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Abstract: Membranes for use in high gas exchange lung applications are riddled with fouling. The
goal of this research is to create a membrane that can function in an artificial lung until the actual
lung becomes available for the patient. The design of the artificial lung is based on new hollow
fiber membranes (HFMs), due to which the current devices have short and limited periods of low
fouling. By successfully modifying membranes with attached peptoids, low fouling can be achieved
for longer periods of time. Hydrophilic modification of porous polysulfone (PSF) membranes can be
achieved gradually by polydopamine (PSU-PDA) and peptoid (PSU-PDA-NMEG5). Polysulfone
(PSU-BSA-35Mg), polysulfone polydopamine (PSUPDA-BSA-35Mg) and polysulfone polydopamine
peptoid (PSU-PDA-NMEG5-BSA35Mg) were tested by potting into the new design of gas exchange
modules. Both surfaces of the modified membranes were found to be highly resistant to protein
fouling permanently. The use of different peptoids can facilitate optimization of the low fouling on
the membrane surface, thereby allowing membranes to be run for significantly longer time periods
than has been currently achieved.
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1. Introduction

The basic involuntary activity of gas exchange plays an essential role in sustaining
life. Air pollution, because of rapid industrialization and urbanization, has meant that
progressing lung diseases have remained a significant healthcare challenge in a large
number of adult patients each year in the USA alone [1]. Deforestation is augmenting the
number of patients with lung diseases. This has thrived researchers’ interest in the field.
However, present respiratory assist devices are not up to the same standard, especially
when the patient is waiting for a lung transplant [2,3]. There are several obstructions
with available artificial lungs/respiratory assist devices because the main material used
are polymeric hollow fibers membranes (HFMs) for the transportations between blood/
biological material and gas pathways. However, these have caused major concern with an
accumulation of fouling [4]. The membrane oxygenator is commonly utilized worldwide.
There is also a microporous and nonporous oxygenator membrane [5].

Furthermore, polysulfone (PSF) is an important material in membranes used for many
purposes such as hemodialysis and apheresis, due to its thermal stability, mechanical
strength, and chemical internes. It is also reported that PSF has some defects in hemato-
logical application, such as its hydrophobic nature [6,7]. Fouling leads to blockage of the
membranes porosity [4,8,9]. Hydrogen bonding, hydrophobic, electrostatic, and van der
Waals interactions that occur between the membrane surface and biological foulant, were
the culprits of membranes fouling [10]. Many studies have addressed the fouling issue and
have tried to solve these problems. Novel coatings and modified fibers are used actively to
reduce membrane fouling [10].
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Biofouling of membranes can be reduced with a wide variety of surface modification
methods; however, there have been relatively few studies with hollow fiber membranes
which assess the quality on gas exchange [11]. Modification of the PSF membrane is
carried out by immobilizing urea on the membrane surface. It was created so that higher
activities were reached when the immobilization procedure was carried out at a lower
pH. Meanwhile, Lin et al. (2003) found that the urease immobilized dialyzer provided
a faster eliminating rate of urea associated to a regular dialyzer, which can be enhanced
by increasing the dialysate velocity [12]. There was a study which recommended the
infusion of heparin to enhance hemocompatibility of HFMs [13]. Furthermore, Zhu and
others have investigated the primary surface characteristic of PDA-coated hydrophobic
substrates. They found that the surface-free energy and hydrophilicity of the polydopamine
(PDA)-modified substrates were improved dramatically [14], and that the hydrophilicity of
PDA-modified PSF was significantly promoted. Morphologically, the membrane colors
turn dark after PDA coating [15,16]. Furthermore, peptoid consisting of PEG-peptoid
and the PEG-mimetic side chain was able to resist fouling [17]. In addition, it can be
used in vivo because of its low immunogenicity and protease resistance [18]. NMEG has
many advantages to play an important role in the modification of membranes. It is polar,
uncharged, hydrophilic, has no hydrogen-bond donors, and contains hydrogen bound
acceptors. In addition, peptoid is stable and easier to synthesize than peptides, and their
chemical diversity is large [19].

