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High-Performance Hemofiltration via Molecular Sieving and
Ultra-Low Friction in Carbon Nanotube Capillary

Membranes
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Sei Jin Park, Dan Wang, Shuvo Roy, Francesco Fornasiero,* William H. Fissell,*

and Piran R. Kidambi*

Conventional dialyzer membranes typically comprise of unevenly distributed
polydisperse, tortuous, rough pores, embedded in relatively thick ~20-50 um
polymer layers wherein separation occurs via size exclusion as well as
differences in diffusivity of the permeating species. However, transport in
such polymeric pores is increasingly hindered as the molecule size
approaches the pore dimension, resulting in significant retention of
undesirable middle molecules (>15-60 kDa) and uremic toxins. Enhanced
removal of middle molecules is usually accompanied by high albumin loss
(~66 kDa) causing hypoalbuminemia. Here, the scalable bottom-up
fabrication of wafer-scale carbon nanotube (CNT) membranes with highly
aligned, low-friction, straight-channels/capillaries and narrow pore-diameter
distributions (~0.5-4.5 nm) is demonstrated, to overcome persistent
challenges in hemofiltration/hemodialysis. Using fluorescein isothiocyanate
(FITC)-Ficoll 70 and albumin in phosphate buffered saline (PBS) as well as in
bovine blood plasma, it is shown that CNT membranes can allow for
significantly higher hydraulic permeability (more than an order of magnitude
when normalized to pore area) than commercial high-flux
hemofiltration/hemodialysis membranes (HF 400), as well as greatly enhance
removal of middle molecules while maintaining comparable albumin
retention. These findings are rationalized via an N-pore transport model that
highlights the critical role of molecular flexing and deformation during
size-selective transport within nanoscale confinements of the CNTs. The
unique transport characteristics of CNTs coupled with size-exclusion and
wafer-scale fabrication offer transformative advances for hemofiltration, and
the obtained insight into molecular transport can aid advancements in several
other bio-systems/applications beyond hemofiltration/hemodialysis.

1. Introduction

Kidney disease is a serious global health
problem.[*?]  Chronic kidney disease
affects ~697.5 million people (~9.1%
of the global population) and causes
~2.6 million deaths annually,'? while
acute kidney injury causes ~1.7 million
deaths/year.[}] Causes include high blood
pressure, diabetes, auto-immune dis-
eases, drugs, and infections which can
severely impair kidney functions necessi-
tating renal replacement therapies such
as hemofiltration/hemodialysis, peritoneal
dialysis, or Kkidney transplantation.!?]
Hemofiltration (convective therapy) and
hemodialysis (diffusive therapy) repre-
sent extracorporeal processes that aid
the removal of unwanted toxins and
waste products from blood via selective
transport through dialyzer membranes.[*]

Conventional dialyzer membranes are
typically formed via phase separation pro-
cesses and comprise of non-uniformly
distributed, polydisperse, tortuous, rough
pores embedded in relatively thick ~20-
50 mm polymer layers, for example, cellu-
lose acetate,>%] cellulose triacetate,l>”#] pol-
ysulfone,[*”1 polyethersulfone,*”#! polya-
rylethersulfone,l”#] polyphenylene,®] polya-
rylethersulfone/polyvinylpyrrolidone,10-13]
polymethylmethacrylate,[*13] ethylene
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vinyl alcohol, and polyacrylonitrilel**] among others. The
pressure-driven flow of blood through polymeric dialyzer mem-
branes yields size-selective transport of smaller waste molecules
from blood to dialysate but is also accompanied by saturable ad-
sorption to the polymer, protein caking on the membrane, hin-
dered convection, and hindered diffusion (particularly as the pore
size approaches the permeating molecule size). In addition to the
cellular elements of blood, plasma contains proteins, for exam-
ple, clotting factors, hormone-binding proteins, cytokines, anti-
bodies, albumin, etc. that circulate at tightly regulated concentra-
tions and their depletion can jeopardize patient health.[*!3] On
the other hand, renal excretion of some proteins, peptides, and
other middle molecules (e.g., f,-microglobulin ~11.8 kDa) is es-
sential for patient health and preventing pathologic accumula-
tion is crucial to avert clinical syndromes such as brown tumors
of bone and amyloidosis.[117]

The trade-off between selectivity and permeability*®-2°] intrin-
sic to polymeric dialyzer membranes severely limits hemofil-
tration/hemodialysis, with profound clinical consequences. No-
tably, the large pore sizes in the tail of the wide log-normal pore-
size distributions of conventional polymeric dialyzer membranes
can lead to high leakage of desirable plasma proteins, and hin-
dered transport in rough polymeric pores can result in signifi-
cant retention of undesirable middle-size molecules.*! For exam-
ple, conventional high-flux (HF) dialyzer membranes show high
retention of albumin (~66 kDa)222! but insufficient removal of
middle molecules!*3] in the > 15-60 kDa range including ure-
mic toxins (Table S1, Supporting Information).212?l Indeed, ex-
cess mortality and morbidity in dialyzed renal failure have been
attributed to imperfect removal of middle molecules.?122] On the
other hand, high cut-off (HCO) dialyzer membranes show im-
proved removal of middle molecules but also cause clinically sig-
nificant loss of albumin detrimental to patient health.[*13]

Additionally, increasing the hydraulic permeability of con-
ventional dialyzer membranes is also desirable to minimize
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the dialyzer size for progress toward portable, wearable, and
implantable hemofiltration/hemodialysis devices.[2*-*’] Hence,
enhancing the hydraulic permeability of conventional dialyzer
membranes while simultaneously maximizing the removal of
middle molecules and uremic toxins, and maintaining albumin
losses in the clinically acceptable range for long-term treatment
is highly desirable, but remains non-trivial and tremendously
challenging.[*]

In this context, near frictionless flow in smooth carbon
nanotube (CNT) capillaries/channels with precisely tailored
nanopore diameters present potential to transcend inherent lim-
itations of polymeric dialyzers, that is, enable enhanced clear-
ance of middle molecules and uremic toxins while maintaining
clinically acceptable albumin loss and very high hydraulic per-
meability. Indeed, CNT membranes comprising highly ordered,
vertically aligned arrays of individual CNT capillaries/channels
with narrow pore size distributions have been shown to out-
perform conventional polymeric membranes with polydisperse
tortuous pores in gas/liquid transport,[?*% nanofiltration,[2*-33]
ionic/molecular exclusion®®23] for a range of applications in-
cluding chemical warfare protection,*!l breathable and protective
garments,[??! bacterial resistance,®*! among others. CNT have
also been used as additives/fillers in polymeric dialysis mem-
branes (see Table S2, Supporting Information) to enhance the
mechanical strength, improve the antifouling property, modify
blood compatibility, and tune membrane performance,>>~*1 but
to the best of our knowledge, the use of CNT channels/capillaries
for size-selective mass transport in hemofiltration applications
has not been demonstrated.

Here, we demonstrate that vertically aligned CNT capillary
membranes with a narrow pore size distribution overcome some
of the inherent separation challenges in conventional polymeric
hemofiltration/hemodialysis membranes. Using FITC-Ficoll 70
and albumin as probes in PBS solution as well as in bovine blood
plasma, we show that CNT membranes with sub-5 nm capillar-
ies allow for an order of magnitude higher hydraulic permeability
(when normalized by total pore area) than the commercial high-
fluxhemofiltration/hemodialysis membranes (HF400), as well as
significantly enhanced removal of middle molecules while main-
taining comparable albumin retention. We rationalize our find-
ings via an N-pore transport model that indicates molecular con-
formational flexing and deformations play a significant role dur-
ing transport within the nanoscale confinement of the CNT chan-
nels/capillaries, with profound ramification for the development
of next-generation membranes for biological applications.

