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ABSTRACT

Conventional extracorporeal membrane oxygenation utilises a gas-to-liquid
transfer regime to oxygenate blood from a stream of oxygen gas. This work serves as
an exploratory study of the liquid-to-liquid transfer of dissolved gases, which may
prove advantageous for general applications of ECMO as it allows for higher partial
pressures of oxygen as well as the use of isotonic solutions as a means of improving
patient haemostability. This concept is of particular interest to an ongoing project which
has investigated the use of repurposed hollow fibre membrane dialysers as a means
of providing emergency respiratory support using existing equipment. The liquid-liquid
regime mass transfer properties of the hollow fibre membrane dialysers were
investigated by determining the mass transfer coefficients of carbon dioxide and salt
through the membrane as well as the sieving coefficient and leakage rate. Three
cartridge types (high flux Braun, low flux Braun and Leoceed 21N) were investigated
using a liquid-liquid configuration with carbonated or saline water used as a blood
substitute in contact with distilled water. The high flux cartridge demonstrated a high
leakage rate making it unsuitable for the proposed use. The two low flux cartridges
demonstrated adequate carbon dioxide removal of 75.8% and 64.4% of the
recommended 200ml/min for the Braun and Leoceed cartridges, respectively. All three
cartridges displayed sieving coefficients close to one, indicating a high rate of salt
transfer and subsequent need for solute balance in the final application. The results of
this work showed a higher mass transfer coefficient for the liquid-liquid transfer regime
compared to prior studies using a gas-liquid transfer regime. This result suggests that
a liquid-liquid configuration is not just useful for emergency respiratory support but
could outperform existing ECMO techniques. Further study into the use of liquid-liquid
HFMD for respiratory support, using blood and conditions more representative of the
final intended use, is warranted.

Keywords: Hollow Fibre Membrane Dialysers; Carbon Dioxide Mass Transfer
Coefficient; Liquid-Liquid Mass Transfer; Gas-Liquid Mass Transfer; Salt Mass Transfer
Coefficient; Leakage.
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INTRODUCTION

The ongoing COVID-19 pandemic has resulted in considerable challenges
regarding planning and resource management in the healthcare sector (Mirco et al.,
2020). Specifically, the provision and application of respiratory support on a global
scale has proven difficult (Lyons & Callaghan, 2020).

Respiration is the addition of oxygen to the circulatory system and concurrent
removal of carbon dioxide. This gas exchange is important for most bodily functions
and if it is not fully functional can lead to a variety of problems regarding hypoxemia
or hypoxemia (insufficient or excessive oxygen levels) and hypocapnia or hypercapnia
(insufficient or excessive carbon dioxide levels) (Fasano & Sequeira, 2017).
Hypoxemia is of particular concern as it can result in cellular hypoxia, organ
dysfunction, and death (Martin & Grocott, 2013) through the excessive production of
inflammatory cytokines that further worsen lung injuries (Hojyo et al., 2020; Ragab et
al., 2020). Hypercapnia can also worsen existing lung injuries through
immunosuppression (Takahashi et al., 2018).

One respiratory problem of concern is acute respiratory distress syndrome
(ARDS). ARDS is caused by fluid build-up in the alveoli, decreasing the amount of
oxygen uptake and leading to hypoxemia (Mayo Clinic, 2020). Pre-COVID-19, ARDS
was responsible for roughly 10% of ICU admissions in the United States of America
and had a high mortality rate (Claar & Hyzy, 2017). With the onset of the pandemic,
between 15% and 30% of COVID-19 patients developed ARDS leading to a
substantial increase in hospital admissions and subsequent equipment shortages
(Maclaren et al., 2020) as severe COVID-19 cases required ventilatory support
(Dondorp et al., 2020).

Respiratory support can be provided using several methods such as high flow
nasal oxygen (HFNO), endotracheal intubation, continuous positive airway pressure
(CPAP), bilevel positive airway pressure (BiPAP), non-invasive ventilation (NIV), and
equipment such as face masks, nasal cannula, hyper oxygenated oxygen chambers
and mechanical ventilators (Gorman et al., 2021; Matthay et al., 2020; Pfeifer et al.,
2020; H. Xu et al., 2011).

While the above-mentioned methods can provide respiratory support in many
cases, there are certain situations or potential problems that could preclude their use.
These include the uncertainty regarding increased risk of infection to healthcare
workers when administering some treatments such as HFNO (Lyons & Callaghan,
2020; Pfeifer et al., 2020), lung injury caused by ventilators (Maclaren et al., 2020)
such as barotrauma, atelectrauma, and oxytrauma (Dondorp et al., 2020), the toxicity
of oxygen when breathed at high concentrations for an extended period of time (Martin
& Grocott, 2013), high morbidity and mortality of invasive ventilation (Munshi & Hall,
2021), high failure rates of non-invasive ventilation for viral influenzas and
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coronaviruses (Gorman et al., 2021), inefficiency in treating some respiratory diseases
such as pneumoconiosis and pulmonary fibrosis (H. Xu et al., 2011) and mechanical
ventilation causing hypercapnia (Takahashi et al., 2018).