The present study was aimed to examine the mode of PDA and PDA-NMEH 5 coating
layers affecting the whole act of the PSF membrane, including the effect of top surface
PDA and PDA-NMEG 5 coating on the structure of the following selective layer, the
hydrophilicity, and the oxygen permeability compared with unmodified PSF, which is a
novel aspect of this study. In addition, this research focused on the limitation of current
devices and fouling of membrane. Studying the fouling of HFMs and modified HFMs will
help to understand the long-term capability of a new gas exchange module design.

2. Materials and Methods
2.1. Materials

Polysulfone HFMs (30 cm) were prepared in the laboratory. Bovine Serum Albumin
(BSA) was procured from VWR amresco (Fayetteville, AR, USA). Phosphate buffered saline
(PBS), 20X concentrate, pH 7.5, 3, 4-dihydroxyphenethylamine (dopamine) hydrochloride
were procured from Sigma-Aldrich (Milwaukee, WI, USA). A nitrogen cylinder, an oxygen
cylinder, a pump (Masterflex L/S Easy Load), a pump head, P/N 07518–10, and Masterflex
modular drive (1–100 rpm), P/N 07553–80 (Cole-Parmer Instruments Company, Vernon
Hills, IL, USA) were employed to circulate the fluids on both sides. Epikure 3030 and
Epon 828 were purchased from Hexian (Houston, TX, USA). Peptoid, oxygen meter, pipe
(PVC), clear polyurethane ether based tubing clear (1.5 inch), and silicon tubing (3/8 O.D
and 1

4 inch I.D) were purchased from MC Master Carr. The 1
4 " M NPT 1

4 " Hose Barb was
purchased from the Apex company and the Fastenal company (Fuquay-Varina, NC, USA).
A water bath (model 28L-M, AMPS 8, V/HZ 120/60 SERIAL 514280) along with a 229 X 1”
BD needle and a syringe were also used in this study. Laptop software 4320 Universal Serial
Data Capture (04/09, Traceable, TX, USA) and Oxygen meter (21800-022) were purchased
from Control Company (Webster, TX, USA). A lab facility EL-USB-TC-LCD Humidity &
Temperature USB data logger was purchased from Omega company (Norwalk, CT, USA).
NaCl, glycerol, and sodium benzoate were of laboratory grade and were procured locally.
The principal characteristics of the three different groups of fibers evaluated in this study
are summarized in Figure 1.
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Figure 1. Diagram of a new design of gas exchange module for measuring O2 rates of unmodified and modified HFMS. 

2.2. Fabrication of Hollow Fiber Membrane (HFMs) 
PSU HFMs were prepared by a conventional hollow fiber membrane spinning de-

vice. Polysulfone (powder) 17.5% (v/v) in N-Methylpyrrolidone (NMP) was prepared as 
the spinning dope, while the bore solution was 15% (v/v) NMP in water(mixture). A tube-
in-hole spinneret, with 0.8 (mm) and 1.6 (mm) inner and outer diameters, respectively, 
was applied to gain HFMs precursors [20]. The air gap was adjusted at 8 (cm) between the 
spinneret and water bath for all spinning. Both dope and pore solutions were extruded 
through spinning by using different nitrogen pressures for each solution (90, 15 Psi, re-
spectively). HFMs were pushed through a water path to complete the HFMs formation. 
[21]. Then, the solidified membrane was submerged by hand underneath the tow rollers. 
The fiber bundles were collected by a draw wheel attached to a small motor with adjust-
able speeds (2 m/min). After collection, the HFM bundles were stored in bags of 5% aque-
ous NaCl solution. NaCl was replaced at every 24-h interval for 3 days. Then, the 25% 
glycerol (v/v) solution and antibiotic (0.2% sodium benzoate) were prepared [22]. Details 
of the set-up are given in Figure 2. 

 

Figure 1. Diagram of a new design of gas exchange module for measuring O2 rates of unmodified and modified HFMS.