2. Results and Discussion

We initially describe the CNT membrane fabrication via bottom-
up growth using chemical vapor deposition (CVD) followed by
post-processing before proceeding to evaluate their performance
via diffusive and pressure-driven molecular transport, as well as
hemofiltration.

2.1. CNT Growth and Membrane Fabrication

Wafer-scale (4-inch) CNT membranes with sub-5 nm chan-
nels/capillaries were fabricated via bottom-up chemical vapor

© 2023 Wiley-VCH GmbH
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Figure 1. General structural and transport characterization of the fabricated CNT membranes with sub-5 nm open channels. A) Optical image of wafer-
scale vertically aligned CNT forests on Si wafer. B) CNT inner diameter distribution measured from high-resolution TEM images. Inset shows a repre-
sentative CNT channel. C) Raman spectra of synthesized CNT fibers, top and bottom sides of CNT membrane. D) Optical image of wafer-scale CNT
membrane. The circles show the punched regions. E) SEM cross-sectional image of CNT membrane. Inset: schematic of the fabricated membrane in
which gaps between vertically aligned open CNT channels are fully filled by polymeric matrix. F) Flow enhancements of liquid water and N, gas for CNT
membrane. Enhancement factors were calculated by the ratio of the measured permeance (liquid water and N,) to the theoretical prediction (Hagen—
Poiseuille flow and Knudsen flow, respectively). G) UV-vis spectra and optical image of feed and permeate in the filtration through CNT membrane using
neutral polyvinylpyrrolidone (PVP)-capped Au nanoparticle solution. H) UV-vis spectra and optical image of feed and permeate in the filtration through
CNT membrane using negatively charged Direct Blue 71 dye solution. ) Diffusive permeances of KCI, vitamin B12 (B12), lysozyme (Lz), and bovine
serum albumin (BSA) through the CNT membrane. Inset shows the centimeter-scale CNT membrane (punched from the wafer-scale CNT membrane
Figure 1D) used for diffusion measurements.

deposition (CVD) growth of vertically aligned CNT forests  pect ratio features (such as spaces in between CNT channels)
(Figure 1A, see Experimental Section(*¢]), followed by poly-  due to its lower molecular weight (~208 Da) than parylene-C
para-xylylene (parylene-N) infiltration into the inter-nanotube  (~277 Da). Subsequently, oxygen plasma was used to remove
spaces within the forest (Figure 1E, top schematic). We  the excess parylene-N as well as etch the CNT caps and open
note that both parylene-CB324-%1 and parylene-N[?%32] are  the CNT capillaries to obtain straight CNT channels/capillaries
biocompatiblel®] and can be used as matrix materials to fill embedded in a parylene-N film (see Experimental Section),[?*-32]
the inter-tube gaps of CNTs.[2-324749 Prior studies did not forming a nanoporous membrane (Figure 1D). High-resolution
find the parylene matrix type to significantly influence trans-  transmission electron microscopy (TEM) images show CNT in-
port behavior.’2l Here, we selected parylene-N for our work  ner diameter distribution from ~0.5-4.5 nm with an average
because parylene-N is likely to penetrate deeper into high as-  diameter of ~1.9 nm (Figure 1B). Raman spectra (Figure 1C)
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of the CNTs show characteristic radial breathing modes
~100-300 cm™!, D ~1315 cm~!, and G ~1590 cm™! peaks with an
I /I, ratio ~6.5-10.3, confirming the formation of single-walled
carbon nanotubes (SWCNTs) and the highly graphitic nature of
the CNT&.[?>1] Similar Raman spectra (Figure 1C) are found at
the top and bottom surface of the CNT membrane indicating the
effective removal of any excess parylene-N, which is crucial to
allow fluidic transport.*”] Scanning electron microscopy (SEM)
cross-sectional image of the CNT membrane (~34.8 um thick)
shows the gaps between vertically aligned CNT channels appear
to be filled with parylene-N (Figure 1E) resulting in CNT capil-
laries embedded in a parylene matrix (see Figure 1E schematic).
Further, we note the mean tensile strength and Young’s modulus
of the CNT membranes are ~9 + 3 and ~382 + 190 MPa, respec-
tively, as reported in prior studies,[*! indicating their suitability
for hemofiltration/hemodialysis.

2.2. Pressure-Driven and Diffusive Transport Characteristics of
CNT Capillaries/Channels

We first measure liquid water and nitrogen gas flow to bench-
mark liquid and gas transport in CNT membranes to confirm
that fluid transport occurs primarily through the CNT pores
(consistent with other prior extensive experimental studies).[*’]
Pressure-driven water as well as nitrogen gas transport (see
Figure 1F and Experimental Section for details) showed 3 and
2 orders of magnitude flow enhancements compared to no-
slip Hagen—Poiseuille flow and Knudsen flow, respectively, con-
firming the frictionless or ultra-low friction nature of fluid flow
within the CNT channels/capillaries consistent with prior re-
ports of large slip lengths within CNT5.[2°32] Further, filtration
tests of neutral polyvinylpyrrolidone (PVP)-capped Au nanopar-
ticles (~5 nm diameter) and negatively charged Direct Blue 71
(DB71) dye molecules (molecular size 3 x 1.5 x 1 nm) were used
(see Experimental Section) to evaluate transport characteristics of
the synthesized CNT membranes. The CNT membranes showed
near complete rejection of ~5 nm PVP-capped Au nanoparticles
(Figure 1G) due to steric hindrance, which is fully consistent with
the upper bound (~4.5 nm) of the CNT diameter distribution ob-
tained from TEM imaging (Figure 1B), indicating that the CNTs
channels are the primary transport pathways in the synthesized
membranes. Complete rejection is also achieved for a smaller
dye DB71 dye (Figure 1H) with molecular size 3 X 1.5 X 1 nm
within the range of the CNT diameter distribution (Figure 1B).
We attribute DB71 rejection (at the very low concentration of
10 uM, where ionic strength is very small and Debye length is
large)®*I to electrostatic repulsion between the negatively charged
dye molecules and the negatively charged carboxylic (COOH)
functional groups at the CNT pore entrances introduced by the
plasma etching process to open the pores, as detailed in prior
studies.[293033]

Diffusion-driven transport through the CNT membranes was
measured using four distinct model solutes (Figure 1I) that
covered the range of diameter distribution obtained via TEM
imaging of CNTs (Figure 1B), that is, KCI (hydrated diame-
ter of K* ~0.662 and Cl~ ~0.664 nm, 74.55 Da),'®! vitamin
B12 (B12, ~1-1.5 nm, =~1355 Da),[’#52] lysozyme (Lz, ~3.8-
4 nm, ~14.3 kDa),* and bovine serum albumin (BSA, average
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Stokes diameter ~7 nm, ~66 kDa).[] Notably, the CNT mem-
brane shows decreasing diffusive permeance with increasing size
from KCl (~2.3 X 107 m s7!) to B12 (~4.4 X 10° m s7!), Lz
(1.1 x 107° m s7!), and BSA (=6 x 1077 m s7!), indicating size-
selective transport through the CNT membranes. While the av-
erage diameter of BSA (~7 nm) is larger than the maximum size
of CNT channels (~4.5 nm), the short axis (~4 nm) of BSA (an
elongated ellipsoid protein) is smaller, thereby allowing BSA dif-
fusion through CNT membrane.[>*] We note that although BSA
proteins are also negatively charged, the screening of the electro-
static interaction by the high ionic strength PBS buffer results
in diminished charge repulsion,[**] allowing for permeation of
BSA through the CNT membrane (Figure 1I) in contrast to DB71
(Figure 1H).