EXTRACORPOREAL MEMBRANE OXYGENATION (ECMO)

In the case where a patient is not responding to conventional treatments,
extracorporeal membrane oxygenation (ECMO) can be used to provide respiratory
support (Pfeifer et al., 2020; Ramanathan et al., 2020). During the COVID-19
pandemic, ECMO has been recommended for severe cases as it has been shown to
reduce mortality and improve quality of life (Maclaren et al., 2020; Matthay et al., 2020;
Mishra et al., 2010; Ramanathan et al., 2020).

i. Workings of ECMO

ECMO acts as a cardiopulmonary bypass, where deoxygenated blood is
removed, pumped through an artificial membrane lung where gas exchange occurs,
and then returned (Maclaren et al., 2020). The most common ECMO membrane is a
hollow fibre format polymethyl pentane (PMP) membrane that separates the blood
from the gas stream, providing oxygen and removing carbon dioxide (Evseev et al.,
2019; Yeager & Roy, 2017). While the primary function of the ECMO method is the
oxygenation of blood, requiring a blood flow of 3-6L/min for acceptable oxygenation,
in a low flow set-up, carbon dioxide removal can still be achieved (Gattinoni et al.,
2019; Makdisi & Wang, 2015; Sidebotham et al., 2012). ECMO can be set up in two
ways: veno-venous (VV) or veno-arterial (VA) differing in where the oxygenated blood
is returned to the patient (Fasano & Sequeira, 2017). VV ECMO only provides support
to lung function and is the more common application, while VA ECMO provides both
lung and heart capabilities (Sidebotham et al., 2012). The gas transfer in ECMO is
significantly affected by the blood flow through the equipment, additionally, oxygen
transfer is determined by pre-membrane oxygen saturation and pre-membrane carbon
dioxide levels while the carbon dioxide transfer is determined by the gas flow,
haemoglobin levels, and pre-membrane carbon dioxide levels (Park et al., 2013).

ii. Limitations of ECMO

While ECMO is proven to be an effective form of respiratory support, it is
resource-intensive, highly specialised, and expensive (Maclaren et al., 2020; Mishra
et al., 2010). This, coupled with the planning and personnel training required, means
that ECMO facilities are restricted to advanced care centres (Matthay et al., 2020;
Ramanathan et al., 2020). The Extracorporeal Life Support Organization (ELSO), a
global organisation focused on education, training, research, and management of
extracorporeal life support, lists only South Africa and Egypt as registered ECMO
centres on the African continent (ELSO, 2021). Due to its high resource use and
limited availability, ECMO is only recommended for use in essential cases and when
all traditional methods have been attempted ( Shekar, 2022; Maclaren et al., 2020).
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HOLLOW FIBER MEMBRANE DIALYSERS (HFMD)

In resource-poor environments where ECMO capabilities are not available, it
has been proposed to use hollow fibore membrane dialysers for respiratory support as
dialysis is a widely used technique, with existing clinical approval and a lower resource
cost (Rubin, Stacey, Matambo, Vale, et al., 2020). Dialysers are used for
haemodialysis therapy and continuous renal replacement therapy (CRRT) where they
replace kidney function by filtering small and medium toxins and managing electrolyte
and acid balances in the body (Tange & Yoshitake, 2019; ter Beek et al., 2020).

i. Workings of HFMD

The workings of a dialyser and ECMO machine are similar as both use a hollow
fibre design (Yeager & Roy, 2017) with a membrane to separate blood from the
secondary exchange flow. The differences are in the membrane type, flow rate, and
counter-current flow. HFMD commonly uses a polysulfone membrane that is more
permeable than membranes used in ECMO as it is required to exchange not just gas
but larger toxins and fluids as well (Tange & Yoshitake, 2019; ter Beek et al., 2020).
Dialyser cartridges are also smaller than ECMO resulting in a lower blood flow which
means a single cartridge set-up is not capable of providing full oxygenation of blood
(Rubin, Stacey, Matambo, Vale, et al., 2020; Sidebotham et al., 2012). This smaller
size and subsequently lower blood prime volume could be an advantage of HFMD
cartridges as it avoids issues such as requiring blood transfusions that accompany the
large priming volume of ECMO (Gimbel et al., 2016). Lastly, HFMD works with a liquid
dialysate and not a gas stream as used in ECMO (Rubin, Stacey, Matambo, Vale, et
al., 2020).

ii. Blood oxygenation using HFMD

During the application of conventional dialysis, it has been found that the partial
pressure of oxygen in the blood passing through the dialyser had increased (Tange &
Yoshitake, 2019). Simulated dialysis using bovine blood has also shown that
oxygenating the dialysate results in increased levels of blood oxygenation (Tange et
al., 2012; Tange & Yoshitake, 2019). However, there is contradictory evidence on the
effect of dialysate oxygenation on blood carbon dioxide levels (Tange et al., 2012;
Tange & Yoshitake, 2019). A combination of membrane lung, hemodiafiltration, and
acid addition has been shown to remove carbon dioxide from blood (Takahashi et al.,
2018).