2.2. Fabrication of Hollow Fiber Membrane (HFMs)

PSU HFMs were prepared by a conventional hollow fiber membrane spinning device.
Polysulfone (powder) 17.5% (v/v) in N-Methylpyrrolidone (NMP) was prepared as the
spinning dope, while the bore solution was 15% (v/v) NMP in water(mixture). A tube-in-
hole spinneret, with 0.8 (mm) and 1.6 (mm) inner and outer diameters, respectively, was
applied to gain HFMs precursors [20]. The air gap was adjusted at 8 (cm) between the spin-
neret and water bath for all spinning. Both dope and pore solutions were extruded through
spinning by using different nitrogen pressures for each solution (90, 15 Psi, respectively).
HFMs were pushed through a water path to complete the HFMs formation. [21]. Then,
the solidified membrane was submerged by hand underneath the tow rollers. The fiber
bundles were collected by a draw wheel attached to a small motor with adjustable speeds
(2 m/min). After collection, the HFM bundles were stored in bags of 5% aqueous NaCl
solution. NaCl was replaced at every 24-h interval for 3 days. Then, the 25% glycerol (v/v)
solution and antibiotic (0.2% sodium benzoate) were prepared [22]. Details of the set-up
are given in Figure 2.
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2.3. Preparation of the Chamber for Gas Exchange Experiments

Epoxy resins Epikure 3030 and Epon 828 were mixed gently in a 2:1 ratio. The resin
glue was poured into each elbow of the chamber after placing the fibers inside it, and it
was left to dry at room temperature for 24 h. Preparation of each elbow took 1 day. All
pieces of the chamber were assembled together as depicted in Figure 1. A new design of
gas exchange module was fabricated by inserting HFMs (5 fibers, 30 cm) into a 1/5 in pip
clear tubing (PVC) [23].

Both ends of the chambers were secured to the tubing by epoxy, Epikure 3030 and
Epon 828, then trimmed to the length of the tubing to expose the submission of the HFMs
lumens. Next, 11.3 cm of HFMs was exposed within the module to present a surface area
of 11.3 cm. A model system recalculating test loop was utilized to estimate O2 exchange
rates using three groups of fibers, namely polydopamine (PSU-PDA) fibers, peptoid fibers
(PSU-PDA-NMEG5), and unmodified.

The loop was with a fluid reservoir, peristaltic pump, oxygenator, and gas exchange
module. The testing fluid, consisting of 200 mL of BSA (35 mg/mL (w/v) in PBS, flowed
from a reservoir to a Master Flex L/S peristaltic pump (Vernon Hills, IL, USA) to a model
gas exchange testing the liquid and returned to the reservoir. The inlet partial pressure
of O2 (PO2) was adjusted at 2.5 SCFH. The fluid flow rate was maintained at 88 mL/min.
Heating was turned on and the fluid temperature was maintained at 37 ◦C.

The reservoir has five outlet/inlet points for oxygen probes, outlet of liquid, inlet of
liquid, BSA with PBS, and inlet of nitrogen gas (N2) by silicon nylon tubbing to test the
HFMs. The time was adjusted on the auto controlled panel for each cylinder by valve (N2
for 20 min, and oxygen for 3 h). The experiment was initiated by turning on the pump at
level 1. Afterward, the oxygen was turned on in order to provide the membranes with
oxygen gas at 15 kpa with an O2 inlet 2.5 Standard cubic feet per hour flow rate inside
the hollow fiber membrane. Later, the nitrogen was turned on in order to consume the
oxygen generated by BSA/PBS. When the highest level was reached, only minimum levels
of dissolved oxygen remained. Both cylinders were operated directly from the valve for
switching on and off.