2.3. Filtration Performance of CNT Membranes using Ficoll in
PBS

Here, we measured the size-selective sieving performance of the
synthesized CNT membranes during filtration using a custom-
built pressure-driven cross-flow system (Figure 2A, see Experi-
mental Section).’] The CNT membrane is supported on a Si
mask and sandwiched between gaskets, and a neutral filtra-
tion probe solution (FITC-Ficoll 70 in PBS, abbreviated as Fi-
coll) in the feed reservoir is circulated in a continuous perfu-
sion loop with transmembrane pressure serving as the driving
force (see Experimental Section). Our rationale for choosing Fi-
coll as a model probe for the filtration is due to its compact,
markedly branched, and cross-linked co-polymer structure of
sucrose and epichlorohydrin which is expected to show closer
sieving coefficients to proteins®>°®l in comparison to other fil-
tration probes, like dextran (a-1,6-linked d-glucopyranose poly-
mer with flexible linear hydrated random coil structure).>*! The
size distribution of Ficoll radii in the feed solution ranged from
~0.8-12 nm (Figure 2B). After filtration, the permeate solution
shows a clear shift in the Ficoll signal curve towards smaller
radii with a significant decrease in permeation for molecules
> 6 nm in radii (Figure 2B). Next, filtration was also per-
formed with a customized dialyzer fabricated by assembling
some commercial high-flux HF400 hemofiltration/hemodialysis
fibers from the cartridge (see Figure S2, Supporting Information
and Experimental Section) using the same Ficoll feed under sim-
ilar transmembrane pressures. The filtration results showed a
significant downward shift in the permeation curve, albeit with a
similar filtration range (~0.8—-6 nm molecular radius, Figure 2B).

Sieving coefficients!“! (SC) as a function of Ficoll molecular ra-
dius (and/or molecular weight) were computed by dividing the
Ficoll concentration in the permeate by that in the feed. The SC of
the HF400 membrane reached the maximum value (~83.3%) for
molecular radius of ~#1.4 nm (molecular weight of ~5.7 kDa) and
subsequently decreased with increasing radius (Figure 2C,D).
In contrast, the SC of the CNT membrane reached the maxi-
mum value (~100%) for molecular radius of ~2.3 nm (molecular
weight of ~16.5 kDa) and then decreased with increasing radius.
To facilitate a quantitative comparison of SC, we use a logarith-
mic scale of the Y-axis (see Figure S3, Supporting Information)
and observe that the molecular radius (or molecular weight) cut-
offs corresponding to SC = 10%, 1%, and 0.01% are ~4 nm (or
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Figure 2. Filtration performance of CNT membrane compared with commercial high-flux HF400 membrane using Ficoll in PBS solution as the probe.
A) Schematic diagram of the custom-designed pressure-driven cross-flow filtration system. CNT membrane was backed up by a Si mask and sand-

wiched between two polydimethylsiloxane (PDMS) gaskets. B) Ficoll concentrations in the feed and permeate solutions from filtration across CNT

and HF400 membranes. C) Ficoll sieving coefficient (SC) as a function of molecular radius for CNT and HF400 membranes. D) Ficoll sieving co-

efficient (SC) as a function of molecular weight for CNT and HF400 membranes. E) Stability test of CNT membrane under constant pressure for
7 days. F) Hydraulic flux of Ficoll solution permeation as a function of applied pressure for CNT and HF400 membranes. Error bars indicate one
standard deviation. We note the hydraulic flux is calculated based on the effective membrane areas (accounting for the porosities of CNT and HF400
membranes). Also see Figure S5, Supporting Information for hydraulic permeability for CNT and HF400 without accounting for pore area. G) Molecular
radius (r) or molecular weight (MW) cut-offs corresponding to SC = 10%, 1%, and 0.01% for CNT and HF400 membranes. H) Sieving coefficient values

of CNT and HF400 membranes at 20, 30, and 40 kDa molecular weight.

~56 kDa), ~6 nm (or ~143 kDa), and ~10 nm (or ~453 kDa) for
HF400 membrane, respectively (Figure 2 and table in Figure 2G).
In contrast, the CNT membrane shows that the molecular radius
(or molecular weight) cut-offs corresponding to SC = 10%, 1%,
and 0.01% are ~4.8 nm (or ~87 kDa), ~6 nm (or ~143 kDa),
and ~7 nm (or ~204 kDa), respectively (Figure 2 and table in
Figure 2G). In other words, with an increase in Ficoll molecular
radius (or molecular weight), the SC of the HF400 membrane de-
creases gradually, while the SC of the CNT membrane decreases
steeply. We further compared the SC values of membranes at 20,
30, and 40 kDa molecular weight, and obtain 51%, 31%, and 20%
for HF400 membrane, as well as 100%, 86%, and 64% for CNT
membrane, respectively (Figure 2 and table in Figure 2H). Thus,
albeit both CNT and HF400 membranes show size-dependent
selectivity of Ficoll, the CNT membrane significantly enhances
the removal of middle molecules (~15-60 kDa) compared to the
HF400 membrane.
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Notably, the hydraulic flux of the Ficoll solution in PBS
was also measured as a function of transmembrane pressure
(Figure 2F) and normalized by the total pore area for the CNT
(~5% porosity) and HF400 (~50% porosity) membranes. The hy-
draulic fluxes of both CNT and HF400 membranes increase lin-
early with increasing applied pressure (Figure 2F) indicating that
liquid transport through CNT membrane is non-compressiblel>*]
as in commercial HF400 membrane. The hydraulic permeability
of CNT membrane ~2032.8 mL h~! mmHg~' m~2 is an order of
magnitude higher than that of the HF400 membrane (~168.4 mL
h™' mmHg™! m~2, Figure 2F). This result is consistent with prior
reports of CNT membrane permeances surpassing those of com-
mercial polymeric membranes in the nanofiltration and ultrafil-
tration regimes.*/ We attribute it to the large slip lengths!?3°7]
at the CNT inner walls, as revealed by pure-water transport rates
three orders of magnitude larger than predictions from no-slip
Hagen-Poiseuille law (Figure 1F).
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Figure 3. Sieving coefficients of BSA for CNT membrane compared with commercial high-flux HF400 membrane during filtration/hemofiltration.
A) Optical image of the blank G-250 dye (left), G-250 dye with the addition of permeate from BSA/PBS feed across the HF400 membrane (middle),
and G-250 dye with the addition of permeate from BSA/PBS feed across CNT membrane (right). B) Optical image of Precision Plus Protein markers
(left), plasma feed and permeate across the HF400 membrane (middle), and plasma feed and permeate across CNT membrane (right). C) Sieving co-
efficients of BSA through the HF400 and CNT membranes evaluated by Bradford assay (using BSA in PBS feed) and SDS-PAGE method (using plasma

feed), respectively. Error bars indicate one standard deviation.

We also report the measured hydraulic permeability without
accounting for the membrane porosity (Figure S5, Supporting
Information) and note that the measured hydraulic permeabil-
ity of the CNT membrane (101.6 mL h™! mmHg™! m) is still
significantly higher than that of HF400 membrane (84.2 mL h!
mmHg~! m~2), despite porosity of ~5% for CNT membranes
compared to ~50% for HF 400. Furthermore, CNT membrane
shows a much higher Darcy permeability (1.5 x 1071 m?) than
HF400 membranes (1.2 x 10~ m?).

To investigate the stability of the CNT membrane, we per-
formed the Ficoll filtration experiments over 7 days. Similar filtra-
tion performances were achieved at different time points, indicat-
ing the long-term stability of CNT membranes (Figure 2E). The
noise in the signal at lower molecular radius < 1.5 nm (molec-
ular weight < 6.3 kDa, Figure 2C,D,E) is attributed to the very
low Ficoll concentration in solution at these low molecular weight
ranges. We further performed Ficoll filtration measurements us-
ing multiple CNT membranes from the same batch (Figure 1D)
and obtained very similar results (Figure S4, Supporting Infor-
mation), indicating the reliability and reproducibility of the CNT
membrane fabrication process as well as the resulting transport
characteristics.