In terms of respiratory support, CRRT has been shown to improve oxygenation
in paediatric patients with ARDS (Yang et al., 2016), and using a gas stream as in
ECMO, oxygenation of blood has been achieved using HFMD (Rubin, Stacey,
Matambo, Vale, et al., 2020). The latter has been proposed as a means of providing
partial respiratory support to COVID-19 patients suffering from a respiratory deficit. It
was found that a single HFMD cartridge, with 500ml/min flowing through it, would be
capable of supplying as much as 15% of a patient's oxygenation requirements, thereby
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potentially compensating for even a severe respiratory deficit with a setup that more
closely resembles dialysis, an outpatient procedure, than a highly intensive medical
intervention such as ECMO.

Oxygenation by a gas stream in HFMD cartridges appears to hold promise as
an emergency measure and as a means of retaining reserve healthcare capacity for
respiratory support, but also poses certain issues, including possible leakage due to
the permeable nature of its membrane (L. Xu, 2020). This, coupled with the low blood
flow rates and oxygen partial pressure limitations in pressurised gas and saturated
water/dialysate, means HFMD is generally insufficient for full respiratory support.
Furthermore, the gas configuration can lead to emboli. Although not particularly
dangerous in the VV configuration, as emboli can be filtered when passed through the
lung, emboli can cause serious harm in a VA configuration. It must be noted that
emboli comprised of pure oxygen are likely to be far more easily absorbed into the
bloodstream than air emboli comprised mainly of nitrogen, and therefore the risk of
emboli in the VV configuration is reduced by the intrinsic properties of the method and,
with proper handling and monitoring, is unlikely to be a severe threat. Nevertheless, it
cannot be discounted entirely, nor can the possibility of membrane fouling be occurring
as a result of foaming at the interface.

POTENTIAL ADVANTAGES OF A LIQUID-LIQUID CONFIGURATION FOR ECMO

The proposed novel approach to ECMO involves a highly oxygenated liquid
stream to be brought into contact with the bloodstream to supply oxygen and remove
carbon dioxide. Operationally, this approach could prevent the serum leakage
associated with ECMO through one of two means. Firstly, if a hydrophobic oxygen-
carrying liquid is used, then water and water-soluble blood components will not readily
be transferred into the oxygen carrier stream. Secondly, if a hydrophilic or water-based
oxygen carrier is used, then it can be formulated to be isotonic in nature, thereby
eliminating the osmotic driving force for leakage and ion loss.

Another potential advantage of using a liquid oxygen carrier is that it could be
oxygenated at pressures significantly exceeding atmospheric pressure, resulting in a
supersaturated solution with an oxygen partial pressure greater than can be achieved
in gas-liquid configurations, which are fundamentally limited by the need to keep trans-
membrane pressure low to avoid mechanical stress on the membrane material.

The most promising candidates for liquid oxygen carriers are Perfluorocarbons
and an aqueous solution of Hemopure®. Perfluorocarbons (PFCs) are a category of
hydrophobic molecules comprised of Carbon and Fluorine atoms, with an ability to
store and release copious amounts of oxygen (Carroll, 2021; Jagers et al., 2020;
Tawfic & Kausalya, 2011). PFCs have an oxygen capacity 40 times larger than water
and twice that of blood (201 mloz/Lsicod (Pittman, 2011)) and an even larger carbon
dioxide capacity (Jagers et al., 2020).
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Hemopure® is an aqueous solution containing bovine-derived hemoglobin,
able to absorb oxygen in the same manner as blood does. Each of these candidates
have advantages and disadvantages. For Hemopure®, it is not possible to usefully
elevate the partial pressure of oxygen above atmospheric pressure. This is because
Hemopure® follows a similar oxygen-dissociation curve to that which characterises
blood, and for which the capacity to absorb oxygen plateaus at higher partial pressures
as the active sites on the haemoglobin become saturated. Perfluorocarbons, by
contrast, exhibit a Raoult's Law behaviour where there is a strong linear relationship
between oxygen partial pressure and dissolved oxygen content, thereby allowing for
super-saturation beyond partial pressures of one atm. Hemopure®, on the other hand,
is advantageous because it is an aqueous solution and thus lends itself to the addition
of other solutes for the benefit of patient stability.