The concentration was estimated every 15 min with an oxygen meter placed in the
reservoir [13,24]. The experiment was monitored every hour to ensure proper functioning
of the set-ups without any leaks. Kla (30 min−1) was estimated at 15 min or 3 h period
using the Kla equation versus time to calculate Kla from the slope’s equation (Equation (1))
as follows:

Kla = −Ln [(C − Co)/(C* − Co)] (1)

where:
Kla is volumetric oxygen transfer coefficient (1/h.)
T is time (min.)
C is the liquid dissolved-oxygen concentration (mg/L).
C* is the equilibrium concentration of oxygen between water and gas phase (mg/L).
Co is the liquid oxygen concentration at start of measurement (mg/L).
All Kla values were measured with three to five replicates in order to guarantee

the certainty of values found through standard deviations. In addition, HFM PSU were
modified according to Mahmoudi et al. who described the process of a hollow fiber
coating [25].

3. Results

Oxygen transfer was estimated with a new design of gas exchange module for both
unmodified fibers (PSU) and modified fibers, i.e. either polydopamine fibers (PSU-PDA)
or peptoid fibers (PSU-PDA-NMEG5). Oxygen transfer coefficients for unmodified and
modified fibers in a solution of BSA/PBS 35% (mg/mL) as a liquid phase over time are
depicted in Figure 3. PBS was set as blank solution. As a result of that, the oxygen
transfer coefficients of unmodified fibers were blocked over time due to the interaction
between fouled protein and membrane surface. Modifying the fibers (PSU-PDA-PSA
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35 mg/mL) and (PSU-PDA-NMEG5-BSA-35 mg/mL) resulted in an improvement in the
oxygen transfer and in resistance to protein fouling. On the other hand, unmodified
hollow fiber membranes were completely blocked after 3 h. However, the peptoid hollow
fiber membranes were not blocked over a test time of 6 h. In addition, polydopamine
hollow fiber membranes were less resistant to protein fouling than peptoid HFMs because
(PSU-PDA-BSA-35 mg/mL) with blocked membranes appearing after 5 h.
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Figure 3. Oxygen transfers coefficients for unmodified and modified fibers over time.

Overall, results indicate that modified HFMs, both PSU-PDA and PSU-PDA-NMEG5-
BSA-35, have higher oxygen transfer coefficients and undergo less fouling compared to un-
modified HFMs (PSU-BSA-35). Oxygen transfer rates were maintained for longer periods of
time in peptoid HFMs compared to polydopamine HFMs (Table 1). The highest kLa values
were observed in the case of the PSU-PDA-NMEG5-BSA membrane
(0.19 ± 0.14 min−1). This was followed by the PSU-PDA-BSA membrane where kLa
values of 0.11 ± 0.22 min−1 were achieved. kLA values for PSU-BSA was the minimum
a(0.088 ± 0.11 min−1). Moreover, both fibers of (PSU-BSA- 35 mg/mL) and (PSU-PDA-
BSA35 mg/mL) were blocked and oxygen transfer completely stopped at 3 h for PSU-BSA
and 6 h for PSU-PDA-BSA membranes. On the other hand, PSU-PDA-NMEG5 was resis-
tant to protein fouling for 6 h; the kLa value at 6 h was observed to be 0.014 ± 0.008 min−1

Table 1.
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Table 1. Comparison of kLa (min−1) between modified and unmodified fibers for 6 h.

Time (min.) PSU-BSA
35 mg/mL

PSU-PDA-BSA
35 mg/mL

PSU-PDA-NMEG5-BSA
35 mg/mL

30 0.029 ± 0.016 0.012 ± 0.009 0.0166 ± 0.005
60 0.026 ± 0.017 0.013 ± 0.010 0.015 ± 0.004
90 0.019 ± 0.010 0.015 ± 0.012 0.018 ± 0.006

120 0.011 ± 0.004 0.015 ± 0.011 0.019 ± 0.007
150 0.007 ± 0.0102 0.014 ± 0.008 0.028 ± 0.02
180 0 0.019 ± 0.015 0.04 ± 0.005
210 0 0.013 ± 0.023 0.023 ± 0.005
240 0 0.006 ± 0.002 0.015 ± 0.014
270 0 0.001 ± 0.001 0.010 ± 0.011
300 0 0.002 ± 0.006 0.010 ± 0.014
330 0 0.001 ± 0.002 0.018 ± 0.012
360 0 0 0.014 ± 0.008

4. Discussions

The goal of this study was to create a lung that can function within the body until there
is availability from a donor. The design of the artificial lung was going to be implemented
on a new gas exchange module which was based on HFMs. HFMs resulted in shortening
the low fouling period of the device and therefore did not present as a long-term solution.
This shortcoming was overcome by successfully modifying the membrane to extend for
longer periods. The principle behind this solution was to increase the oxygen diffusional
gradient inside the system.