2.4. Albumin Retention of CNT Membranes

For hemofiltration, in addition to enhanced clearance of middle
molecules (~15-60 kDa), it is also important to control albumin
(=66 kDa) loss within clinically acceptable ranges.[*] We note that
although more compact than dextran, Ficoll molecules are more
deformable than proteins®®*®] and uncharged, while albumin is
negatively charged. Hence, we cannot infer albumin retention di-
rectly from the SC curve of Ficoll. Hence, we probed albumin
transport by using BSA in PBS solution (40 g L1, which is close
to the concentration of human serum albumin!’®! ~35-50 g L)
using the same filtration system, albeit with a marginally higher
transmembrane pressure (0.6 psi, rather than 0.3-0.5 psi, see
Experimental Section) to account for the relatively high oncotic
pressure (~0.31 psi)[® from the BSA solution which counteracts
the pressure differential.
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The permeate was evaluated with Bradford Protein Assay[>’]

(see Experimental Section and Figure S6, Supporting Informa-
tion) since only one type of protein (i.e., BSA) was used in the
feed. When the permeate across HF400 or CNT membrane is
added, the blank Coomassie dye turns from a brown (Figure 3A)
to a blue color due to protein binding to dye, indicating BSA per-
meation through both HF400 and CNT membranes. The SC of
BSA across the CNT membrane is ~4.4% (Figure 3C), which is in
good agreement with the small BSA leakage seen in the diffusion-
driven transport experiments (Figure 1I), whereas the SC of BSA
for the HF400 membrane is ~3.1%. Thus, the albumin retention
for CNT membranes at ~95.6% is comparable to that of HF400
membranes at #96.9% in PBS solutions.

To evaluate the albumin retention in simulated body con-
ditions, we also performed hemofiltration runs using platelet-
poor plasma derived from bovine blood (see Experimental Sec-
tion and Figure S8, Supporting Information) and sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
used to measure feed and permeate protein concentrations.[*l
Protein bands in the feed and permeate solutions from HF400
and CNT membranes were observed between the 75 and 50 kDa
markers (Figure 3B), consistent with the presence of albumin
(~66 kDa). The permeate albumin bands are much lighter and
thinner than the feed albumin bands for both HF400 and CNT
membranes, demonstrating that the albumin leakages across
both membranes are very small (Figure 3B). Quantification of the
gels analysis (see Experimental Section and Figure S7, Support-
ing Information) shows that the SCs of albumin using plasma
feed for CNT (4.9%) and HF400 (3.7%) membrane are also sim-
ilar to each other and to the results using BSA in PBS solution
(Figure 3C).

2.5. Hemofiltration Performance of CNT Membranes using Ficoll
in Bovine Blood Plasma

We also measured filtration using Ficoll in bovine blood plasma
(Figure S9, Supporting Information) to investigate the perms-
electivity of CNT membrane in simulated body fluids. Af-
ter hemofiltration, size-exclusion chromatograms of feed and
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Figure 4. Hemofiltration performance of CNT membrane compared with commercial high-flux HF400 membrane using Ficoll in blood plasma as the
probe. A) Ficoll concentrations in the feed and permeate solutions from hemofiltration across CNT and HF400 membranes. B) Ficoll sieving coefficient
(SC) as a function of molecular radius for CNT and HF400 membranes. C) Ficoll sieving coefficient (SC) as a function of molecular weight for CNT and
HF400 membranes. D) Hydraulic flux of Ficoll solution permeation from Ficoll in blood plasma feed as a function of applied pressure for CNT and HF400
membranes. Error bars indicate one standard deviation. We note the hydraulic flux is calculated based on the effective membrane areas (accounting
for the porosities of CNT and HF400 membranes). Also see Figure S11, Supporting Information for hydraulic permeability for CNT and HF400 without
accounting for pore area. E) Molecular radius (r) or molecular weight (MW) cut-offs corresponding to SC = 10%, 1%, and 0.01% for CNT and HF400

membranes. F) Sieving coefficient values of CNT and HF400 membranes at 20, 30, and 40 kDa molecular weight.

permeate (CNT or HF400) showed retention of larger molecu-
lar weight Ficoll (Figure 4A—C). The SC curves (Figure 4B,C)
also demonstrate that when using Ficoll in plasma as the feed,
the CNT membrane can still significantly enhance the removal
of large middle molecules compared with the HF400 mem-
brane. Further comparison of molecular weight retention on-
set (MWRO) and molecular weight cut-off (MWCO) values be-
tween commercial hemodialysis/hemofiltration membranes and
our work are shown in Table S1, Supporting Information, and
note we used Ficoll, instead of dextran in our work. Notably, our
CNT membrane shows MWRO larger than the medium cut-off
(MCO) commercial membranes and MWCO between HF and
MCO commercial membranes, indicating significantly enhanced
sieving performance (Table S1, Supporting Information). We fur-
ther compare the SC of albumin (Figure 3C) with that of Ficoll at
an equivalent molecular weight (~66 kDa, see Figure S12, Sup-
porting Information). For the HF400 membrane, the SC of Fi-
coll (1.9%) is lower than that of albumin (3.7%), indicating that
polydispersity and torturous rough pores in the HF400 mem-
brane result in similarly hindered transport of Ficoll and albu-
min molecules. For the CNT membrane, the SC of Ficoll (8.9%)
is higher than that of albumin (4.9%) since Ficoll has a range
of shapes and is more flexible/deformable than albumin when
passing through the straight and smooth CNT channels.

Adv. Funct. Mater. 2023, 33, 2304672
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Notably, the apparent molecular weight roll-off in experiments
with plasma (Figure 4B,C) appears at a lower molecular weight
than in experiments with PBS (Figure 2B-D). With Ficoll in
plasma as the feed (compared to Ficoll in PBS in Figure 2G,H),
the molecular radius (or weight) cut-offs corresponding to
SC = 10%, 1%, and 0.01% decrease from 4.8 nm (or 87 kDa),
6 nm (or 143 kDa), and 7 nm (or 204 kDa) to 4.2 nm (or 64 kDa),
5.3 nm (or 106 kDa), and 5.9 nm (or 138 kDa) for the CNT mem-
brane, respectively (Figure 4E and Figure S10, Supporting Infor-
mation). In comparison, for HF 400 membrane, the molecular
radius (or weight) cut-offs corresponding to SC = 10%, 1%, and
0.01% decrease from 4 nm (or 56 kDa), 6 nm (or 143 kDa), and
10 nm (or 453 kDa) for Ficoll in PBS (Figure 2G,H) to 3.4 nm (or
40 kDa), 4.6 nm (or 77 kDa), and 8.2 nm (or 290 kDa) for Ficoll in
plasma (Figure 4E and Figure S10, Supporting Information), re-
spectively. We also compare the SC values of both membranes at
20, 30, and 40 kDa molecular weight, and find the values decrease
when using Ficoll in plasma for HF400 membrane (42%, 20%,
and 10%), as well as CNT membranes (83%, 60%, and 37%),
respectively (Figure 4F), compared to Ficoll in PBS as the feed
(Figure 2H). These observations indicate that exposure to bovine
blood plasma results in a narrowing of the permeating molecule
sizes for both CNT as well as HF 400 membranes, which is con-
sistent with prior literature in the field!*!] and typically attributed
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Figure 5. N-pore model for predicting the sieving coefficient curve of Ficoll across CNT membrane by altering its deformability (q). A) Predicted sieving
coefficient curve of Ficoll across CNT membrane based on B) the measured pore size distribution using C) model parameters (molecular flexibility of

1.2 and deformability of 1.366).

to the deposition of a protein layer on the membranel!!! or crowd-
ing at the pore entrance.