However, the current study is a preliminary investigation of membrane gas
transfer in the liquid-liquid configuration and therefore selecting an optimal oxygen
carrier is outside the scope of work undertaken at this stage. Further, the operational
and ethical requirements of experimentation with blood are more onerous than
appropriate for an initial pilot study. The principal area of concern in this study is
whether gas transfer takes place in the liquid-liquid configuration, or whether the gas
transfer is obstructed by liquid filling of pores. Hence, the primary goal is to estimate
a mass transfer coefficient for a convenient respiratory gas, to determine whether it is
comparable to the mass transfer coefficient for the same gas in the gas-liquid
configuration. For reasons of convenience, carbon dioxide is chosen as the studied
gas, and water is used as the solvent. This results in an inexpensive experimental
setup with minimal operational obstacles, which is therefore easily reproducible for
corroboration or new testing with alternative membrane materials.

METHODS AND MATERIALS

i. Experimental set-up
The basic experimental set-up can be seen below in Figure 1.

- ® U s e,

Pump 1

Collection Collection Collection
Vessel 1 Vessel 1 Vessel 2

Figure 1: Experimental set-up of hollow fibre membrane dialyser (HFMD)
with a) two liquid loops, loop 1 (red) and loop 2 (blue) running through shell
and tube respectively or b) one loop (red) running through the shell or tube

while the other is open to the atmosphere.
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As seen in Figure 1a, the set-up uses two pumps: the tube-side pump in the
red circuit runs at around 500ml/min and the shell-side pump in the blue circuit runs at
around 1000ml/min. Unfortunately, due to equipment constraints, flow control of the
pumps was limited, especially with the fish pump used on the shell side. Three HFMD

cartridges were considered, the details of which can be seen in Table 1.

Table 1: HFMD cartridge details

Brand Braun Diacap | Braun Diacap Leoceed 21 N
Cartridge type High Flux (B |Low Flux (B |Low Flux
Braun, 2009) | Braun, 2009) (Asahi Kasei

Medical,
2012)

Priming Volume (ml) 90 58 108

Polysulfone Membrane | 1.5 1 21

Effective Surface Area (m?)

Internal Fiber Diameter (um) 200 200 185

Wall Thickness (um) 40 40 35

Manufacturer’s Specified Blood | 200 — 500 200 - 500 200 - 400

Flowrate Range (ml/min)

Maximum Transmembrane | 80 80 80

Pressure (kPa)

The liquid and conditions used in each loop were varied based on the
experimental parameters required.

ii. Liquid-Liquid carbon dioxide mass transfer coefficients

Carbon dioxide is an important gas that needs monitoring during oxygen therapy.
The normal partial pressure of carbon dioxide in arterial blood is between 35- and 45-
millimetres of mercury (Messina & Patrick, 2021). As mentioned, high (greater than
45mmHg) and low (less than 35mmHg) levels of carbon dioxide can have severe
effects on the body (hypercapnia and hypocapnia). Therefore, the mass transfer of
carbon dioxide in a HFMD is important as it will determine whether the use of HFMD
for oxygen therapy is viable or not.

To evaluate the mass transfer coefficients of carbon dioxide across the HFMD
membrane, carbonated distilled water (pH 3.9 — 4.2) was run through the red loop
while distilled water was run through the blue loop (Figure 1a). After a priming period,
the carbon dioxide content at each inlet and outlet of the HFMD cartridge was
determined using a pH meter along with the Acid-Base equations below.

o Acid-Base equilibria
Seventy per cent of carbon dioxide is transported through an acid-base,
catalysed interconversion between carbonic acid (H2CO3), bicarbonate (HCO3-), and
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hydrogen (H+) ions [14]. The acid-base equation can be given below with the
equilibrium constant, K, given by (Boyd, 2015):

C0,+ H,0 s H* + HCO;3 K=10%35
Reaction 1

The equilibrium expression of the reaction above can thus be written as follows:

_ [H¥][HCO;] _ [H*]? — 10635
[CO;(aq)] [CO,(aq)]

(1)

and as pH is defined as:
pH = —log [H"] (2)
The pH of water can be used to determine the dissolved carbon dioxide concentration.

o Fick’s Law
The mass transfer coefficient of both gases through the membrane can be
modelled using the following equation:

_ qgas
kod = LMAp 445 (3)

where:
ko = mass transfer coefficient (mg/ (min kPa m?))
A = membrane area (m?)
Qgas = rate of gas transfer (mg/min)
LMApgas = logarithmic mean of partial pressure differences at the top and
bottom of the cartridge (kPa) calculated as follows:

_ Apgas — Appoiom
LMAPgas - Aptop (4)
as
ln(A bogttom)

gas

The partial pressures for both gases in water can be calculated using Henry’s law:
o lgas] 5)
gas KH
with Ky values of 1.3x10% and 3.4x10* mol/(m3Pa) for oxygen and carbon dioxide,

respectively.

iii. Liquid-liquid salt mass transfer coefficient
Since the primary use of HFMDs is to remove toxins from the blood (Khandpur,
2020), special attention needs to be paid to the transfer of electrolytes when using the
membrane for respiratory support. A significant drop in a patient’s electrolyte level,
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known as hyponatremia, may cause headaches, dizziness and, in severe cases, lack
of consciousness. It is imperative to consider this as it will justify the need for an
electrolyte support solution if there is excessive ion loss from the blood to the dialysate.
To evaluate the mass transfer coefficients of NaCl across the HFMD membrane, salt
was dissolved in distilled water (6 — 12g/L) and run through the red loop while distilled
water was run through the blue loop (Figure 1a). At each inlet and outlet of the HFMD
cartridge, the salt content was determined using an EC/TDS meter.

