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Abstract

A competitive binding strategy was used to functionalize monophasic hybrid cellulose acetate/silica
(CA/SiO2) membranes with ibuprofen (IBF) to enhance protein-bound uremic toxins (PBUTS) removal.
Three monophasic hybrid membranes were synthesized by combining phase inversion and sol-gel tech-
niques: CA22-APT, CA22-APT-IBF(15%), and CA30-TEOS-APT-IBF(3%). Furthermore, it was devel-
oped four pure cellulose acetate membranes, CA22, CA30, CA33, and CA35, to evaluate the formamide
influence through permeation studies.

All the membranes were characterized in the Artificial Kidney (AK) in terms of hydraulic permeability
(Lp), permeation to PBUTs as well as Human Serum Albumin (HSA) filtration. The molecular weight
cut-off (MWCO) was accessed through the CELFA P-28 ultrafiltration installation. The morphological
characterization was performed by Scanning Electron Microscopy (SEM), and the chemical composition
was analyzed by Fourier Transform Infrared Spectroscopy in Attenuated Total Reflection mode (ATR-
FTIR). Results for the CA30-TEOS-APT-IBF(3%) and CA30 membranes showed a Lp of 97.6 and 68.6
Kg-h™'-m™2. bar~', respectively. The MWCO for CA30-TEOS-APT-IBF(3%) showed a decrease in
average pore sizes in comparison with the pure CA30 membrane. CA30-TEOS-APT-IBF(3%) and CA30
membranes both permeated Indoxyl Sulfate (I1S) and rejected 100% of HSA.

Overall, the new membranes’ performance is promising, and research should be continued to prove,
for the first time, the permeation of Protein-Bound Uremic Toxin (PBUT)s through competitive binding

membranes.
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Resumo

Foi utilizada uma estratégia de ligagdo competitiva para desenvolver membranas hibridas monofasicas
a base de acetato de celulose, funcionalizadas com ibuprofeno para melhorar a remogéo de toxinas
uremicas ligadas a proteinas. Assim, trés membranas hibridas monofasicas foram sintetizadas combi-
nando técnicas de inversdo de fases e sol-gel: CA22-APT, CA22-APT-IBF(15%), e CA30-TEOS-APT-
IBF(3%). Para além disso, foram desenvolvidas quatro membranas de acetato de celulose puras, CA22,
CA30, CA33 e CA35, de forma a avaliar a influéncia da formamida em diversos estudos de permeagao.

Todas as membranas foram caracterizadas no rim artificial em termos de permeabilidade hidraulica
(Lp), permeagao a toxinas, bem como rejeigao a albumina. O Molecular Weight cut-off (MWCQ) foi
obtido através da instalagao de ultrafiltracdo CELFA P-28. A caracterizagao morfoldgica foi realizada
por Scanning Electron Microscopy (SEM), e a composi¢ao quimica foi analisada por Fourier Transform
Infrared Spectroscopy em modo de Reflexdao Total Atenuada (ATR-FTIR). Em termos de resultados,
as membranas CA30-TEOS-APT-IBF (3%) e CA30 apresentaram um Lp de 97,6 e 68,6 Kg - h™ ' -
m~2.bar~", respectivamente. O MWCO para a membrana CA30-TEOS-APT-IBF(3%) demonstrou uma
diminuicao do tamanho médio dos poros em comparacdao com a membrana CA30. Ainda assim, ambas
as membranas, permearam a toxina IS e rejeitaram 100% da albumina presente.

No geral, o desempenho das novas membranas € promissor, e os estudos devem ser continuados
de forma a provar, pela primeira vez, a permeacao de toxinas uremicas ligadas a proteinas, através de

membranas de ligacao competitiva.

Palavras Chave

membranas hibridas monofasicas; sol-gel; inversao de fases; rim artificial; ligagdo competitiva;

purificacao do sangue
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Introduction

Chronic Kidney Disease (CKD) remains a predominant health problem and it is estimated to affect be-
tween 11% and 13% of the entire worldwide population. The global increase of this disease is mainly
associated with the increase in the prevalence of other health problems such as diabetes, hypertension,
obesity, and primary renal disorders. CKD deteriorates the quality of life of the patients and often leads
to End Stage Renal Disease (ESRD). Furthermore, CKD has been associated with cardiovascular dis-
eases and premature mortality of the patients. Currently, approximately 3 million ESRD patients depend
on Renal Replacement Therapies (RRTs), such as Hemodialysis (HD), to survive. Even though this
technology has been around for 75 years, current HD membranes only partially restore kidney function
as they are very effective in removing small water-soluble metabolites and some middle molecular weight
toxins through diffusion and convection but fail to remove significant amounts of larger molecules and
Protein-Bound Uremic Toxin (PBUT)s. PBUTs circulate in the blood strongly bound to Human Serum
Albumin (HSA) (a protein vital to the body which cannot be removed from circulation) forming large
structures which cannot be filtered through current HD membranes. Therefore, there is great need for
research on novel HD membranes which target the removal of PBUTs for more efficient RRTs. Infusion

of HSA binding competitors into the bloodstream is one innovative strategy for removing PBUTs from



patients. In 2015, Tao et al. [7] were the first to placed the binding competition concept to the test for

improving PBUTSs dialysis removal, as detailed afterward in this thesis.

1.1 Chronic Kidney Disease (CKD) and End Stage Renal Disease
(ESRD)

The human kidney, among other things, is responsible for removing water, toxins, drugs, and waste
products from the blood. CKD is defined as abnormalities of kidney structure or inefficient removal
of uremic toxins. It is characterized by an irreversible loss of renal function which can lead to ESRD.
Presently, there are only two options for the ESRD treatment: Renal Replacement Therapy (RRT) or
transplantation. However, there are some issues for both methods: transplantation is the most effective
treatment but the scarcity of organ donors, the surgical risk of kidney transplantation, and the need
for life-long immunosuppressive therapy greatly limit this option [8]. On the other hand, RRTs greatly
limit the quality of life of ESRD patients as they require the visit to specialized clinics for more than
four hours, three times a week — a routine procedure which must be maintained until transplantation
or death. In addition, this type of therapy for ESRD only partially restores kidney function, as they
are mainly effective in removing the Small Water-Soluble Compounds (SWSC) which circulate without

significant protein binding [8].

1.2 Renal Replacement Therapies (RRTSs)

The most widely used RRT is HD - an extracorporeal blood cleansing procedure used to eliminate
metabolic waste products from patients with ESRD. The principle of HD involves the clearance of sev-
eral solutes across a semipermeable membrane by diffusion and ultrafiltration processes, including the
permeation of water excesses and several Uremic Toxins (UT) across the membrane, and retention of
vital blood components such as albumin and blood cells. This type of RRT may be influenced by a va-
riety of dialysis-related factors, including dialysis dose, use of convection and/or diffusion methods, use
of adsorptive particles and use of different dialysis membranes [9, 10].

Figure 1.1 represents the extracorporeal blood circuit characteristic of hemodialysis. Here, blood
is drawn from the body through a vein and routed through an Artificial Kidney (Dialyzer), which is a
bundle of hollow fibers made of a partially permeable membranes. The dialyzer contains a dialysing
fluid solution with similar concentrations of substances to blood and allows only wastes to pass through
and retain cells or proteins. The permeated wastes are diffused into the solution which is constantly
replaced. Heparin, an anti-clotting agent, is also added to prevent clotting and after that, the purified
blood is returned to the body [11,12].















State of the Art

2.1 Membrane-based technology targeting the PBUTs removal

As mentioned before, hemodialyzers are typically classified as either LF membrane dialyzers or HF
membrane dialyzers [25]. The very first HD membranes were composed of natural cellulose, which had
very small pores and thus, low MWCO values. The overall mass transfer mechanism in LF dialyzers
is diffusion, therefore, the SWSC are effectively removed by LF membranes, however, they are demon-
strated to be inefficient in middle-molecule clearance, which are considered more toxic and difficult to
remove through diffusion and are efficiently removed by healthy kidneys. Current dialyser membranes
are produced either from chemically modified cellulose materials, such as cellulose acetate and cellulose
triacetate or by synthetic polymers, such as polysulfone. In general, synthetic membranes have larger
pore sizes than cellulosic membranes and are therefore used in HF dialyzers. HF dialysers commonly
allow the transfer of middle-sized molecules while simultaneously preventing proteins such as HSA from
being removed from the blood [26]. HSA is the most important plasma protein that must be retained in
chronic dialysis patients. Thus, HF membranes have higher solute permeability for middle-sized solutes

and higher hydraulic permeability than LF membrane dialyzers. [25,27]. Because the mass transfer of



LF membranes is mainly diffusive and is not suitable for use in therapies that require high convective
transport, such as hemofiltration (HF) and hemodiafiltration (HDF), membranes with higher permeability
like HF were required [27].