Additionally, we also measured the hydraulic permeability for
both CNT and HF400 membranes using Ficoll in plasma so-
lution as the feed (Figure 4D and Experimental Section). Both
CNT and HF400 membranes are less permeable, owing to the in-
evitable protein adsorption or crowding at the pore entrance. De-
spite protein adsorption, the hydraulic permeability (taking into
account the effective membrane area) of the CNT membrane still
reaches ~398.3 mLh~! mmHg~! m~2, which is ~20 times higher
than that of the HF400 membrane (~18.4 mLh™! mmHg™ m~2,
Figure 4D). We also report the as-measured hydraulic perme-
ability of hemofiltration without accounting for the vastly differ-
ent membrane porosities in Figure S11, Supporting Information.
Notably, the CNT membrane still showed a significantly higher
value ~19.9 mL h™' mmHg~! m~2 compared to HF400 mem-
branes ~9.2 mLh~! mmHg™' m~?).

2.6. Modeling Molecular Transport in CNT Capillaries/Channels

To understand the transport characteristics of Ficoll through the
CNT membranes, we performed simulations using a model with
N-parallel pores for predicting the SC curve of Ficoll by varying
its deformability (q), defined as the right-shift (in nm) of the siev-
ing curve compared to that of a solid solute sphere.’**8] An SC
curve of Ficoll transport through the CNT membranes is com-
puted based on the measured pore size distribution (Figure 1B)
by adjusting the model parameters, that is, molecular flexibility
of 1.2 and deformability of 1.36 for Ficoll (Figure 5C). This re-
sults in agreement with the measured SC (Figures 2C,E and 5A).
Changes to the molecular flexibility and deformability explain
the shift in the SC from 0-2.5 nm for rigid spheres to 0-6 nm
for Ficoll (Figure 5A,C). Taken together, these observations help
explain the measured radius cut-off of ~6 nm for Ficoll in our
filtration experiments (Figure 2B,C,E) with a TEM pore diame-
ter distribution of the CNTs ~0.5-4.5 nm (Figure 1B). These ob-
servations can also potentially help explain differences between
the sieving coefficient of Ficoll (relatively more deformable,
Figure 4) and albumin in plasma (Figure 3) for CNT membrane
(Figure S12, Supporting Information). Similar modeling was also
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performed for HF400 membranes based on the SC curve of
Ficoll (Figure 2C), assuming the molecular flexibility ~1.2 and
no deformability, resulting in a polydisperse distribution of pores
(Figure S13A-C, Supporting Information). We hypothesize the
model-predicted polydisperse pores in HF 400 membranes re-
sults in the experimentally observed less steep SC curve com-
pared to CNT membranes. Hence, we assign the origins of en-
hanced larger middle molecule clearance to the straight trans-
port pathway as well as the narrow pore size distribution of the
CNT membranes. Finally, the N-pore transport model provides
a theoretical framework(®-%I to describe the observations from
the size-selective transport measurements and highlights the
role of molecular conformational flexing and deformation dur-
ing transport within nanoscale confinements. We also note the
mechanism proposed here is fully consistent with prior observa-
tions in hemofiltration!®-%I as well as other systems in literature
(e.g., n-hexane enters the tight single-wall carbon nanotube pore
(~0.42 nm diameter) at its stretched state (elongating by nearly
11.29)),[%61 that suggests its wider relevance and applicability.

3. Conclusion

In conclusion, we have demonstrated large-area vertically
aligned CNT membranes with sub-5 nm channels/capillaries
to enable overcoming persistent challenges in hemofiltra-
tion/hemodialysis. Compared with commercial HF 400 hemofil-
tration/hemodialysis membranes, the narrow pore diameter dis-
tribution (~0.5—4.5 nm) and highly ordered low-friction straight
channels/capillaries in CNT membranes allow for significantly
enhanced removal of middle molecules (~15-60 kDa), while
maintaining comparable albumin (~66 kDa) retention. The
sharper molecular weight cut-off has been rationalized using an
N-pore transport model which accounts for conformational flex-
ing and deformation of Ficoll molecules during transport within
the nanoscale confinement of the CNT channels/capillaries.
Further, CNT membranes offer an order of magnitude higher
hydraulic permeability (normalized by pore area) than com-
mercial HF400 membranes. The higher hydraulic permeabil-
ity, coupled with enhanced sieving performance and wafer-scale
bottom-up fabrication presents the potential to aid miniaturiza-
tion of dialyzer sizes for progress towards wearable, portable, and
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implantable hemofiltration/hemodialysis devices. The insights
from our work coupled with future work on hemocompatibility
such as hemolysis tests, clotting time assessment, and platelet
adhesion test will inform and guide developments in CNT mem-
branes for hemofiltration. We expect our work to not only offer
transformative advances in hemofiltration/hemodialysis but also
allow for insights into molecular transport that can help advance
membrane design for other biological systems and applications
beyond.

4. Experimental Section

Synthesis of Carbon Nanotube Forests: Vertically aligned carbon nan-
otubes were grown on 100 mm Si (100) wafers that were coated with a
Fe/Mo/Al,O3 catalyst stack by electron-beam evaporation without break-
ing the vacuum between layers.3%324546] Nominal thicknesses of the
catalyst layers used in this study (Fe/Mo/Al,O; = 5.5/0.5/400 A) were
recorded in situ by a quartz crystal monitor during deposition. Synthe-
sis of small diameter SWCNTs at 4-in. wafer scale was performed at low
pressure (80 mbar) in a cold-wall furnace (AIXTRON Black Magic Pro, 6
in.), featuring a 6-in. heater stage and gas showerhead. The chamber was
pumped down below 0.2 mbar prior to initiating the growth recipe, which
started with a thermal annealing step in a reducing environment before
introducing the hydrocarbon feedstock growth gas (C,H,). The specific
recipe used in this study consisted of a) annealing: ramp with top heater
at 300 °C min~" to 700 °C and bottom heater at 300 °C min~" to 800 °C at
80 mbarin H, /Ar =700/200 sccm and hold for 2 min at 800 °C; b) growth:
switch the gas mixture to C;H,/H,/Ar=4/700/400 sccm at 80 mbar (with
20 sccm Ar through a bubbler containing DI water, resulting in 50 ppm of
water) and hold for 13 min before evacuating and cooling the chamber in
Ar. This low-pressure recipe produced forests with 34.8 + 0.3 um thickness
and number density of 1.83 x 1012 cm~2.

Fabrication of CNT Membranes: The composite membranes were cre-
ated by vapor deposition of ~12000 A of poly-para-xylylene (parylene N)
within vertically aligned CNT forests as described in detail elsewhere (Spe-
cialty Coating Systems, Indianapolis, IN).[2%-32] Excess parylene and CNT
end caps were removed using an inductive-super-magnetron (ISM) gen-
erated oxygen plasma (ULVAC NE-550EXa). The antenna power was set to
200 W, bias power to 25 W, chiller to 0 °C, pressure to 0.5 Pa, and O, flow
rate to 99 sccm. To estimate the etch rate under these etch conditions, the
average thickness of a parylene N layer on a silicon wafer was measured
after multiple etch steps using non-contact spectro-reflectometry (TOHO
3100, NanoSpec). The etch time for the 4-in diameter CNT composite
used in this study was 460 s. The etched composite wafers were then im-
mersed in 37% hydrochloric acid (Sigma-Aldrich, product # 320331) for 5
to 24 hto dissolve the alumina and catalyst layer between the CNTs and the
Si-wafer and delaminate the CNT-parylene composite. The free-standing
composites were cut into smaller coupons. For filtration/hemofiltration
studies with Ficoll, 1.6 cm diameter free-standing coupons were used
without further processing. For gas and water permeance quantification
and for selectivity tests, the coupons were first glued to 0.005-inch-thick
Kapton—-HN frames (Hardman Double/Bubble epoxy, product # 04007).
The CNT membranes used for these studies had an average line-to-line di-
ameter of #2.21 nm, height of 34.8 + 0.3 um, and CNT number density of
1.83 x 10'2 cm™2 (Figure 1D).