The salt mass transfer coefficient can be determined through a minor
adjustment to Equation 3 by determining the log mean concentration instead of the log
mean pressure.

iv. Sieving coefficient
The sieving coefficient is the measure of the equilibration of a substance
through a semipermeable membrane (Kashani et al., 2012). Simply put, the sieving
coefficient is the measure of how easily a substance passes from the blood plasma to
the filtrate in a HFMD. The sieve coefficient equation is given by the following equation
(Neri et al., 2016):

Cs:
filtrate
T (6)

plasma

SC =

where:
SC = sieving coefficient
Ciritrate = concentration of solute in the filtrate that passed through the membrane
Cplasma = average concentration of the solute in the plasma

A sieving coefficient of one indicates that the substance equilibrates on both
sides of the membrane and a sieving coefficient of zero indicates that the substance
does not cross the membrane at all.

To determine the sieving coefficient, a salt solution as prepared by dissolving
table salt (NaCl) in distilled water (10g/L). This water was run through the hollow fibers
of the cartridge in a closed-loop configuration with no opposing gas or liquid flow
(Figure 1b). After allowing time for priming of the system, the leakage was collected
from the shell-side of the cartridge. Using an EC/TDS meter, the total dissolved solids
and electrical conductivity of the reservoir and collected leakage were determined.

v. Leakage tests

Hollow fibre membrane dialysers are specifically designed for the transfer of toxins
from the blood to the dialysate through the mixing of fluids (Khandpur, 2020). However,
during this mixing, some of the blood remains in the dialysate and vice versa, this is
known as leakage. Leakage is synonymous with bleeding as blood is lost from the
body. If too much blood is lost, the body goes into hypovolemic shock, which impedes
the heart's ability to pump sufficient blood (Machalinski, n.d.). As a result, tissues do
not receive enough oxygen, leading to tissue damage.
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To evaluate the leakage of fluid from one side of the membrane to the other, the

two loops were run in three configurations for each cartridge:

o Distilled water was run through the inside of the hollow fibres with no opposing
gas or liquid flow in the cartridge shell. Any water that leaked through the fibres
was collected and a tube-side leakage rate was determined (Figure 1b).

o Distilled water was run through the cartridge shell with no opposing liquid or
gas flow inside the hollow fibres. Any water that leaked through the fibres was
collected and a shell-side leakage rate was determined (Figure 1b).

o Both loops were filled with distilled water and ran in a closed-loop configuration.
The drop in the tube-side reservoir was used to determine the net liquid
exchange rate between the two streams.

RESULTS AND DISCUSSION
The results are presented with outliers removed based on the IQR method.

Most of the outliers removed had flowrates significantly different to the average of the
run and this is likely the cause of their outlying values. Results are reported to be + 1
standard deviation.

i. Liquid-Liquid mass transfer coefficients

o Carbon dioxide mass transfer coefficient

The rate of carbon dioxide removal in HFMD depends on membrane area, pore
size, and pore material. It was found that membrane fibres with small pores and
hydrophobic construction are better suited for carbon dioxide absorption (Sumin et al.,
2010). All three cartridges, Braun Low Flux, Braun High Flux, and Leoceed21N,
comprise of a polysulfone membrane, which has a hydrophobic nature (Espinoza-
Gomez & Lin, 2003). Therefore, it is expected that the two low flux cartridges have
higher carbon dioxide mass transfer coefficients than the high flux cartridge.
Additionally, one would expect the mass transfer for a species across the membrane
to be constant as the membrane area, pore size and pore material should be constant.
The carbon dioxide mass transfer coefficients as a function of initial carbonated source

pH are shown in Figure 2.
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Figure 2: Carbon dioxide mass transfer coefficient variations with changing
initial pH.
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The low flux Braun cartridge in the co-current configuration resulted in the
highest mass transfer coefficient, while the Leoceed 21N resulted in the lowest. A
summary of the average mass transfer coefficients for each cartridge can be seen in
Table 2.