As an alternative to these two main types of HD membranes, a new generation of membranes known
as MMMs were developed. MMMs combine diffusion, convection, and adsorption mechanisms in a sin-
gle step. and are fabricated by introducing solid microparticles which have a propensity to adsorb UTs,
such as Activated Carbon (AC) in a continuous polymer matrix. In general, the MMMs are composed of
two layers: a thicker macro-porous layer in which adsorptive particles are inserted and a thinner particle-
free layer and a particle-free layer which is the blood-contacting surface of the membrane to increase
hemocompatibility and avoid particle release into the blood circulation.

Since most RRTs do not remove PBUTSs, known to have deleterious effects on the health of ESRD
patients, there has been a substantial surge in the scientific community’s interest in the field of mem-
branes which target the clearance of these toxins. As mentioned before, different types of approaches
have emerged in order to improve the PBUTs removal in blood plasma of the patients. Currently there is
a wide range of HD membranes on the market and the efficiency of dialysis therapy is ultimately deter-
mined, at least in part, by the properties of these membranes as well as the HD modality (high flux, low
flux, adsorption etc.) employed. In this section, membrane-based therapies and developments of HD
membranes will be highlighted by first addressing different HD modalities which use pure polymer and
MMMs followed by clinical studies which involve the infusion of HSA binding competitors into the blood

stream of ESRD patients.

2.1.1 Pure Polymer Membranes

Gerrit Lesaffer et al. [28] compared the removal of two SWSC, urea and creatinine, and four PBUTS,
IS, HA, pCS and CMPF, using two different HD modalities: i) low flux hemodialysis (LFHD) where the
HD membranes have low MWCO (i.e., small pore sizes), and ii) high flux hemodialysis (HFHD) where
the HD membranes have high MWCO (i.e., larger pore sizes). Two high-flux hemodialyzers composed
of HF polysulfone (HFPS) and HF cellulose triacetate (HFCTA) membranes, respectively, and a LF
hemodialyzer composed of polysulfone (LFPS) membranes were used in a clinical trial involving 10
stable HD patients. Firstly, the patients were dialysed with the LF membrane (by which the patients
were treated routinely) and after with the HF membranes in a crossover design. At the end of the HD
session samples from the blood and the dialysate were collected and analysed. Results showed that
the concentration of all the compounds decreased except for CMPF and TRP. Furthermore, no direct
correlation was obtained between the decrease in concentration of urea and creatinine and that of the
PBUTSs. Finally, it was concluded that, in terms of the removal of IS, HA, pCS and CMPF, there are no

significant differences between the HF and the LF hemodialyzers and that the three types of membranes






non-protein-bound solutes with the SF-CTA membranes when compared to the LF-CTA membranes. In
summary, SF-CTA membranes show significant improvements compared to LF-CTA membranes, how-

ever issues pertaining to albumin loss must be addressed.

Detlef H. Krieter et al. [30] emerged with a new approach for the removal of PBUTs by two types of HF
PolyEtherSulfone (PES) membranes (PU - and PU + where the PU + is the most permeable membrane)
where the main difference between both membranes is the albumin permeability. The removal of PBUTS,
IS and pCS, by the PU- and PU+ membranes was studied under conventional HD sessions as well as
online high-efficiency post-dilution hemodiafiltration. The studies were carried out with 8 patients that
were submitted to one week of regular treatments (three times weekly) and after this period, a session
of online post-dilution hemodiafiltration was performed with each of the membranes. However, it will
highlight the results only associated with hemodialysis experiments. In order to determine the efficacy
of the HD treatments, the plasma clearances as well as the dialytic clearances and the reduction rates.
As a result, the data demonstrated a relevant reduction of the plasma concentrations of free and total IS
and total pCS with both membranes for the HD experiments, except for the free fraction of pCS. It was
not noted considerable differences in the clearance of the total form in both membranes: for pCS, the RR
was between 45.6+£2.0% in PU - HD and 47.3+14.8% in PU + HD and in IS was between 50.4+2.6% in
PU-HD and 52.2+12.2% in PU + HD. As expected, for both membranes, the dialytic removal of the free
portion of IS and pCS were significantly higher than the total fraction: for example, the dialytic clearance
of pCS free fraction for the PU + membranes was in the range of 40.0 4+ 24.4% while for the total portion
was between 24.5 + 14.7% and the same characteristics were observed for the PU - membrane. The
same behaviour of clearance rate was verified for the IS (in the PU + membrane between 42.5 + 21.5%
for the free fraction and 25.5 + 12.7% in the total amount and between and 51.7 + 18.1% for the free
fraction 31.7 £ 12.6% for the total portion in the PU - membrane). Another crucial aspect was studied the
albumin permeability for both types of membranes where it was observed remarkable differences in the
albumin loss into dialysate during hemodialysis: in the hemodialysis with PU - membrane the albumin
loss was always less than 200 mg (detection limit) whereas with PU + membrane it averaged at 482
+ 154 mg per treatment. For reminder, the total form of PBUTSs is characterized by the amount that is
not bound to albumin (free form) but also by the bound fraction. Since the bound fraction of the total
form of PBUTs cannot pass through these HD membranes, the dialysate contained the same amount
of free fraction and total fraction in both membranes: for example, the mass (mg) of the total fraction
of pCS in PU- membrane dialysate was in the range of 88 + 84 mg, and the mass of the free portion
was the same value. The same conclusions were reached when it came to the IS toxin. Regarding
the main results obtained during the experiments, the authors had achieved some conclusions. Firstly,
relative to the removal of protein-bound toxins, there were not observed significant differences in the

performance of both membranes. Nevertheless, the main difference was achieved in the albumin loss:
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membrane layer could prove to be a long-term improvement toward the removal of PBUTs since they
have been shown to significantly reduce PAH and creatinine, and thus might be successful in the elim-
ination of other PBUTs. Nonetheless, because this approach combines two methods (adsorption and
membrane-based removal) in a single step, the authors propose that the device could be miniaturized
and the MMM placed in a separate circuit for dialysate regeneration, potentially preventing endotoxins

from the dialysate from entering the patient’s circulation.

Following this discovery, the same research group refocused their efforts on the same membrane
concept and goal, but with some improvements: previously [31], they demonstrated the concept of a
membrane with embedded adsorptive particles, a so-called porous MMM. These flat sheet MMMs are
composed of a porous particle free layer attached to the MMM layer with embedded particles. Here [33],
it was developed a dual layer hollow fiber MMM to remove protein bound uremic toxins. Thus, the
authors created a two-layer PES/PVP hollow fiber MMM with a porous macro-void free inner membrane
layer that is well attached to the MMM outer layer containing active carbon particles for the removal of
PBUTs. This type of membrane may sustain a concentration difference and hence a diffusion driving
force along its whole length, and as previously proven, combine diffusion and adsorption in one step.
The MMMs were fabricated using a novel triple layer spinneret for spinning a polymeric inner layer
and a thicker outer MMM layer. Creatinine was used as a model for small water-soluble compounds
whereas HA, IS and pCS as representatives for PBUTs. The MMM were characterized in terms of clean
water permeance, adsorption and removal of creatinine, IS, pCS and HA, and the rejection coefficient
to albumin. Results showed that the most permeable membrane had a water permeance of 58.4 + 9.3
I/m?/h/bar and showed higher adsorption rates of creatinine, IS, and HA than the previous dual layer
MMMs mentioned before [31]. For example, the flat sheet dual layer MMM, mentioned in the study
before, adsorbed approximately 29 mg creatinine per gram of AC, whereas the MMMs in this study
adsorbed approximately 100 mg per gram of AC. In terms of adsorption from human blood plasma,
the MMMs were able to remove up to 83 + 4% of creatinine. Furthermore, the MMMs were able to
efficiently remove pCS, IS, and HA even at low solute concentrations, whereas the PES/PVP did not
successfully adsorb these solutes. Results also showed that after 4h, which is a common duration
of a HD treatment, both diffusion and adsorption contributed equally to total creatinine removal in the
MMM. Nonetheless, in terms of PBUTSs, it was observed that their removal was mostly due to the
adsorption on the MMM. Moreover, in the diffusion experiment, these membranes removed on average
2.27 mg pCS/g membrane and 3.58 mg IS/g membrane after 4h, while in the convection experiments,
these membranes removed 2.68 mg pCS/g membrane and 12.85 mg IS/g membrane, and thus it was
concluded that the amount adsorbed in the convection experiments was higher than in the diffusion set
up. Another significant difference that was found between the diffusion and convection experiments is

that in diffusion tests, the membrane retains albumin, whereas in convection experiments, there is partial
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membrane could be a possible hypothesis for dialysis applications due to the ability of zeolites to adsorb
certain PBUTs such as IS. Nevertheless, in order to demonstrate the successful permeabilization of

PBUTSs through PES-zeolite composite membranes, the adsorption rates must be improved.