Characterization of CNT Forests and Membranes: High-resolution
transmission electron microscopy (HRTEM) was used to quantify the
CNT diameter distribution and number of walls per CNT with a sam-
ple number N = 190 (image processing performed using custom MAT-
LAB script). A JEOL 2100-F field-emission analytical TEM, operating at
200 kV, > 150 kx magnification, with a pixel resolution of < 0.05 nm was
used. Samples were prepared by dispersing CNT forests in ethanol with ul-
trasonication and subsequently drop-casting the dispersion onto Cu TEM
grids coated with Formvar. CNT diameter was defined here as the distance
between the CNT wall centers and is equal to 2.21 + 0.72 nm. The inner
pore diameter (x1.9 nm) was 0.34 nm smaller than the reported average
CNT diameter defined above.
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Scanning electron microscopy (SEM) was performed with a Zeiss Gem-
ini Ultra-55 analytical field emission SEM or a ThermoFisher Scientific
Apreo S high-resolution SEM at 5-10 kV accelerating voltage. The mean
number density p, (cm™2) was quantified from the mass increase of the
Si substrate after CNT growth!®’] and from the forest height with the fol-
lowing equation.

Pm
o Pm 1
Pn = Zd]SSAG M

where p is the CNT volumetric mass density, d is the mean SWCNT diam-
eter measured by TEM, and SSA¢ is the specific surface area of graphene,
1315 m? g~'. The volumetric mass density was obtained from the mass
gain of the catalyst-coated silicon wafer after CNT growth and calculated
according to Equation (2).

Ment
P = 2)
" henrAcnt

where meyt is the mass of the CNT forest, hyt is the height of the CNT
forest, and Acyr is the CNT growth area. Approximately 30 mg of verti-
cally aligned carbon nanotubes (VACNTs) were grown on each wafer and
measured with 0.1 mg precision. A possible error in mqy; quantification
was due to amorphous carbon content amounts to < 5%, as revealed by
previous TGA measurements.[*#¢] For this work, the CNT forest height
(34.8 um) was assumed equal to the average membrane thickness mea-
sured by SEM at multiple sample locations.

Micro-Raman spectroscopy of the top surface of produced CNT forests
and of both surfaces of the CNT-parylene N membranes was performed
using a Renishaw InVia Qontor Raman spectrometer with excitation wave-
length A=633 nm, a grating of 1200 lines per mm, and a 50x long working-
distance objective. The final spectra used for analysis were generated by
averaging over ten 1-s collections at 5% power. Each spectrum was base-
line subtracted with an 11™-order polynomial prior to data analysis. The
mean structural quality of the CNT before and after parylene N deposition
was quantified by calculating the ratio between the peak areas of the D-
band (%1315 cm™') and G-band (~1590 cm~"). Measured G/D were 10.3
+0.5,6.5+ 1.0,and 6.7 + 0.9 for as-grown CNTs, top and bottom surfaces
of the CNT-parylene N composite, respectively.

Gas Transport Measurements: N, permeance of SWCNT membranes
was measured in custom-built dead-end permeation cells at ambient con-
ditions (21°C), as previously reported.1?®! Typically, the mass flow rate was
recorded at & pressure points up to 4 psi with a downstream mass flow
meter. N, permeance measurements were used to gauge the degree of
membrane pore opening and as a screening tool to qualitatively identify
the presence of large defects. Since transport through a few nanometers
wide SWNT pores is expected to be in the Knudsen regime, it was con-
firmed that 1-cm diameter membranes (three) punched out from the 4-in
scale composite displayed N, permeance independent of pressure as pre-
dicted by Knudsen law.

The obtained permeation data was used to calculate the enhancement
factor, defined as the relative ratio of the measured CNT membrane per-
meance over the Knudsen diffusion prediction. The Knudsen permeance
Py is given by Equation (3).

1/2
=52t (amer) 9

where ¢ is the porosity, d is the CNT inner diameter, 7 is the tortuosity, Ris
the universal gas constant, T is temperature, L is the membrane thickness,
and M is the molar mass of the gas. In these calculations, the authors
assumed a tortuosity of 1.25 based on the previous results.[?°]

Water Permeance and Selectivity Measurements:  Representative mem-
branes mounted on Kapton—HN frames were pressurized at 4 psi with a
controlled in-house N line in a dead-end filtration cell. Water permeance
was quantified as the increase of the permeate weight in a collection vial
over time. The corresponding enhancement factor for water permeation
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was defined as the relative ratio of the measured per-CNT flow rate (mem-
brane flow rate normalized by the CNT number density) over the estimated
transport rate assuming no-slip Hagen—Poiseuille flow.

ﬂ(g )AAp

8ult “)

th =

where d is the average inner CNT diameter, Ap is the pressure drop across
the membrane (70.28 bar), u is the dynamic viscosity of water at the ex-
perimental temperature of 21 °C (9.76 x 107* Pa s), L is the membrane
thickness (34.8 + 0.3 um), and 7 is the tortuosity (1.25).

To characterize the selectivity of our membranes, the rejection coeffi-
cient for the negatively charged dye Direct Blue 71 (DB71, Sigma Aldrich,
product #212407; molecular size: 3 X 1.5 X 1 nm; concentration: 10 uM
aqueous solution) and for the neutral 5-nm diameter polyvinylpyrrolidone
(PVP)-capped Au nanoparticles (0.06 mg mL~", Nanopartz Inc.) were
measured, as previously reported.[2%3%] The size of the latter probe analyte
was just above the maximum CNT pore diameter measured by TEM. DB71
and Au nanoparticles aqueous feed solutions were pressurized at 4 psiin
the same dead-end filtration cell used for water permeance quantification.
After filtration, the permeate was analyzed by UV-vis spectroscopy (Cary
100 UV-vis spectrophotometer, Agilent; scan spacing: 1 nm; scan range:
200-800 nm) to determine the analyte concentration and then the rejec-
tion coefficient (R) was calculated using the following equation.

Ap
R=1-2 (s)

where Ap and Ag are the absorbances of the permeate and feed solution,
respectively, at the peak wavelength 2 =587 nm for DB71and 2 =522 nm
for Au nanoparticles. Tests performed with representative < T cm? mem-
brane samples confirmed that the membranes used in this study were
defect-free (R > 99.5% for both analytes).