Table 2: Mass transfer coefficient data
Braun Low

Braun High EE;n LC?;A_/ Flux Leoceed
Flux Counter- 21N
current
current
Mass Tube-side | 5.19+0.38 |[861+0.71 |578+0.46 |4.50+0.22

transfer Shell-side |4.43+0.38 |593+£0.69 [593+0.70 |3.52%+0.35
coefficient | Average
(mg/min 4811015 |7.27+043 |592+040 |4.01+0.21
kPa m?)
Pearson correlation
coefficient between pH
and mass transfer
coefficient

-0.33 -0.64 -0.24 -0.56

The difference in the mass transfer coefficient seen between the shell- and
tube-side data is due to a mass balance inequality where the mass of carbon dioxide
lost from the tube-side is higher than the mass gained by the shell-side. This
discrepancy is most likely due to two systematic errors. Firstly, the measurements
made were discrete and not continuous which made it difficult to see whether
equilibrium had been reached when the measurement was taken. This implies that
equilibrium had not yet been reached and that some of the missing carbon dioxide had
been adsorbed onto the membrane. Secondly, the time between collection and pH
measurements of the liquid discharge on both sides, coupled with insufficient
equipment to fully cover the collection vessels, resulted in the off gassing of carbon
dioxide on both sides. This off-gassing would increase the pH measurement indicating
that the tube-side lost more carbon dioxide than in reality and, simultaneously, that the
shell-side gained less carbon dioxide. Due to these reasons, the average mass
transfer coefficient is considered the most reliable.

The Pearson correlation coefficient shows a slight negative correlation between
pH and mass transfer coefficient across all cartridges, with the effect being most
pronounced in low flux co-current set-ups. This is a surprising result as we expect the
coefficient to remain constant regardless of initial concentration. However, this result
must be investigated further as it is derived from a limited set of data points (n =7 —
9) for each cartridge and could be a result of flowrate variations that can influence the
mass transfer coefficient as found by Lan Xu (L. Xu, 2020).

o Carbon dioxide removal
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While the carbon dioxide mass transfer coefficient data is a valuable piece of
information regarding the use of HFMD in gas transfer applications for use in a clinical
setting, the much more relevant information is the rate of carbon dioxide removal as
that will dictate whether the device can prevent hypercapnia in patients requiring
respiratory support.

Using ECMO as a basis for comparison, membrane oxygenators aim to remove
200ml CO2/min for an average adult (Baker & Low, 2015). The carbon dioxide removal
rate found in this project can be seen in Figure 3. The graph illustrates that all four
configurations display exponential relationships between carbon dioxide removal and
pH. The equations and R? values of each cartridge can be seen in Table 3.

Table 3: Trendline data for carbon dioxide removal

Configuration Exponential Relationship | R?
Low Flux Braun Counter- | y = 7E+09e™3" 0.9221
current
Low Flux Braun Co- |y = 3E+10e%804 0.9833
current
Leoceed 21N y = 7TE+09e4412x 0.9957
High Flux Braun y = 3E+09e4241x 0.9825
250
Low Flux Braun Counter-current
200 Low Flux Braun Co-current
E ... Leoceed 21
§ Treut @ High Flux Braun
£ 150
= o .
% ---------------
S0 | e X3
e R s 2
o S O Y A X200
© e, &
50 Sy
0
3,9 3,95 4 4,05 4,1 4,15 4,2 4,25

pH

Figure 3: Carbon dioxide removal rate as a function of inlet pH

At low pH values (3.95) the HFMD cartridges come close to fulfilling the carbon
dioxide removal requirements with >75% removal in all cases. However, it decreases
to only around 33% at higher pH values (4.2).

The carbon dioxide partial pressure in venous blood is 6.1kPa (Arthurs &
Sudhakar, 2005), using equations 1, (2, and (5 this corresponds to a pH of 4.52. This
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is @ much higher pH than the range considered during experimentation, and due to
the differences between blood and water, a direct comparison is not entirely valid, but
it can serve as a broad indication of the expected performance of the HFMD cartridge
in a clinical setting. Using the relationships presented in Table 4, the percentage of
required carbon dioxide removal achieved by each cartridge can be seen below.

Table 4: Percentage of ideal carbon dioxide removal achieved at a pH of

4.52

Configuration CO2 removed (ml/min) Percentage
Low Flux Braun Counter- 18.48 929%
current

Low Flux Braun Co- 1114 5 6%
current

Leoceed 21N 15.29 7.6%

High Flux Braun 14.19 7.1%

Based on the carbon dioxide removal results presented, multiple HFMD cartridges
would be required to achieve even partial respiratory support.

o Comparison to Liquid-Gas configuration

The work presented is a variation of work done by Lan Xu in 2020, where the
carbon dioxide mass transfer coefficient and carbon dioxide removal of HFMD
cartridges was investigated using a liquid-gas configuration (L. Xu, 2020). The work
done by Xu focussed on the Low Flux Braun and Leoceed 21N cartridges run at a pH
of 4 with varying flow rates. A comparison between the results of that study and the
present work is presented in Table 5, calculated from trendline data based on a pH of
4 and flowrate of 500ml/min.