Zeng et al. [36] developed a novel type of membrane capable of efficiently permeating PBUTs in
order to compete with the already established membranes. The aim of the study was to incorporate Zr
Metal-Organic Frameworks (MOFs) into a PolyLactid Acid (PLA) matrix to fabricate MOFs-based MMMs.
UiO-66 is a Zr-MOFs composed of octahedral [Zrs O4(OH)4] clusters which are coupled to twelve 1,4-
benzene dicarboxylic acid molecules. Due to their excellent properties such as chemical stability, non-
toxicity, and hydrophilicity, the UIO-66 family has been widely studied. The Zr-MOFs were incorporated
into the MMMs which were prepared using PLA. The MMMs were synthesised through pre-dispersion
and phase-inversion methods, and the MOFs particles were dispersed in acetone. Human embryonic
hepatocytes were used to test the biocompatibility of membranes (LO-2). In addition, it used three differ-
ent types of Zr-MOFs: UiO—66—SO;H, UiO—66—(COOH), and UiO-66 to evaluate the differences. The
results demonstrated that MMMs with 20% MOFs loading maintain good mechanical properties, while
MMM with 25% and 30% MOFs loading exhibit reduced characteristics. Therefore, MMM containing
20% MOFs were used in the experiments, which were performed in Phosphate-Buffered Saline (PBS)
(a model medium of mimic blood). From the performed analysis the following was concluded: The sat-
urated adsorption capacities of the Zr-MOFs for IS and HA were significantly higher than those of other
porous materials such as zeolite/PES membranes and carbon-based sorbents; Zr-MOFs had a chem-
ical affinity for the two uremic toxins, which results in the positive adsorption capacities observed; the
three Zr-MOFs predominantly combined with the two uremic toxins through van der Waals interactions
between the Zr-MOFs ligands and the benzene rings of the IS and HA molecules; superior adsorption of
toxin molecules onto UiO—66—(COOH), and UiO—66— SO;H than onto UiO-66 which can be attributed
to higher binding energies; IS presented higher binding energies than HA with the Zr-MOFs which might
indicates a better adsorption; MMMs possessed good retention efficiency for large molecules as albu-
min; when compared to the pure PLA membrane, the MMMs removed significantly more HA and IS, with
relative concentrations dropping to around 0.25 and 0.22 after 4 hours, respectively; the incorporation
of MOFs into MMMs might increase water flux and MMM adsorption capability toward PBUTs; MMMs
based on sulfonated MOFs demonstrated anticoagulant efficacy, as well as good biocompatibility and
hemocompatibility. Thus, this further suggests that MOFs present a high potential to be used in the
fabrication of novel HD membranes with high flux and high absorbability for enhancing PBUTs removal

efficiency.
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Zoppi et al. [42] were the first to create hybrid CA/SiO, membranes. The aim of the work was to pre-
pare and characterize CA/TetraEthyl OrthoSilicate (TEOS) hybrids. The hybrid organic—inorganic films
were prepared using the sol—gel process. It was prepared several CA/TEQOS ratios which were scattered
on a Poly(vinylidenefluoride) (PVDF) porous support. It was studied different important parameters such
as permeation and retention properties, morphology, thermal and mechanical characteristics. Solutes
with a molar mass of 9000 g/mol were retained by hybrid membranes (98% retention). It was also
discovered that the membranes became more rigid with the addition of SiO, and that the hybrids’ ther-
mal stability was comparable to pure CA films. The water permeability of the CA homopolymer and
CA/TEOS (with 40% of SiO5) hybrid composite membranes was 1.82+0.06 and 0.3+ 0.1 L/h/m?/bar,
respectively. It was explained that the incorporation of an inorganic phase into the polymeric matrix
resulted in more rigid materials with a denser morphology. Thus, the decrease in water permeability
is consistent with the fact that hybrid composite membranes have a more rigid and dense filter layer.
Furthermore, the alkoxy groups in the resultant materials may not be entirely removed. Because of
their hydrophobic nature, organic groups linked to Si atoms can also alter the penetration property of
water molecules. These properties also influenced the retention of different molar masses of solutes.
Biodegradation studies were also performed on hybrid films in the presence of T. Harzianum fungus and
it was verified that the presence of the inorganic phase had no effect on fungal development. Several
monophasic hybrid CA/SiO, membranes (with inorganic phase dispersed at the nanoscale scale and
linked to the organic matrix through covalent bonds) have been developed since their pioneer work by

the sol-gel co-condensation of SiO, alkoxisilane precursors and polymer molecules [43—45].

Mendes et. al [46] created hybrid asymmetric CA/SiO, membranes containing up to 40% SiO..
One pot reactive casting solutions was prepared for each membrane by allowing SiO; sol-gel hydroly-
sis and condensation to occur inside the polymeric solution.To assess the effect of incorporating SiO»
into CA membranes, all results are compared and correlated with those obtained for a non-hybrid,
pristine CA membrane (CAQ).TEOS was used as a silica precursor and the content of silica varied
between 5% and 40%.The asymmetric structure of the membranes was confirmed by SEM, and the
presence of a monophasic inorganic-organic network composed of cellulose acetate and silica con-
nected by Si-O-C bonds was confirmed by Attenuated Total Reflection - Fourier Transform Infrared
Spectroscopy (ATR-FTIR). Hydraulic permeability for pure water increased from 32 Kg/h/m?/bar for
the pure CA membrane to 82 and 81 Kg/h/m?/bar for the membranes with 5 and 10% silica addition,
respectively.However, for silica contents higher than 10%, a decrease in the hydraulic permeability value
was observed, as previously observed [42]. It was also observed a reduction in the MWCO as the silica
content increases and this behavior was attributed to the increasing contribution of strongly bonded wa-
ter molecules to the Si-OH groups, as well as the reduction of pore sizes and water permeation flows.

It was also observed that Even though the results show that it is possible to incorporate 40 mol% silica
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into CA/SiO, hybrid membranes with successful Si-O-C bond formation, the presence of free, uncon-
densed, and highly reactive Si-OH species in membranes containing more than 20 mol% silica should
be considered. This work showed an interesting way to produce a monophasic hybrid membrane at
room temperature, with minimal thermal degradation and low energy processing costs, high chemical

homogeneity obtained in solution on a molecular scale.

Janeca et al. [47] produced a monophasic hybrid membrane for application in blood purification de-
vices such as HD. For this, a monophasic hybrid CA — SiO, — (CH.)3NH> membrane containing 95
wt% CA and 5 wit% SiO, + SiO, — (CH>)3NH, was synthesised and characterised under dynamic con-
ditions in an in-house-built Single Hemodialysis Membrane Module (SHDMM). In this case, it was used
(3-AminoPropyl) TriEthoxySilane (APTES) as a silica percursor. A pure CA membrane was also synthe-
sised and characterised for comparison. Both membranes were prepared by coupling the phase inver-
sion method with the sol-gel technique. The presence of a thin dense active layer and a much thicker,
porous layer was confirmed by SEM analysis of the CA — SiO, — (CH.)3NH> membrane cross-sections.
This result confirms the asymmetric structure of the membrane. The total thickness of the hybrid mem-
brane (103 um) was approximately two times higher than the thickness of the CA membrane (54 um).
Permeation studies revealed that the monophasic hybrid membrane had improved mass transfer prop-
erties when compared to the pure CA membrane, as evidenced by an increase in hydraulic permeability
from 37.09 kg/h/m?/bar for the CA membrane to 66.61 kg/h/m?/bar for the CA — SiO» — (CH,)3NH;
membrane. Moreover, The MWCO increased as well, from 18.1 kDa for the CA membrane to 24.5 kDa
for the CA — SiO, — (CH»)3NH, membrane. Both membranes ensured that water-soluble toxins like
urea, creatinine, and uric acid could pass through. Long-term continuous Bovin Serum Albumin (BSA)
filtration studies revealed that both membranes reject albumin completely and that there is no evidence
of irreversible fouling or albumin leakage in the SHDMM. Current hemodialysis equipment should pro-
vide ultrafiltration rates ranging from 10-13 mL/(h - kg) [48], with an operating Transmembrane Pres-
sure (TMP) of 0.133 to 0.200 bar (100 to 150 mmHg). As a result, in a clinical scenario, the expected
ultrafiltration rate for a 70 kg adult should not be less than 700 mL/h. In this study, with an estimated
hydraulic permeability of 89.40 mL/h/m?/mmHg for the CA — SiO, — (CH,)3NH, membrane and an
average TMP of 0.167 bar (125 mmHg) to achieve the 700 mL/h threshold, a total membrane surface
area of 0.06 m? would suffice. Here, a novel cellulose acetate-based monophasic hybrid skinned amine-
functionalized CASIO. — (CH:)3NH> membrane was successfully synthesized and proved to be effective

in HD therapies, permeating several toxins while completely retaining albumin.