In order to validate the hypothesis that the membrane fouling is contributed by high
concentration of fouled protein, BSA/PBS at 35 mg/mL solution concentration was used
in this study.

The hydrophilic modification of porous polysulfone (PSF) membranes can be achieved
gradual addition of polydopamine (PSU- PDA) and peptoid (PSU-PDA-NMEG5), as
reported in the literature [26]. PSU-BSA-35 mg /ml, PSU-PDA-BSA-35 mg/ml, and PSU-
PDA-NMEG5-BSA-35 mg were tested by potting into the new design of gas exchange
module with a surface area of 11.3 cm in a recirculation loop with an oxygen inlet of
2.4 standard cubic feet per hour (SCFH) under steady liquid flow, liquid temperature, O2
pressure, and pumping speed. Both surfaces of the modified membranes were found to
have high permanence and resisted protein fouling gradually. Similar results have been
reported in previous studies on modified membranes. [27]. These properties make the
membranes very suitable for use in medical devices due to the decreased need for frequent
membrane replacement and decreased contamination rates.

Maximum oxygen transfer rates were achieved in the case of PSU-PDA-NMEG5-BSA
followed by PSU-PDA-BSA membrane, which is in accordance with previous literature
reports [27]. Changing membrane material and experimenting with polymers varying
in side chains, charge, and hydrophobicity is one of the approaches which have been
recently employed in developing membranes which minimize fouling and maximize
oxygen transfer [28]. In this study, the lowest levels of oxygen transfer along with low
resistance to fouling was seen in the case of the PSU-BSA membrane which has the weakest
modification. This points to the efficacy offered by the addition of peptoids and novel
moieties to standard membrane. This aspect has been pointed out by Rana and Matsura
in their review on membrane surface modifications [29]. Findings from our study also
show that the addition of NMEG5 to membranes greatly enhanced the permeability of the
membrane to oxygen and with low fouling for up to 6 h as compared to 3 h with MMEG5,
which is in accordance with previous studies [13]. The increase time to fouling contributes
to an increase in the life of the membrane in medical devices, which reduces the economic
illness burden on the patients. Improving O2 provided through bioactive HFMs is the next
generation strategy to become more effective at resisting fouled protein for a long time,
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developing O2 that is transported through HFMs and improving paracorporeal respiratory
assist devices.

According to our results (Table 1), standard deviation is more than reading because
one of the readings among the triplicate is “0”. This strongly emphasizes that the trails
should be performed in higher quantities (at least 5 readings) to avoid numerical errors
like this.

5. Conclusions

Peptoid can be classified as an effective antifouling polymer with no biodegradability
issue. The effect of peptoid-modified hollow fibers on both the biocompatibility and the
transport of oxygen gas from bovine solution was evaluated. Using polydopamine PSU,
hollow fibers were successfully adjusted with peptoid. Peptoid-modified surfaces had
substantially less adsorption in bovine serum relative to unmodified and PDA-coated
surfaces. In addition, the data on the mechanical properties showed that peptoid-modified
hollow fibers have physical stability. Such results indicate that the modified NMEG5
peptoid hollow fibers showed potential for biomedical use in membrane oxygenators.
Further studies are therefore needed to develop the biocompatibility of hollow fibers with
a higher exchange rate of gas. With detailed research in line with our results, we propose
that peptoid-modified hollow fibers may be used in membrane oxygenators to boost the
ability of the respiratory support system and, therefore, to provide better treatment to
patients with serious respiratory failure.
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