Solute Diffusion Measurements: The diffusion-driven solute transport
measurements across the fabricated CNT membrane were performed as
previously reported in detail elsewhere.[°263-72] The setup used for diffu-
sion measurements was a customized 7 mL Side-Bi-Side glass diffusion
cell (PermeGear, Inc.) with a 5 mm orifice as shown in Figure S1, Support-
ing Information. The CNT membrane (1.6 cm diameter) was installed
between two diffusion cells, followed by clamping the diffusion system.
Prior to the measurement, the system was washed with pure ethanol (200
proof) three times and then with deionized (DI) water five times. Dur-
ing the measurement, the liquids in both cells were stirred vigorously at
1500 rpm with magnetic Teflon-coated stir bars to minimize concentration
polarization. Four model solutes covering a range of sizes were specifically
selected for the transport measurement: KCl (salt, hydrated diameter of
K+ ~0.662 and Cl~ ~0.664 nm, 74.55 Da),“s] vitamin B12 (B12, vita-
min, ~1-1.5 nm, 1355 Da),['®%2] lysozyme (Lz, egg white, ~3.8-4 nm,
143 kDa),[SZ] and bovine serum albumin (BSA, protein, ~#4—14 nm, av-
erage Stokes diameter ~7 nm, 66 kDa).[>3]

For measuring diffusion-driven KCl (Fisher Chemical, 7447-40-7) trans-
port, KCl solution (0.5 mol L=" in DI water) was filled into the left cell (feed
side) and DI water was filled into the right cell (permeate side), with a con-
ductivity meter probe (attached to a Mettler Toledo SevenCompact S230
conductivity benchtop meter) immersed in the permeate side to measure
the conductivity every 15 s for 15 min.[?283-71 For measuring diffusion-
driven B12 (Sigma-Aldrich, 68-19-9) or Lz (Bio-world, 12650-88-3) trans-
port, the organic molecule solution (1 mmol L™" in 0.5 mol L= KCI) was
filled into the feed side and KCl solution (0.5 mol L™1) was filled into the
permeate side.[’2%371] For measuring diffusion-driven BSA (Fisher Scien-
tific, BP9703-100) transport, BSA solution (1 mmol L=1 in 1x PBS) was
filled into the feed side and PBS solution (1x) was filled into the perme-
ate side. A fiber optic dip probe (attached to an Agilent Cary 60 UV-vis
Spectrophotometer) was immersed in the permeate side to record the ab-
sorbance spectra of organic molecules (B12, Lz, or BSA) in the range of 190
to 1100 nm every 15 s for 40 min.[288-71] Different UV—vis wavelengths
were used for measuring the intensity changes of each species: 710 nm for
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Dl water (reference wavelength),[°263711 360 nm for B12,[268-711 282 nm
for Lz,268-71 and 278 nm for BSA,[7374] respectively. The flow rate of each
solute was computed via the slope of concentration change in the perme-
<G
ACXAeffective
V' is the volume of solution (7 mL), dC/dt is the slope of concentration
change in the permeate side, A.geciive IS the effective area of CNT mem-
brane subjected to diffusion test (5 mm diameter orifice area multiplied
by 5% of CNT membrane porosity), and AC is the solute concentration
difference across CNT membrane. All the measurements were replicated
three times to obtain average values and standard deviations.[°263-71]

Preparation of Feed Solutions for Filtration Measurements: Phosphate-
buffered saline (PBS) was prepared by dissolving five PBS tablets (Fisher
Scientific, BP2944-100) in 1 L Milli-Q water, which yielded a buffer with a
pH value of 7.4 at 25 °C.

Ficoll 70 was labeled with fluorescein isothiocyanate (FITC) as de-
scribed previously.l”] Briefly, Ficoll 70 (Sigma-Aldrich, F2878) was dis-
solved in dimethyl sulfoxide (DMSO, Fisher Scientific, D128-500) at 50 mg
mL~". After dissolution, 1 mg mL~" sodium bicarbonate (Fisher Scientific
$233-500) and 5 mg mL~" FITC (Sigma-Aldrich, F7250) were added. The
solution was heated in a boiling water bath for 15 min or until the so-
lutes were completely dissolved. The solution was then poured slowly into
10x volume of ethanol (200 proof) and allowed to precipitate overnight
with light protection. The precipitate was pelleted by centrifugation and
the ethanol was removed. The pellet was dissolved in 2 mL of Milli-Q wa-
ter at 37 °C until completely dissolved. Finally, the labeled FITC-Ficoll was
eluted on an equilibrated desalting column (Sephadex G-25 PD-10) to re-
move unbound FITC.

BSA feed solution was prepared by dissolving BSA powder (Fisher Sci-
entific, BP9703-100) in PBS to get 40 g L' solution since this albumin con-
centration was close to that of human serum albumin (35-50 g L=1).17¢]

Platelet-poor plasma was prepared by centrifuging fresh bovine blood
at 4 °C. First, eight tubes of bovine blood (40 mL per tube) were filled into
centrifuge tubes (50 mL). Next, the tubes were inserted into a Thermo
Scientific Sorvall ST 40R Centrifuge with bucket 75003608, and centrifuged
with 1800 relative centrifugal force (RCF) at 4 °C for 15 min. After that, the
obtained supernatants were transferred into new centrifuge tubes, and the
tubes were centrifuged again with 1800 relative centrifugal force (RCF) at
4 °C for 15 min. Finally, the supernatant (platelet-poor plasma, Figure S8,
Supporting Information) was collected carefully and stored at —80 °C.

Filtration Experiments using FITC-Ficoll 70 in PBS Solution: The filtra-
tion measurements were carried out using a custom-designed pressure-
driven cross-flow filtration system as shown in Figure 2A.*] For mem-
brane installation, the CNT membrane was backed up by a Si mask (=50%
porosity, providing mechanical support), sandwiched between two poly-
dimethylsiloxane (PDMS) gaskets (ensuring the system is leak-free), fol-
lowed by mounting in the custom-built chamber. Prior to the filtration mea-
surements, the membrane was rinsed with ethanol (200 proof), followed
by deionized water (Milli-Q) thoroughly. After calibrating the system pres-
sure, the feed solution was circulated with a rotary pump (Masterflex L/S
Easy-Load I, 77201-62) at a rate of 20 mL min~" to minimize the concen-
tration polarization of the feed solution. Different transmembrane pres-
sures, which were generated by compressed dry air, monitored by a pres-
sure sensor, and regulated by a pressure controller, were applied to the
inlet side. To ensure that measurements were conducted under a steady-
state condition, the initial 0.9 mL permeate was discarded and the corre-
sponding feed and permeate solutions were collected from the inlet valve
and outlet tube thereafter.

To measure the filtration performance of the CNT membrane, FITC-
Ficoll 70 (0.1 mg mL™" in PBS) solution was used as a neutral filtration
probe in the feed side with constant transmembrane pressures (0.3, 0.4,
and 0.5 psi) applied to the inlet side.

To measure the filtration performance of the commercial hemofiltra-
tion/hemodialysis membrane, a customized dialyzer (see Figure S2, Sup-
porting Information) was fabricated by assembling some commercial
high-flux HF400 filtration fibers!”””] (Renaflo |1, Minntech) extracted from
the HF400 cartridge. The parameters of the HF400 cartridge, as speci-
fied by the manufacturer, are as follows: fiber wall thickness ~50 um, fiber

ate side; while the permeance was calculated using p = where

© 2023 Wiley-VCH GmbH
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inner diameter ~200 um, cartridge fiber length ~120 mm, total cartridge
surface area ~0.3 m2, and the sieving coefficients of urea, creatinine, B12,
myoglobin, and albumin ~1.0, 1.0, 0.974, 0.20, and 0.016, respectively. The
total areas of the custom-built HF400 dialyzer fibers (x2—4 cm?) were com-
puted by Area = P,,,,,. X L X n, where P, is the inner perimeter of hollow
fiber, Lis the fiber length, and n is the fiber number. FITC-Ficoll 70 solution
with the same concentration (0.1 mg mL~" in PBS) was used as the testing
probe. The Ficoll feed was circulated with a rotary pump (Masterflex L/S
Small Cartridges for Multichannel Cartridge Pump, EW-07519-85) at a rate
of 1mL min~1, and transported inside the hollow fibers of HF400 dialyzer,
while the permeate passed through the fiber wall to the outside of the fiber
(Figure S2, Supporting Information). We decrease the flow rate from sev-
eral hundred mL min~! (e.g., ~500 mL min~" of blood) typically used for
the HF400 cartridge to ~1mL min~1 (of Ficoll in PBS) for the custom-built
dialyzer with HF 400 fibers to account for differences in the total area of
cartridge (~0.3 mZ2) versus than the customized dialyzer (~2—4 cm?) while
ensuring similar order of magnitude flow rate per unit area. A simple math-
ematical calculation of flow rate/unit area provided ~1667 mL min~"m=2
for commercial HF400 cartridge and ~2500-5000 mL min~! m~2 for the
customized device built using fibers extracted from HF400 dialyzer for
comparison. The feed pressure was calculated by averaging the values of
two pressure sensors at the top and bottom of the HF400 dialyzer on the
feed side, and the transmembrane pressure was maintained the same (0.3,
0.4, and 0.5 psi, respectively) as used in filtration experiments with CNT
membrane.