In this study, the membranes were developed using the phase inversion method, producing integral
asymmetric membranes with a very thin dense active layer and a much thicker, porous substructure.
Porous asymmetric membranes are made by the phase inversion method [49] and are applied in several

approach’s such as dialysis, ultrafiltration and microfiltration. As exemplified in Figure A.1 a), asymmetric
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membranes are the most fouling resistant because the majority of the rejected materials are retained
at their surface. These materials can be removed by the shear forces exerted by the feed solution as it
moves tangentially to the membrane surface [2]. On the other hand, symmetric structures act as depth
filters and retain the majority of particles within their structure as shown in Figure A.1 b). As a result
of the particles trapped inside the structure plugging the membrane, a flux decrease is observed with

use [2].
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Figure 3.1: Schematic diagram depicting the filtration behaviour of an a) asymmetric and b) symmetric membrane.
Adapted from [2]

By combining sol-gel and phase inversion technologies, monophasic hybrid membranes were fabri-
cated.

A casting solution, containing cellulose acetate, acetone, and formamide, is required for the phase
inversion method. Phase inversion is characterized as the controlled polymer transformation from a so-
lution to a solid state and is considered as the most versatile technique for polymeric membrane prepa-
ration. It is characterized by the precipitation of a polymer-rich phase from an initially homogeneous
casting solution. This precipitation can be promoted using different techniques such as precipitation
bath or can also be induced by the suppression of water vapour in a humid environment. The polymer
is dissolved in a mixture of a volatile good solvent as well as a non-volatile poor solvent.

In the case of cellulose acetate membranes, it is used acetone as the good/strong solvent and
formamide as the bad/poorer solvent. The role of formamide is essentially of pore promoter since it is not
a true solvent for cellulose acetate [50]. In fact, formamide can be classified as a swelling agent [51,52],
which means that when cellulose acetate is exposed to it, the polymer swells as the total volume of the
polymer-liquid system increases. It also increases the solvent power of acetone [51]. Given this, when
the cast film is exposed to air, the more volatile solvent - acetone - evaporates and the solution is brought
to the point of polymer precipitation.

It is critical to ensure the complete homogenization of all solvents - a solubilization time of about
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and the following processes - hydrolysis (3.1) and condensation (3.2) - occur:

=Si-OH+OH™ B, =gi -~ 0™ +H,0 (3.1)
=Si-0" +OH-Si ¥ —=Sj-0-Si=+O0H™ (3.2)

The ethoxy group is rapidly protonated during the hydrolysis process, decreasing electron density
from silicon and making it more electrophilic and sensitive to water attack. The water molecule gains
access to the SiO, precursor’s back, acquiring a positive charge and weakening the protonated ethoxy
group. As the positively charged ethoxy group is displaced from the SiO, precursor, it becomes a better
leaving group. The condensation reaction occurs between silanol groups from silica precursors or with
hydroxyl groups from the polymer, producing Si-O-Si or Si-O-C bonds, as shown in Figure 3.2. The sort
of structure formed is heavily influenced by the balance of hydrolysis and condensation reactions, both
of which are greatly influenced by the pH of the solution [46]. Since hydrolysis occurs significantly faster
than condensation under acid circumstances (pH < 5), monomers are swiftly hydrolysed and most func-
tional groups —OH are available for condensation, resulting in considerable branching and a more open,
less dense 3D network. On the other hand, under basic conditions (pH = 10) the hydrolysis and con-
densation rates are similar, resulting in fewer functional groups -OH that are available for condensation,

leading to linear, less branched, but more dense structures [46, 55, 56].

Figure 3.2: Incorporation of silica into CA matrix.

The new hybrid casting solution is then cast through the phase inversion method described before
in order to form a monophasic hybrid membrane based on carbon, silica, and amine chemical species,

resulting in complex carbon-silica networks.
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Materials and Experimental Methods

4.1 Materials

CA (Ce¢H702(OH)3, ~30 000 g/mol, reagent grade > 97%, esterification degree 40%), BSA (MW 66.5
g/mol), IS (212 Da), APTES (CgH23NO3Si, 221.37 g/mol, reagent grade > 98%), creatinine (MW 113.12
g/mol) and PolyEthylene Glycol (PEG) 20000 (MW 20000 g/mol), triethylamine (C2Hs)sN, 101,19 g/mol,
reagent grade > 99.5%), and 1-hydroxypyrrolidine-2,5-dione (C4HsNO3, 115.09 g/mol) were purchased
from Sigma-Aldrich.

Acetone (C3HgO, 58.08 g/mol, > 99.6%) and nitric acid (HNO3, 63.01 g/mol, 1.39 g/mL at 20°C,
65% v/v) were purchased from LabSolve. Formamide (CH3NO, 45.02 g/mol, > 99.5%) and n-hexane
(> 95%) were purchased from Carlo Erba.

TEOS (Si(OCzHs)4, 208.33 g/mol, reagent grade 98%) and uric acid (MW 168.11 g/mol) were pur-
chased from Alfa Aesar.

IBF (C13H1s02, 206.29 g/mol, racemic, reagent grade > 98.0%) was purchased from TCI.

Isopropanol (> 99.8%) and phosphoric acid (HzPO4, 98.00 g/mol, 1.71 g/mL at 20°C, reagent grade

85%) purchased from Honeywell.
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Dicyclohexylcarbodiimide C13H22N2, 206.3 g/mol, reagent grade 99%) was purchased from Thermo

Fisher Scientific.

Human plasma was obtained from healthy donors (IPO, Lisboa). PEG 3000 (MW 3000 g/mol),
PEG 6000 (MW 6000 g/mol), PEG 10 000 (MW 10000 g/mol), PEG 35 000 (MW 35 000 g/mol), urea
(MW 60.06 g/mol), sodium chloride (NaCl, 58.44 g/mol, > 99.5%), potassium dihydrogen phosphate
(KH2PQOy4, 136.09 g/mol, > 99.5%), disodium hydrogen phosphate dihydrate (NagHPO,4-2H,0, 177.99
g/mol, > 99.5%) purchased from Merck.

Potassium chloride (KClI, 74.56 g/mol, > 99.5%) and Coomassie Brilliant Blue G-250 (C47H4gN3Na07S,,
854.04 g/mol) were purchased from Panreac, ethanol (CoHgO, 46.07 g/mol, 96%v/v) was purchased
from Manuel Vieira and dextran T40 (40 000 g/mol) was purchased from Amersham Pharmacia Biotech
AB.

4.2 Synthesis of SiO, precursors

The aim of this work is the incorporation of IBF into the active layer of the membranes with possible
applications in HD. For this purpose, the approach intended the conjugation of IBF into the membrane
matrix through a covalent linkage to silica. The membrane synthesis precursors proved to be integrated
in the polymer matrix [46]. The precursor IBF-APTES was linked to the CA matrix through the sol-gel

reactions mentioned in Chapter 3.

4.2.1 Conjugation of ibuprofen (IBF) with (3-aminopropyl)triethoxysilane (APTES)
(IBF-APTES)

In 5 mL of acetonitrile, APTES (53,6 mg, 0.242 mmol) was mixed with IBF (50,0 mg, 0.242 mmol). The
mixture was treated with 99% dicyclohexylcarbodiimide (74,9 mg, 0,363 mmol), 1-hydroxypyrrolidine-
2,5-dione (41,8 mg, 0,363 mmol), and triethylamine (36,7 mg, 0,363 mmol) for 8 hours. After several
washes with acetonitrile, the solvent was evaporated to dryness in a rotavapor, yielding a colourless
oil. Figure 4.1 represents the mechanism for the IBF-APTES synthesis which was detailed in previous
studies [13].
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Figure 4.1: Mechanism for synthesis of IBF-APTES.