Table 5: Comparison between liquid-liquid and liquid-gas HFMD carbon
dioxide transport

;g;o)xu (b XU rhis work

Mass transfer

coefficient (mg/min | 3.632 5.92
Low Flux Braun kPa m?)

CO> -~ Removal| 5y g3 179.32

(ml/min)

Mass transfer

coefficient (mg/min | 2.086 4.01
Leoceed 21N kPa m?)

CO> ~ Removal| gg 15 151.59

(ml/min)
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The difference in the Leoceed21N results may be due to the configuration. This
paper investigated co-current flow, whereas Xu (L. Xu, 2020) investigated counter-
current flows, indicating that co-current flow has a higher leakage rate than counter-
current flow. However, the difference is also due to the difference in exchange
medium. This can be further confirmed by comparing the low flux Braun counter-
current mass transfer coefficients, indicating that liquid-liquid exchange has a higher
mass transfer than gas-liquid exchange.

This increase in carbon dioxide transfer as well as the presence of a suitable
medium to prevent or balance solute losses as explained in subsequent sections
means the liquid-liquid configuration is preferred for the application of emergency
HFMD respiratory support. The improvements in performance shown by a liquid-liquid
configuration also have significant implications for the ECMO field as current ECMO
techniques implement a gas-liquid configuration. Thus, patients using ECMO can
experience better respiratory support, by simply replacing the gas stream with an
oxygen-carrying support fluid. Fluids with high oxygen-carrying abilities, such as
perfluorocarbons and Hemopure® solutions, can be used.

o Salt mass transfer coefficient

The results for the salt mass transfer coefficient were handled in an equivalent way
to the carbon dioxide results, with the exception that the results presented were based
solely on the tube-side mass transfer and not the average. This was done as
membrane adsorption and lack of time to equilibrate caused large deviations in the
shell-side results.

2,0E-06 Braun Low Flux Leoceed 21N Braun High Flux

Mass Transfer Coefficient (m/s)
w
R
o
[e)]

5 6 7 8 9 10 11 12 13
Salt Concentration (g/L)

Figure 4: Variation of salt mass transfer coefficient with initial salt
concentration

Figure 4 displays the salt mass transfer coefficient against the initial tube-side
salt concentration. Table 6 gives the average coefficient as well as the Pearson
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correlation for each cartridge. The high flux cartridge mass transfer is virtually
independent of initial salt concentration while the low flux cartridges show a slightly
positive correlation.

Table 6: Mass transfer data for NaCl

Braun High Flux Braun Low Flux Leoceed 21N
Mass  Wranster| s oe.06+ 1.86-0.7 | 5.26-06 + 7.6E-08 | 4.5E-06 + 6.5E-08
coefficient (m/s)
Pearson
correlation -0.05 0.26 0.36
coefficient

During the use of the HFMD cartridge for respiratory support, consideration must
be given to the blood composition as well as the gas transfer. The salt mass transfer
coefficients determined above can give an indication of the requirements for clinicians
to balance the solutes of interest as is done in regular dialysis.

ii. Leakage tests
The first leakage test was to determine the amount of leakage from the inside of the

fibres out to the cartridge shell. The results can be seen in Table 7.

Table 7: Tube Side Leakage Data

Braun High Flux Braun Low Flux Leoceed 21N

Volume | Time | Flowrate | Volume | Time | Flowrate | Volume | Time | Flowrate
Run (ml) (s) (mL/min) | (ml) (min) | (mL/min) | (ml) (min) | (mL/min)
1 100 58.83 | 101.99 50 10.03 | 4.98 50 514 | 9.73
2 100 58.95 | 101.78 50 10.05 | 4.98 50 5.17 | 9.68
3 100 58.32 | 102.88 50 10.02 | 4.99 50 513 | 9.75
4 100 58.84 | 101.97 - - - - - -
5 100 57.85 | 103.72 - - - - - -
Average
(mL/
min) 102.47 £ 0.73 4.98 £ 0.01 9.72 £0.03

The second leakage test determined the leakage rate from the cartridge shell
into the fibres. From this test, only the Leoceed 21N showed any leakage with a
leakage rate of 6.10 £ 0.63mL/min across three runs.

The third leakage test determined the net leakage experienced by the tube-side
during operation. The results can be seen in Table 8.
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Table 8: Net Leakage Rate Data

Braun High Flux Braun Low Flux Leoceed 21N

Volume | Time | Flowrate | Volume | Time | Flowrate | Volume | Time | Flowrate
Run (ml) (min) | (mL/min) | (ml) (min) | (mL/min) | (ml) (min) | (mL/min)
1 400 235 |170.21 16.67 10.13 | 1.65 50 4.67 | 10.71
2 400 2.38 | 168.15 16.67 6.77 2.46 50 464 |10.78
3 400 243 | 164.37 16.67 7.73 2.16 50 466 | 10.72
4 400 242 | 165.53 - - - - - -
Average
(mL/min) | 167.06 £ 2.27 2.09+0.34 10.74 £ 0.03

Apart from the Braun low flux cartridge, the net leakage across the membrane
increased with the introduction of the shell-side liquid stream. This increase is likely
due to a higher transmembrane pressure caused by the flow of the second stream,
forcing more fluid through the membrane.