The concentrations of FITC-Ficoll 70 in the feed and permeate were
analyzed by size-exclusion chromatography with an Ultrahydrogel 500 col-
umn and guard column (Waters, Milford, MA).[34] PBS (150 mmol NaCl,
50 mmol phosphate, 200 ppm NaNj3, pH 7.0) was employed as the mo-
bile phase with a flow rate of 0.5 mL min=". FITC-Ficoll 70 was analyzed by
a fluorescence detector (model G1321A; Agilent Technologies) at excita-
tion/emission (Ex./Em.) 495/520 nm. The relationship between molecular
weight and retention time for each time point individually was obtained by
using multi-angle light scattering (DAWN TREOS; Wyatt Technology, Santa
Barbara, CA) along with differential refractive index (model G1362A; Agi-
lent Technologies), and calculated using ASTRA software.[>4]

The sieving coefficient (SC), defined as the ratio of permeate (C,) to
feed concentration (Cy), was computed via SC = C,/Cy. The measured
hydraulic permeability (mL h=! mmHg~" m~2) was obtained by dividing
the transmembrane flow rate (mL h™', measured by the meniscus level
change along a graduated syringe on the outlet side) per applied trans-
membrane pressure (mmHg) by the entire membrane area (m?2); while
the calculated hydraulic permeability was calculated by taking into account
the porosity of membrane (x5% for CNT and ~50% for HF400).[78] Error
bars showed standard deviation (SD) over multiple measurements. The
Darcy permeabilityl®*] was obtained by multiplying calculated hydraulic
permeability by the dynamic viscosity of the fluid (1073 Pa s for Ficoll
in PBS solution) and membrane thickness (34.8 um for CNT membrane
and 50 um for HF400 membrane).

Filtration Experiments using BSA Solution (in PBS) and Platelet-Poor
Plasma:  After the above experiments using FITC-Ficoll 70, the filtration
system was rinsed thoroughly with PBS solution before measuring the fil-
tration of albumin across the membrane (HF400 or CNT). The sieving
performance of BSA during filtration was measured using a BSA solution
(40 g L=1 in PBS). Platelet-poor plasma (which contains a high concentra-
tion of BSA protein) was also used as the feed to check both the sieving
performance of BSA and the plasma compatibility. The filtration experi-
ments were performed using the same methods mentioned above with
a little modification on the transmembrane pressure (0.6 psi, rather than
0.3-0.5 psi). A little higher pressure (0.6 psi) was used to do the filtration
of BSA because the relatively high oncotic pressure (x0.3-0.5 psi)l7>20]
from the BSA solution or plasma feed creates a driving force counter to
the pressure differential. The feed and permeate solutions were collected
from the inlet valve and outlet tube, respectively. For BSA in PBS solu-
tion, the permeate was evaluated with Bradford Protein Assayl*®! using
a standard assay ratio (10 uL of sample to 300 pL of Coomassie dye) by
a Nanodrop one Microvolume UV-vis Spectrophotometer (Thermo Sci-
entific). Error bars showed SD over multiple measurements. For platelet-

Adv. Funct. Mater. 2023, 33, 2304672

2304672 (11 of 14)

www.afm-journal.de

poor plasma, the plasma feed and permeate were evaluated with the SDS-
PAGE method.l??! The obtained gel images with separated proteins were
recorded using a UVITEC Cambridge Gel documentation system and ana-
lyzed using the Image] software. Error bars showed SD over multiple mea-
surements.

Hemofiltration Experiments using FITC-Ficoll 70 in Platelet-Poor Plasma:
The hemofiltration experiments were performed using the same methods
mentioned above with the same raised transmembrane pressure (0.6 psi).
FITC-Ficoll 70 in platelet-poor plasma (0.1 mg mL™") was used as the
feed. No visible plasma fouling was observed in the perfusate loop on
the feed side after 24 h and avoided using anti-coagulants to minimize
experimental variation. The feed and permeate solutions were collected
from the inlet valve and outlet tube, respectively. The concentrations of
FITC-Ficoll 70 in the feed and permeate were analyzed by the same size-
exclusion chromatography.[>*] DI water was used in between the samples
to wash the column (remove protein residues). The sieving coefficient and
hydraulic permeability were computed using the same methods described
above.

Heteroselective Model: Solute sieving as a function of solute size a
across a heteroselective membrane could be characterized by a contin-
uous distribution Q(r) of size-selective elements with size r as follows.

s@)=16(anQ ) d 6)
0

where 6(a,r) is a sieving function describing transport processes across a
single size-selective element, and the s(a) are usually experimental sieving
coefficients for various solute sizes. Equation (6) might be rewritten as an
integral operator K acting via Q resulting in the sieving curve.

s=K[Q] 7)

If K is invertible, one could calculate the size distribution from Q =
K~="[s]. Transfer of a non-ionic spherical solute species across a cylindri-
cal pore with pore radius r had a well-known[®] sieving function for each
individual pore.

_ W (a, r)
0o =T W@ en ®

Assuming laminar flow, the Péclet number was given by the following
equation.

. W) r2
P o (50) 7 ©

where W and H are hindrance factors!?! for cylindrical pores, AP the driv-
ing pressure (kPa), and 7 is the viscosity of the permeate (Pa-s). The vari-
ation in hydrodynamic size of the flexible polysucrose molecules was de-
scribed by a continuous log-normal distribution Gg, ¢, as follows.

H (a, r) D (a) = 7Hi$0 (R, r) D(Jo (R) dCR,a,f (10)
0
W (1) = / Wy, (R 1) dGgy » ()
0

Here, integration was in the Riemann—Stieltjes sense and GR’a,ﬁ = erfc(-
Iog(R/ai)/Iog(g)/\/Z)/Z where R and & are the geometric mean and stan-
dard deviation of the distribution, respectively; Hi;, and W, are iso-
porous hindrance factors described by Dechadilok and Deen;[®2] D the
diffusion coefficient in free solution D, = kT/(6xn,,a;) where T =293 K,
1, = 1 mPa-s, g; the Stokes—Einstein radius, k is the Boltzmann constant,
and r is the unrestricted pore radius.

© 2023 Wiley-VCH GmbH
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Solute Sieving in Carbon Nano-Tubes: The extreme convection in CNTs
meant that Peclet numbers were sufficiently large so that diffusion could
safely be neglected, that is, 0;; ~ W, ;. Under these conditions, sieving co-
efficients were described as follows.

0(ar) = g Wenr (R 1) dGrg ¢ (12)

where Wyt is the convective restriction function for the CNT membrane.
Suitable expressions for Wyt were as yet unknown, but on the basis of
experimental data, it was found that the following type of functions de-
scribed solute sieving in CNT membranes remarkably well.

r+q (13)

This function took into account the flexibility of the molecules (£)[6" but
also the deformability defined by qeR* corresponding to the displacement
(right shift in nm) from the expected sieving curve. It was thus assumed
that, under the high flow rates in CNTs, polysucrose molecules were de-
formed allowing them to permeate much smaller pores than that of their
Stokes radius. However, in their deformed state, they retained the molec-
ular flexibility of their non-deformed state.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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