4.3 Membrane Preparation

4.3.1 Pure Cellulose Acetate Membranes

CA membranes, CA22, CA30, CA33, CA35, were prepared from four casting solutions containing cel-
lulose acetate, acetone and formamide with different formamide:acetone ratios. Table 4.1 shows the
composition of the casting solutions. The CA was mixed with the acetone and formamide thoroughly by
mechanical agitation using the Shaker S50 (CAT, M. Zipperer GmbH,Ballrechten-Dottingen, Alemanha)
for 24h. The membranes were then cast onto a glass plate (16 cm X 28 cm) at room temperature using
a film casting knife with a thickness of 250 um and after a solvent evaporation time of 30 seconds the
glass plate was quenched into a gelation bath (ice-cold deionized water). After a residence time of ap-
proximately 24 h the membranes were detached from the glass plate, washed with deionized water (to

remove any traces of solvent) and stored in deionized water at 4 + 1°C.

Membrane CA22 | CA30 | CA33 | CA35
Cellulose Acetate (wt.%) 17 17 17 17
Formamide (wt.%) 22 30 33 35
Acetone (wt.%) 61 53 50 48

Table 4.1: Casting solution composition (wt.%) of the pure cellulose acetate (CA) membranes.

4.3.2 Monophasic Hybrid Membranes

The integral asymmetric monophasic hybrid CA/SiO. membranes, CA22-APT, CA22-APT-IBF(15%),
CA30-TEOS-APT-IBF(3%), were formed adding to homogeneous casting solution composed by a sol-
vent system (formamide and acetone) and CA, different TEOS or APTES ratios, depending on the
membrane, and nitric acid to promote the acidic hydrolysis. This solution will be stirred for 24 hours and
then cast onto a glass plate (16 cm X 28 cm) at room temperature using a film casting knife with a thick-
ness of 250 um and after a solvent evaporation time of 30 seconds the glass plate was quenched into

a gelation bath (ice-cold deionized water). After a residence time of approximately 24 h the membranes
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were detached from the glass plate, washed with deionized water (to remove any traces of solvent) and

stored in deionized water at 4 + 1°C.

Monophasic hybrid SiO,/CA membranes incorporating competitive binders were produced using the

silica derivatives prepared and detailed in Section 4.2.1. Since the competitive binder (ibuprofen) was

conjugated with the silica precursor APTES, when all of the other reagents (CA, acetone, and for-

mamide) have been thoroughly mixed, the compound IBF-APTES is added to the casting solution and

is incorporated through the sol-gel process. Following that, the phase inversion method is carried out as

previously described.

Figure 4.2 represents the incorporation of the compound IBF-APTES into the CA matrix for the
CA22-APT-IBF(3%) membrane synthesis.
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Figure 4.2: Incorporation of the compound APTES-IBF into the CA matrix for the synthesis of the CA22-APT-
IBF(15%) membrane.

Figure 4.3 represents the schematic representation of the incorporation of the silica precursor APTES
into the CA matrix for the synthesis of the CA22-APT membrane.
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Figure 4.3: Incorporation of APTES into the CA matrix for the synthesis of the CA22-APT membrane.

Figure 4.4 represents the schematic representation of the incorporation of TEOS and the compound
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IBF-APTES into the CA matrix for the synthesis of the CA30-TEOS-APT-IBF(3%) membrane.
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Figure 4.4: Incorporation of the compound TEOS-APTES-IBF into the CA matrix for the synthesis of the CA30-
TEOS-APT-IBF(3%) membrane.

Table 4.2 represents the composition of monophasic hybrid CA/SiO, membranes casting solutions.
The percentage of IBF present in the name of the CA22-APT-IBF(15%) membrane (15%) is only relative
to the CA and APTES-IBF mass (do not include the formamide and acetone quantities). The same
rationale was applied to the CA30-TEOS-APT-IBF(3%) membrane: 3% is relative to the quantity of CA,
TEOS, and APTES-IBF.

Membrane CA22-APT | CA22-APT-IBF(15%) | CA30-TEOS-APT-IBF(3%)
Cellulose Acetate (wt.%) 16.43 15.87 15.96
Formamide (wt.%) 21.26 20.54 28.20
Acetone (wt.%) 58.52 56.85 49.70
TEOS (wt.%) - - 4.85
APTES (wt.%) 3.78 - -
HNO4 3 drops* 3 drops* 3 drops™
APTES-IBF (wt.%) - 6.74 1.29

*were not consider for the total mass

Table 4.2: Casting solution composition of the monophasic hybrid CA/SiO, membranes.

4.4 Membrane Drying

Typically, CA based membranes are stored in water at 4°C and are used in the wet state when charac-
terizing them in terms of permeation performance do determine the hydraulic permeability (Lp), MWCO,
permeation of uremic toxins, etc. However, when the membranes need to be imaged by SEM, in or-

der to analyse the membrane structure, the membranes must be dried by a method which ensures the
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preservation of the original membrane properties, such as pore size, pore structure, etc. Letting the
membranes to dry naturally when exposed to atmospheric conditions, or, direct water evaporation leads
to the deterioration of the microporous membrane structure and generation of a membrane structure
which is not the same as the membrane when wet [57]. In turn, this leads to permeation performance
loss. Several drying processes, such as vacuum drying, freeze drying, and solvent exchange, have
been proposed to maintain the original structure of the membrane [58]. The solvent exchange method
involves the replacement of the water in the membrane pores by a water-miscible solvent that is a non-
solvent for the membrane material in the multi-stage solvent exchange process. This solvent is then
replaced by another, more volatile solvent which is then evaporated to produce the dry membrane with a
structure similar or equal to the wet membrane. [59]. Replacing high surface tension water with a lower
surface tension solvent reduces capillary pressures acting during drying, preventing pore collapse. The
solvent is selected based on the membrane material since it must be a non-solvent for the membrane

material [60].

In this work, the drying method used was adapted from Lui et al. [61] and briefly, this method in-
volves soaking the membranes in different solutions for 24 hours at room temperature: deionized water,
isopropanol as the first solvent, and n-hexane as the second solvent. The process begins with a 100%
water solution and progresses to higher isopropanol solutions (25, 50, 75, and 100% V/V). The process
is then repeated with isopropanol and n-hexane, increasing the n-hexane content each 24 hours. After
being immersed in a 100% n-hexane solution, the membranes are allowed to dry at room temperature

before being stored in a desiccator to ensure that they remain dry.

4.5 Membrane Characterization

4.5.1 Membrane structure by Scanning Electron Microscopy

Samples of the dry membranes were broken in liquid nitrogen, mounted on a stub, and gold-sputtered
prior to being analysed by SEM (Thermo Scientific Phenom ProX). The top dense surface of the mem-
branes was analysed and images were taken at a magnification of 1000x, cross-sections were imaged
at a magnification of 700x, 1800x, and 4200x and the porous bottom layer was analysed and imaged at
a magnification of 4000x. The software Imaged (version 1.53t, from National Institutes of Health) was
used to calculate the total and active layer thickness of the membranes on five different areas of each
image of the cross-section of the membrane samples of each membrane, and the mean thickness and
standard deviation were computed. The images were binarized using a threshold adjustment and then

analysed using the Measure tool to calculate the average pore size of the porous bottom layer.
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as platelet activation and hemolysis. It is crucial to operate the artificial devices in a safe mode to
guarantee that the maximum shear stress is less than the hemolysis threshold stress. A healthy human
vessel exhibits a shear stress of roughly 0.1 to 20 Pa: 0.1 to 1 Pa for veins and 1 to 20 Pa for arteries
[63]. Platelet activation increases dramatically when exposed to shear stress higher than 20 Pa and
mechanical cell damage, hemolysis, at 30 Pa, according to previous studies [63, 64].

The shear stress at the flow boundaries, or microchannel walls, can be determined by balancing the

shear force at the wall against the pressure gradient in a slit channel [62], as shown in Equation 4.4.

_ 3uQF

~2BW (*4)

T

Shear rates, y, at the wall are determined by dividing shear stress by viscosity, as shown in Equation

4.5.

_T_ 80
Y=~ 28w

(4.5)

Figure 4.7 depicts the filtration process that occurs in the AK setup. The ultrafiltration membrane
permeates both uremic toxins and water, and it is expected to retain vital blood components such as
serum albumin. Thus, it is important that the pores of the membrane have a certain MW that allow

toxins to pass through while also retaining proteins.
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Figure 4.7: Representation of the filtration process of blood (plasma).