On average, human blood volume is 75ml/kg (Nadler et al., 1962), resulting in
an average blood volume of 5 250ml for a 70kg human male. While side effects start
appearing at around 15% blood loss, significant effects appear above 30%, and, above
40%, there is a substantial risk for organ failure, coma, and death (Johnson & Burns,
2021). With a net leakage rate of 167.06ml/min, this 40% threshold would be reached
in around 12,5min. This makes the high flux cartridge unsuitable for use as a
respiratory support device. The lower leakage rates of the other cartridges could be
compensated for by blood or other fluid transfusions.

The high leakage rate of the high flux cartridge is likely due to its higher
permeability to allow for larger molecules such as 2-microglobulin to pass through
the membrane (Donadio et al., 2017). The leakage through all three cartridges could
also be attributed to the differences between the water used in this work and the blood
used in the usual dialysis procedure. The use of inadequate pumps with limited control
could also have contributed as the flow rates and pressures could not be easily
controlled. To fully assess the leakage risk, more sophisticated pumps, along with
more representative fluids, will have to be employed. However, this study shows that
high flux cartridges are not acceptable for use in a clinical setting.
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iii. Sieving Coefficient
The results of the sieving coefficient can be seen in Table 9.
Table 9: Sieving Coefficient Data

Braun High | Braun Low | Leoceed
Flux Flux 21N
Initial Salt concentration
(g/L) 10.00 10.00 10.00
Leakage Flowrate
(ml/min) 76.22+1.75 | 4.72+0.06 |8.41+0.57
0.992 + | 0.967 +10.977 +
Sieve Coefficient 0.002 0.003 0.002

With a sieving coefficient close to one, all three cartridges display a nearly
unrestricted transport of Na* and CI- across the membrane. This is as expected as
these ions are small molecules (MW<500 Da) that can pass through both low and high
flux membranes (Donadio et al., 2017). The high flux cartridge has the highest sieving
coefficient due to its increased porosity and reliance on convective transport to allow
for the removal of larger molecules (MW>500 Da) in addition to small molecules
(Donadio et al., 2017).

If the HFMD is to be used for respiratory support in a liquid-liquid configuration,
these molecules, and others like it, will have to be balanced by a physician. As
mentioned, this is another advantage of the liquid-liquid configuration when compared
to the liquid-gas configuration where a balancing medium is absent (L. Xu, 2020).

CONCLUSION AND RECOMMENDATIONS

The global COVID-19 pandemic has shown the need for and importance of
proper planning and resource management of healthcare resources. In this study, we
have shown qualitatively that HFMD cartridges can remove carbon dioxide when using
carbonated water in a liquid-liquid configuration. The use of high flux cartridges is not
recommended as it has severe leakage effects that will require significant intervention
to prevent harm to the patient. The remaining two cartridges were both able to achieve
a substantial portion of the recommended carbon dioxide removal rate of 200ml/min.
The Braun low flux performed the best with 75.8% removal, while the Leoceed 21N
removed 64.4% of the required amount. These results are more than twice that found
in previous research using a liquid-gas configuration under the same conditions of
flowrate and pH. This not only proves that liquid-liquid HFMD should be considered
for respiratory support but that the liquid-liquid configuration should be investigated as
a possible improvement in the established ECMO field. Additionally, all cartridges
were found to easily transport salt ions, confirming that a clinician will have to monitor
and balance the blood solutes to prevent harm to the patient, as is done in
conventional dialysis.

104



The main outcome of the study is confirmation that gas transfer does take place
in the liquid-liquid configuration, with the unexpected finding that the transfer of CO-
is more rapid in the liquid-liquid configuration. This result is of great potential interest
to the general operation of ECMO, but it is not certain to extend to the transfer of
oxygen. It is also uncertain if the results are applicable when blood and an oxygen
carrier are used as the two liquid streams.

Therefore, the findings here serve mainly as an indication that further research is
merited to investigate the feasibility of liquid-liquid ECMO:

o The liquid-liquid oxygen transfer characteristics should be evaluated in parallel
with the carbon dioxide transfer data to gain a more comprehensive
understanding of the potential for respiratory support. This was not possible in
the presented research due to a lack of oxygen measurement equipment as
well as the liquid medium used not being suitable for measurement due to the
low solubility of oxygen in water.

o The flowrate control on both sides of the cartridge must be improved to
eliminate its variance and thus improve the conclusions that can be drawn from
other relationships.

o The experiments must be repeated using more representative liquids such as
blood, Hemopure® solutions, and/or PFCs to get quantitative results for clinical
use.
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