further, the membrane area would also be limited by the
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& \D <~ Feed reservoir

=

Graphene + support
membrane

g 3: Mesh for membrane
support

Buffer in ——» — Buffer out

“—— Buffer reservoir

Magnetic stirrer

Figure D-2: Schematic of graphene-membrane based device for desalting

scalability of the manufacturing process for producing large area graphene membranes.

As the device was expected to handle 10-1000 L. of sample, the top reservoir volume
was designed to be 2 mL, while accounting for the volume occupied by the stirrer. To
estimate the membrane area, knowledge of the mass transport rate of salts from the feed to
buffer reservoir is essential. The transport of salts was expected to encounter two sources of
resistance: one that arises from the boundary layer on either sides (R,) and the other that
arises from the nanoporous graphene and porous support (R,,). While R, for a given solute
is affected by the boundary layer thickness, R,, is affected by membrane properties, such as
porosity, pore thickness, etc.. It was anticipated that the majority of membrane resistance,
R,,, would arise from the porous support as opposed to nanoporous graphene. An estimate
of total mass transfer resistance (R; = R,, + 2Ry; factor of 2 arises because of the presence
of boundary layer on both, the feed and permeate side) and boundary layer resistance (Ry)
was developed based on literature reported values (Figure D-3) [203]. The measurements in
Figure D-3 correspond to the diffusion of urea across a polycarbonate track-etched membrane
mounted in a stirred diffusion cell.

Figure D-3 shows that increase in stirring speeds reduces R; and thus the overall mass
transfer resistance. However, increasing the stirring speed above ~350 rev/min results in
marginal decrement in Ry, indicating that the mass transport here is limited by R,,.

Assuming that the device can be operated at high enough stirring speeds, the boundary

layer thickness was estimated to be ~55 um, which corresponds to a boundary layer resistance
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Figure D-3: Estimates of total mass transfer resistance and boundary layer resistance across support mem-
branes for different porosities and stirring speeds

of 550 s/cm for NaCl (diffusion coefficient of NaCl is ~ 107® cm?/s. The estimate was
based on Figure D-3, where a boundary layer resistance of ~400 s/cm was reported for
stirring speeds >350 rev/min; the boundary layer resistance was normalized by the diffusion

coefficient (1.38 x 1075 c¢cm?/s) for urea to obtain the boundary layer thickness [204].

Membrane resistance was estimated based on structural characeristics of the support
membrane to be used for mounting graphene, assuming that the resistance from graphene
with pores created for salt diffusion would be minimal. Polyimide (PI) membranes with pore
size of 50 nm, pore thickness of 8 yum, and porosity of 0.11 was chosen as the porous support.
The pore size was decided based on its effect on defect control and transport rate; smaller
pore sizes are associated with fewer defects during transfer of graphene onto the support
membrane, but they also reduce the transport rate. The choice of the material for support
membrane was decided based on its availability and compatibility with organic solvents. The

corresponding mass transfer resistance was estimated using the following equation:

L
R, = ;_D ~ 800s/cm

where, 7 is the tortuosity (1.2), L is the pore thickness (8 um), ¢ is the porsosity (0.1175),
and D is the diffusivity of the solute (~ 107° ¢cm?/s for NaCl).

Ry = R, + 2R, = 1600

178



s/cm.

Knowing R;, the required membrane area can be estimated as follows:

. Cfeed - Obuffer

J:
Ry

where J is the flux, Cfeq if the solute concentration on the feed side and Chyye, is the

concentration on the buffer side.

chfeed _ Cfeed - Cbuffer

A dt R,

where V' is the volume of feed reservoir and A is the membrane area.

Chugfer ~ 0 if fresh buffer is constantly flowed through the buffer reservoir.

chfeed o _Cfeed

A dt R
dCfeed _ A dt
Ceed VR,

t

Cfeed - Cfeed,tzoe_?

VR

where the time constant, 7 = -4

To achieve 90% desalting in 20 min, 7 = 8.7 min. Assuming the device handles a 0.5 mL
solution, area required for obtaining the calculated 7 is ~1.15 cm?.

Based on the aforementioned estimates, a device prototype was developed (CAD drawings
and photographs of the device prototype are shown in Figure D-5). The device prototype was
fabricated using teflon due to the material’s compatibility with acetonitrile and methanol

(solvents in which desalted antibody has to be transferred for MS analysis).
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Figure D-4:

Figure D-5: Photographs of device prototype. a) Side view of assembled device. b) Top view of assembled
device. c) Buffer and feed reservoir (shown on left and right respectively).

D.5 Performance testing

The performance testing of the device was planned in three stages:

1. Characterization of salt diffusion across the membrane

2. Characterization of salt diffusion in conjunction with solvent exchange (exchange of
the de-salted antibody from an aqeuous solution into an MS-compatible solvent such as
80% acetonitrile or methanol is necessary for subsequent analysis; the solvent exchange
can be performed sequentially or in parallel with the desalting step although the former
might be preferred to mitigate issues associated with salt precipitation in acetonitrile,

which has a low salt solubility).
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3. Demonstration of antibody desalting in accordance with target performance metrics

The salt diffusion characteristics of the device were measured using phosphate buffered
saline (PBS) and deionized (DI) water on the feed and buffer side respectively. Buffer flow
rate was maintained at 1 mL/min using a syringe pump. Magnetic stirrers were operated at
a speed of 500 rev/min. The diffusion of salts was measured by monitoring the conductivity
of the solution on the feed side. The change in conductivity as a function of time for bare
support or polyimide (PI) and PI with graphene (without pore creation) mounted on it is

shown in Figure D-6.
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Figure D-6: Change in conductivity as a function of time. PI stands for polyimide.

The time constant for bare PI membranes and those with graphene mounted on them
was 7.84 4+ 0.46 min and 20.31 4+ 7.31 min, respectively. The time constant with bare PI
closely matched the predicted value of time constant required for obtaining 90% de-salting
within 20 min. This time constant can be reduced substantially with addition of pores.

Solvent exchange and demonstration of antibody de-salting constitute ongoing work and

are expected to completed in the future.
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