4.6.2 Ultrafiltration Experimental Setup: CELFA P-28

The permeation performance of the membranes in terms of hydraulic permeability (Lp) and MWCO was

also evaluated in a lab-scale crossflow ultrafiltration installation, Celfa P-28 represented in Figure 4.8.
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(a) CELFA P-28 ultrafiltration installation. (b) Schematic representation.

Figure 4.8: CELFA P-28 ultrafiltration experimental setup. Adapted from [4]

A feed tank, a heat/cooling jacket, a pump and potentiometer, a manometer, a pressure retention
valve, a permeate and a concentrate collector are all part of the installation. The feed tank (1) has a
capacity of 500 mL and is covered by a heat/cooling jacket (2), which allows the temperature of the feed
solution to be controlled. The pump (3) contains a potentiometer that, in combination with the pressure
retention valve (7), controls the flow rate of the feed solution recirculation. The selected pressure can
be read from the manometer (5). If the concentrate collector (4) is open, the feed solution permeated
by the membrane is collected. If the concentrate collector’s valve is closed, the solution is recirculated
back into the feed tank. The calibration curve of the volumetric flow rate Vs pump potency is present in
Appendix A.2. The membrane in study is placed on top of a filter paper with an area of 25 cm?. The
membranes were compacted before the beginning of all permeation experiments. This experimental

setup can operate at transmembrane pressures ranging between 0 and 7 bar.

4.7 Permeation Studies

4.7.1 Hydraulic Permeability, Lp

The hydraulic permeability (Lp) describes the diffusive or convective transport through a membrane

under the influence of a hydrostatic pressure driving force. It indicates the water flux per unit area
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at a TMP of 1 bar.

Solute concentrations in the permeate and feed solutions were determined in triplicate using a Total
Organic Carbon (TOC) analyzer (TOC-VCPH/CPN, Shimadzu, Japan). The total organic carbon of each
sample was estimated using the calibration curves for different PEGs which are present in Appendix A.3

Thus, the MWCO is determined from the intersection of the linearized curve of log(1—if) as a func-
tion of MW and the MWCO value is provided by the intersection of the 90% rejection factor and the line

connecting all rejection factors.

4.7.3 Permeation to uremic toxins
4.7.3.A Small Water-Soluble Compounds (SWSC)

SWSC have molecular weights lower than 500 Da and are easily removed by current HD membrane.
Thus, the novel membranes must be efficient in their removal, i.e., must possess low rejection factors.
SWSC such as creatinine, urea, and uric acid can be used to assess membrane performance in their
removal. A healthy person with normal renal function has lower blood concentrations of these UTs, while
CKD patients have significantly higher concentrations.

The rejection coefficients, R, to urea, creatinine, and uric acid of CA30-TEOS-APT-IBF(3%) were
evaluated according to Equation 4.8. The initial feed solutions for urea and creatinine were 4.6 g/L, and
240 mg/L, respectively. These concentrations were used according to the highest reported concentra-
tions of urea [6] and creatinine [6] in patients with ESRD. The concentration of uric acid in patients with
ESRD can be as high as 83 mg/L [5] but due to its very low solubility, a concentration of 60 mg/L was
used. Urea and creatinine were dissolved directly in healthy patients’ plasma, whereas uric acid was
first dissolved in 25 mL of PBS before being dissolved in plasma.

The permeation studies were performed with plasma from healthy patients spiked with the toxins
mentioned before (one at a time) for 4 hours at a feed flow rate of 100 mL/min and a TMP of 200 mmHg.
Solute concentrations in the permeate and the feed solution were determined by UV-VIS spectroscopy
(spectrophotometer UV-1700 PharmaSpec, Shimadzu, Japan). Absorption is highest at wavelengths of
200, 230, and 293 nm for urea [67], creatinine [68], and uric acid [47], respectively.

However, it was observed that for all the three toxins, the concentrations obtained in the permeate
samples were much higher than the initial feed solution. These results were not considered since the
toxin quantification was not correctly performed. After some research, it was concluded that there are
some plasma components, such as immunoglobulin, that can be permeated by the membrane (MW =
150 Da) and absorb in the wavelengths used for the protein quantification [69]. As a result, these plasma
components can interfere with toxin quantification by UV-VIS spectroscopy and explain the results ob-

tained. Some studies [33,47] reported several experiments aimed at the SWSCs quantification where it
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was used PBS instead of plasma as a feed solution.

4.7.3.B Protein-Bound Uremic Toxins (PBUTS)

Permeation of IS, a surrogate marker for PBUTs, was evaluated in the AK experimental setup using
plasma from healthy patients spiked with Indoxyl Sulphate (IS). 200 mL of plasma spiked with 40 mg/L of
IS (simulating mean uremic concentrations in dialysis patients [6]) was recirculated through the SHDMM
containing the CA30 and CA30-TEOS-APT-IBF(3%) membranes in the AK setup for 8 hours at a feed
rate of 100 mL/min and a TMP of 200 mmHg. The plasma spiked with IS was previously incubated
overnight at 37°C (human body temperature) to ensure enough time for the binding between IS and
HSA to occur. Previous studies suggest that 98% of the total concentration of IS binds to HSA during
this time [14].

Concentrations of IS were determined in samples taken from the permeate and feed solutions at
different times of the experiment by fluorescence spectroscopy (fluorometer - FluoroJasco FP8500,
Pfungstadt, Alemanha). The samples were excited at 275 nm and the emission spectra was collected
from 300-500 nm at a scan speed of 200 nm/min using Xe as a light source. The calibration curve
(emission vs concentration) can be found in Appendix A.4.

To quantify the free amount of IS, three samples (30 mL) are collected from the feed reservoir at the
beginning, middle, and end of the assay. 10 mL of each sample is centrifuged (Sorvall RC 6 equipment,
10800 rpm; 30 min; 20°C; acceleration 7; deceleration 3) with a CA membrane (MWCO 20 kDa) in order
to separate the free portion of IS from the bound part. (the MW of HSA is 66.5 kDa which is much
higher than the MWCO of the CA membrane). The concentration of the IS free portion, which is in the
permeate of the centrifuge tubes, is then determined by fluorescence spectroscopy.

The initial total form of IS is the total amount spiked in plasma (40 mg/L), which is quantified by fluo-
rescence spectroscopy at the beginning of the experiment. The final total form of IS in the feed solution,
on the other hand, is calculated by subtracting from the initial total form the IS free form (collected from
the feed reservoir as explained above) and the IS quantified in the permeate. Furthermore, the bound
form is calculated by subtracting the free form from the total form obtained.

The HSA concentration in the permeation solutions is also measured using spectroscopy to confirm

that the membrane does not allow protein passage.

4.7.4 Long-term HSA filtration

Permeation of HSA experiments were carried out using plasma collected from healthy patients in the AK
experimental setup. 150-200 mL of plasma were circulated between 4 and 8 hours through the SHDMM
containing the membranes CA30, CA30-TEOS-APT-IBF(3%), and CA35 at a feed rate of 100 mL/min

and a TMP of 200 mmHg. Samples from the feed reservoir and permeate were collected every 60
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Figure 5.7: Ultrafiltration flux at 25°C, J**°C, in Kg/h/n?, as a function of the applied transmembrane pressure
(TMP), in bar, for the CA22, CA30, CA33, and CA35 membranes measured in the AK setup. The
ultrafiltration fluxes were measured at a volumetric feed flow rate of 100 mL/min and with an effective
area of 4.76 cnr.

Figure 5.8 shows the ultrafiltration flux versus TMP of CA22, CA30, and CA35 membranes which
was also evaluated in CELFA P-28 at a flow rate of 9.80 cm® - s~ and in the TMP range from 0.5 to
2.5 bar. It was obtained a Lp®> C of 24.0, 50.7, and 73.9 Kg- h™' - m™2 . bar™" for the CA22, CA30,
and CA35 membranes, respectively. It can be seen that the CA35 exhibit the highest Lp?® € value of
73.9 Kg- h™' .- m~2. bar~'. Furthermore, these results are concordant with the expected behavior as

explained before.

Comparing the results from the AK setup and CELFA P-28 it can be observed that for all the mem-
branes tested in both experimental setups (CA22, CA30, and CA35), the Lp?> "€ value is slightly different
being higher in the CELFA P-28 than in the AK setup for CA22, and CA35 membranes while for the CA30
membrane is lower in the CELFA P-28. All of the Lp measured in both installations are of the same order

of magnitude and within the expected ultrafiltration range.
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Figure 5.8: Ultrafiltration flux at 25°C, J*°C, in Kg/h/m?, as a function of the applied transmembrane pressure
(TMP), in bar, for the CA22, CA30, and CA35 membranes measured in CELFA P-28. The ultrafiltration

fluxes were measured at a volumetric feed flow rate of 9.80 cm® - s~ and with an effective area of 15

cmP.

It is also important to compare the Lp of pure cellulose acetate and hybrid monophasic membranes.
Therefore, Figure 5.9 represents the Lp?5 € for the CA22, CA22-APT and CA22-APT-IBF(3%) performed
in CELFA P-28 at a flow rate of 11.80 and 22.52 ¢m® - s~ and in the TMP range from 0.5 to 4 bar. It
was obtained a Lp?®> € of 24.0,8.7,and 1.0 Kg- ™' - m—2 . bar~" for the CA22, CA22-APT, and CA22-
APT-IBF(15%) membranes, respectively. All of these membranes contain the same formamide content;
CA22-APT and CA22-APT-IBF(15%) have APTES in their composition as a silica precursor and CA22-
APT-IBF(15%) present the binding competitor linked to APTES. It can be seen that the lowest Lp®®> ¢
was achieved for the CA22-APT-IBF membrane corresponding to 1.0 Kg- h=' - m~2 . bar—" while for the
CA22 and CA22-APT, the Lp?5™C present the value of 24.0 and 8.7 Kg- h=' - m—2 . bar™", respectively.
Through these results, it is possible to observe that the pure cellulose acetate membrane (CA22) showed
a higher Lp than the monophasic hybrid membranes (CA22-APT and CA22-APT-IBF(15%)). The very
low Lp values for the CA22-APT and CA22-APT-IBF (15%) can be attributed to the presence of several
macroporous structures in both membranes, visualized by SEM, that difficult the passage of water and

thus, result in very low ultrafiltration fluxes.
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Figure 5.9: Ultrafiltration flux at 25°C, J*°C, in Kg/h/m?, as a function of the applied transmembrane pressure
(TMP), in bar, for the CA22, CA22-APT, and CA22-APT8IBF) membranes measured in CELFA P-28.
The ultrafiltration fluxes were measured at a volumetric feed flow rate of 9.80 ¢cm® - s™' and with an
effective area of 15 cm?.

Figure 5.10 depicts the Lp?® € of CA30 and CA30-TEOS-APT(3%) membranes measured in the AK
setup at a flow rate of 100 mL/min and a TMP ranging from 100 mmHg to 250 mmHg. The Lp?® C is
68.6 Kg-h™' - m=2 . bar~! for the CA30 membrane while for the CA30-TEOS-APT(3%) membranes
is 97.6 Kg- h~' - m2 . bar~!. Both membranes have the same amount of formamide; CA30-TEQOS-
APT(3%) is a hybrid monophasic membrane that has TEOS and APTES as silica precursors and IBF
linked to APTES. From the graphic observation, it can be seen that the Lp?> ¢ of CA30-TEOS-APT(3%)
membrane is higher than the Lp?>" ¢ of the CA30 membrane. In contrast to the previous membranes
with 22% formamide, the monophasic hybrid membrane here has a higher Lp than the pure cellulose
acetate membrane. Previously, it was reported [13] a different behavior for these two membranes where
their Lp?® € value is very similar (37.50 Kg- h~' - m™2 . bar~" for CA30 and 35.90 Kg- h™" - m~2 - bar™'
for CA30-TEOS-APT-IBF(3%)).
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Figure 5.10: Ultrafiltration flux at 25°C, J% €, in Kg/h/n?, as a function of the applied transmembrane pressure
(TMP), in bar, for the CA30, and CA30-TEOS-APT(IBF) membranes measured in the AK setup. The
ultrafiltration fluxes were measured at a volumetric feed flow rate of 100 mL/min and with an effective
area of 4.76 cr.

Throughout the analysis of the results, it can be seen that the presence of silica precursors func-
tionalized with IBF affects the hydraulic permeability of the membranes. However, it can be obtained
different conclusions according to different membranes: for the membranes with 22% of formamide
(CA22, CA22-APT, and CA22-APT-IBF(15%)) the introduction of silica followed by functionalization with
amine groups and IBF decreased the hydraulic permeability of the hybrid membrane. On the other
hand, membranes with 30% of formamide (CA30, and CA30-TEOS-APTES-IBF(3%)) present a higher
hydraulic permeability for the monophasic hybrid membrane.

Table 5.7 summarizes the Lp?® C,in Kg-h="-m=2-bar~" and mL-min~"-cm~2 . mmHg ™" of all the
membranes analyzed in the AK setup as well as in CELFA P-28.

As mentioned previously, Low Flux (LF) membrane dialyzers feature ultrafiltration rates lower than
15 mL - mmHg~" - =" and elimination of small toxins with MW of up to 5 kDa. Due to this limitation,
High Flux (HF) membrane dialyzers have ultrafiltration rates higher than 15 mL- mmHg~" - h~' and pore
structures that allow for the passage of so-called middle molecules with MWs up to 20 kDa. Typical
hemodialyzers have an effective permeation area between 0.8 and 2.5 m? [11, 78]. For this purpose, it
was calculated the ultrafiltration flux, J, for an average effective permeation area of 1.5 m? in order to
classify each membrane as suitable for high flux or low flux dialyzer. These results are present in Table

5.7 and it can be seen that all the membranes are suitable for a high flux dialyzer except the CA22-APT-
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Figure 5.11 plots the determination of the MWCO of all the enumerated membranes where the re-

jection factor curve is represented with the points representing the PEGs tested in each membrane;

: : - f
there are two horizontal lines that correspond to the rejection of 90%, as well as the /og(ﬁ) = 0.95;

and the linear straight line with the respective linearized values. The expected theoretical behaviour of

the rejection factor profile for each membrane is characterised by a crescent linear curve until approx-

imately 90% rejection is achieved, and then a plateau phase is reached. Thus, based on the graphic

representation of each analysed membrane, it can be concluded that: 1) the rejection factor curve of the

CA22 and CA30 membranes is consistent with theoretical behaviour; 2) the CA35 membrane exhibit a

different behaviour pattern, another PEG analysis should have been performed to better evaluate the

rejection curve’s behaviour and the first point of the curve should be repeated; 3) the rejection curve for

the CA30-TEOS-ATP-IBF(3%) membrane appears to have the expected behaviour; however, another

PEG higher than 35 000 Da should also have been performed to confirm the results.
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Figure 5.11: Rejection factor profile for (a) CA22, (b) CA30, (c) CA30-TEOS-APT-IBF(3%), and (d) CA35 mem-
branes to PEG increasing molecular weight. The horizontal dashed lines indicate a rejection of 90%
and log(f/(1-f))=0.954.

Table 5.9 depicts the determined values of MWCOs for the CA22, CA30, CA30-TEOS-APT-IBF(3%)
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membranes where the MWCO range presented for each membrane corresponds to the intersection
point of the plotted rejection coefficient curve (MWCO;) and subsequent linearization (MWCO.) with the

respective horizontal rejection line represented in Figure 5.11.

Membrane MWCO range (kDa)
CA22 6.6-7.7
CA30 32.9-36.6
CA30-TEOS-APT-IBF(3%) 18.9-23.2
CA35 39.2-39.8

Table 5.9: MWCO range, in Da, of the CA22, CA30, CA30-TEOS-APT-IBF(3%), and CA35 membranes.

Because formamide is responsible for the formation of pores in the membrane, the membrane with
a lower formamide percentage is expected to have a lower MWCO. Therefore, results show that, as
expected, the MWCO of the pure cellulose acetate membranes increases with the increase of formamide
concentration in the casting solution. Hence, the MWCO increased from 6.6-7.7 kDa for the CA22
membrane to 39.2-39.8 kDa for the CA35 membrane and the CA30 membrane exhibits an intermediate
MWCO value of 32.9 — 36.6 kDa. Janeca et al. [47] reported a MWCO of the CA30 membrane between
17.6 and 18.6 kDa which is slightly below the value obtained for the CA30 membrane in this study. The
results do not follow the same order as was seen for the Lp. To elaborate, the membrane with higher
Lp?5"C in CELFA P-28 (CA35) also display higher values of MWCO. However, from the Lp?® ¢ results
of the AK setup, it can be observed that the membrane with the highest hydraulic permeability (CA30-
TEOS-APT-IBF(3%)) does not exhibit the highest MWCO. Comparing the MWCO of CA30, and CA30-
TEOS-APT-IBF(3%) it can be observed that the introduction of the TEOS-APT-IBF precursor into the
polymer matrix decreased the MWCO from 32.9 — 36.6 kDa to 18.9 — 23.3 kDa. Janeca et al. [47] also
reported another membrane with 30% of formamide which incorporated APTES as a silica precursor
and for this membrane the MWCO assumed a value between 22.2 and 26.7 kDa which is also very
similar to the one obtained for the CA30-TEOS-APT-IBF-(3%) membrane.

It is important to reinforce that membranes are from different batches and it is normal that there exists
some variations in the membrane structure and thus in the MWCO. The evaporation time of the solvent

and the conditions of the casting solution can also influence the membrane structure.

Since all membranes reject solutes with MWs greater than 40 kDa, it is predicted that vital blood com-
ponents such as albumin and other proteins, which have MWs larger than 60 kDa, will be successfully
retained by the membranes. In addition, because they can cross the membrane, molecules belonging
to two different classes of uremic toxins - small water-soluble compounds and middle molecules - are

expected to be able to cross the membranes and ultimately be removed from the blood.
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same time of experiment (270 min), the CA30 permeated more IS (24.4 pg) than the CA30-TEOS-APT-
IBF(3%) membrane (21.9 ug). However, the Lp of the CA30-TEOS-APT-IBF(3%) membrane is higher
(97.6 Kg - ™' - m™2 . bar—") than the CA30 membrane (68.6 Kg- h—' - m—2 . bar~') and as a result,
higher permeation rates were predicted for this membrane.

A higher effective area of permeation is necessary to permeate all of the free IS present in the feed
solution. Thought the results obtained, cannot be determine whether the IS permeated by the CA30-
TEOS-APTES-IBF(3%) membrane corresponds to the free or bound portion. The effect of the binding
competitor IBF can be detected by higher permeation rates or by a significantly increase in the free form
of IS in the feed solution. Moreover, the HSA-IS association/dissociation rates during the experiment

must be further investigated.
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Figure 5.14: Cumulative IS removal (ug) over time (min) for the CA30 and CA30-TEOS-APT-IBF(3%) membranes.

5.3.4 Long-term HSA filtration

Figure 5.15 represents the concentration profiles of HSA as well as the pressure profiles (TMP and
AP) during long term HSA filtration experiments performed in the AK setup. Figures 5.15a, 5.15b
and 5.15c show the results obtained for the CA30, CA30-TEOS-APT-IBF(3%), and CA35 membranes,
respectively. Analysis of these results give information regarding the rejection of HSA and give evidence
of any membrane fouling that may have occurred.

The results showed that for the CA30, CA30-TEOS-APT-IBF(3%), and CA35 membranes, the highest

HSA concentration detected in the permeate samples was 5.6, 4.6, and 2.3 mg/L, respectively. Taking
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into account that the initial concentration of HSA ranging between 40 000 to 50 000 mg/L, the rejection
factor to albumin for each membrane was 100%.

The AP remained roughly constant throughout the entire experiment for the CA30, and CA35 mem-
branes. The TMP varied between 190 to 196 mmHg and 207 to 211 over 270 minutes for the CA30 and
CA35 membranes, respectively.

However, for the CA30-TEOS-APT-IBF(3%) membrane, it can be observed that there is some vari-
ations in the TMP as well as AP over time: the TMP increased from 250 mmHg to 290 mmHg during
the assay; the AP also assumed some variations over time, oscillating between 30 to 45 mmHg. As a
result, these pressure differences may indicate some deposition and accumulation of unwanted compo-
nents at the membrane’s surface. Since these results were not obtained for the pure cellulose acetate
membranes, CA30 and CA35, it can be an indicator that albumin linked to IBF present at the surface of
the membrane, resulting in their deposition increasing the pressure, consequently. Nevertheless, fluid
removal over time, which leads to an increase in protein concentration and, as a result, an increase in

plasma viscosity, can also justify these observations.
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Figure 5.15: HSA concentration and pressure profiles (g/L) for (a) CA30, (b) CA30-TEOS-APT-IBF(3%), and (c)
CA35 membranes, regarding feed (yellow) and permeate (orange) samples along the time (min).

Figure 5.16 depicts the ultrafiltration flow rate over time measured during the plasma experiment
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tested in the AK setup with the CA30-TEOS-APT-IBF(3%) membrane. These results are concordant
with the previous hypothesis since the ultrafiltration rate decreases significantly after 200 minutes of
experiment. As a result, this could be another indicator of fouling events.

As mentioned previously, for all the membranes analyzed, CA30, CA30-TEOS-APT-IBF(3%), and
CAB5, it was obtained a rejection coefficient of 100%. These findings are consistent with the predictions
due to the MW of HSA, and the MWCO of each membrane which is below 40 kDa for all of them.
Moreover, CA30, CA30-TEOS-APT-IBF(3%), and CA35 membranes show promising results in terms of

inhibiting albumin leakage, which is highly undesirable in a clinical scenario, during HD sessions.
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Figure 5.16: Ultrafiltration flow rate (mL/min) over time (min) of CA30-TEOS-APT-IBF(3%).
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Conclusion and Future Work

The integral asymmetric, hybrid monophasic cellulose acetate/silica were characterized and incorpo-
rated with novel compounds to enhance Protein-Bound Uremic Toxins (PBUT)s removal.

PBUTs are regarded as the main bottleneck to the efficient removal of all uremic toxins and are
associated with a variety of Chronic Kidney Disease (CKD) complications. The infusion of HSA bind-
ing competitors into the bloodstreams of End Stage Renal Disease (ESRD) patients opened a new
research pathway for the removal of PBUTs. However, the side effects of long-term administration of
large amounts of pharmaceutical drugs into ESRD patients’ bloodstreams highlight the need for another
alternative.

The development of novel HD membranes with the incorporation of HSA binding competitors is
another interesting approach to improve PBUTs removal without the administration of drugs into the
blood circulation.

This work proved the synthesis of integral asymmetric, hybrid monophasic cellulose acetate/silica
with the incorporation of IBF as a binding competitor. The novel CA30-TEOS-APT-IBF(3%) membrane
showed a hydraulic permeability similar than pure cellulose acetate membranes and successfully per-
meated IS and rejected 100% of HSA.
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Appendix: Calibration Curves

A.1 Artificial Kidney setup pump
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Figure A.1: Artifical kidney Calibration Curve.
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A.2 CELFA P-28
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Figure A.2: CELFA P-28 Calibration Curve.
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Figure A.3: Total organic carbon concentration (ppm), as a function of known concentrations (ppm) of PEG aqueous
solutions. The equations are the result of a linear fit to the data, with the respective coefficient of

correlation (R?).
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Figure A.5: Total organic carbon concentration (ppm), as a function of known concentrations (ppm) of PEG aqueous
solutions. The equations are the result of a linear fit to the data, with the respective coefficient of

correlation (R?).
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A.4 Fluorescence Spectroscopy
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Figure A.6: Intensity as a function of the IS concentration in PBS solution.

A.5 UV-VIS Spectroscopy
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Figure A.7: Absorbance as a function of the BSA concentration.
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TMP (mmHg) [ J (mL/min/cm?)
103.26 0.014
125.19 0.018
151.95 0.022
178.12 0.026
196.16 0.028

Table B.3: Ultrafiltration flux, J , in mL/min/cm?, and transmembrane pressure (TMP), in mmHg, for the CA35
membrane measured in the AK setup.

TMP (mmHg) [ J (mL/min/cm?)
107.45 0.012
135.72 0.015
171.08 0.021
213.46 0.026
245.82 0.030

Table B.4: Ultrafiliration flux, J , in mL/min/cm?, and transmembrane pressure (TMP), in mmHg, for the CA33
membrane measured in the AK setup.

TMP (bar) | J (Kg/h/m?)
05 3.2
1 18.6
15 35.0
2 46.5
2.5 65.8

Table B.5: Ultrafiltration flux, J , in (Kg/h/mz), and transmembrane pressure (TMP), in bar, for the CA22 membrane
measured in the CELFA P-28.

TMP (bar) | J (Kg/h/n?)
05 3.2
1 18.6
1.5 35.0
2 46.5
2.5 65.8

Table B.6: Ultrafiliration flux, J , in (Kg/h/m?), and transmembrane pressure (TMP), in bar, for the CA22-APT
membrane measured in the CELFA P-28.

TMP (bar) | J (Kg/h/mP)
2 0.85
2.5 2.08
3 2.83
3.5 3.83
4 4.79

Table B.7: Ultrafiltration flux, J , in (Kg/h/m?), and transmembrane pressure (TMP), in bar, for the CA22-APT-
IBF(15%) membrane measured in the CELFA P-28.
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