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Abstract

Dead-end filtration of protein-rich fluids through ultrathin nanomembranes (< 100

nm thick freestanding) leads to rapid surface fouling due to their high permeability

and lack of internal structure. By contrast, tangential flow operations with ultrathin

membranes and complex biofluids (such as hemodialysis) have been found to

proceed for days without a loss of membrane permeability, even in the presence

of some ultrafiltration. Inspired by these observations, here we systematically test

the hypothesis that ultrathin nanoporous membranes exhibit a higher "critical flux"

in tangential flow filtration (TFF) than conventionally thick membranes. After

removing protein aggregates by centrifugation, we show that solutions of bovine

serum albumin (BSA) as concentrated as 10 mg/ml achieve a critical flux of 1157

LMH (l/m2 h) in a microfluidic device featuring 18.8% porosity nanoporous silicon

nitride (NPN) membranes. This critical flux is approximately five times higher

than literature values achieved for TFF microfiltration, where a flux of 220 LMH

was acquired with 0.2 µm track-etched (TE) membranes using 1 mg/ml BSA.

Repeating our studies with 10 µm thick TE membranes with the same size (∼50

nm diameter) and number (∼5 x 107) of pores as NPN confirms our hypothesis
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that membrane thinness leads to a higher critical flux. Based on the fact that

transmembrane pressures (TMP) in these studies are higher for TE vs. NPN with

the same ultrafiltration rate we posit a mechanism for critical flux enhancement:

the inherent thinness of NPN mitigates the formation of a stagnant protein ‘cake

layer’ on the membrane surface and instead promotes a ‘flowing protein cake’.

More specifically, a lower TMP limits the fouling experienced by NPN versus

TE membranes and this confers long term viability and performance. To further

our understanding of membrane fouling we then expand our study by exploring

membrane capacity. We define capacity as the number of particles on a membrane

surface before a significant rise in TMP occurs due to a decrease in permeability. By

experimentally testing slit pore and high porosity circle pore ultrathin microporous

membranes in dead-end filtration of polystyrene bead solutions, we find that these

membranes have capacities of ∼60% and ∼80% respectively.
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1. Introduction

1.1 Silicon Nanomembrane Technology in Mi-

crofluidic Devices

Silicon nanomembranes are novel membrane devices that were first discovered

in 2007 [1, 2]. Featuring ultrathin, free-standing structures that vary from 10 –

100 nm in thickness, nanomembranes offer robust filtration and separation per-

formance in size and charge based applications compared to thicker conventional

membranes. This advantage stems from the fact that nanomembranes are 2-4 orders

of magnitude thinner than commercial polymer membranes [3]. This confers lower

resistance to transmembrane flow and subsequent lower transmembrane pressures

(TMP).

Silicon nanomembranes feature high porosities and a wide range of pore

diameters. The manufacturing process used in their creation allows for porosities

of 2 - 20% and pore diameters that range from 5 nm – 10 µm. Pore diameter

to thickness aspect ratio is 1:1, meaning that the pore diameter and membrane

thickness are roughly identical [2]. Not only does this enable improved transport
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Figure 1.1: A top view of a typical microfluidic device setup featuring an ultrathin silicon
nanomembrane chip. The glass slide is 40 mm long and supports the device. The chip featured in
this particular device is 2.7% porosity with an average pore diameter of 33.2 nm.

across the ultrathin membrane with lower sample loss and lower transmembrane

pressures, it also makes the timescale for diffusion across the membrane negligible.

This aspect ratio and the ultrathin nature of silicon nanomembranes also means

that the pores in these membranes lack the internal structure and tortuous paths

commonly seen in conventional membranes.

Additionally, the ultrathin properties of these membranes allow for both

optical and electron transparency, enabling a number of imaging modalities not

possible with polymeric membranes. When used in conjunction with microfluidic

devices, these membranes provide a highly customizable environment for several

different types of experiments. For example, in literature silicon nanomembranes

have been used in filtration [4], hemodialysis [5], and biosensing [6]. Silicon mem-

branes are also notable for their biocompatibility, first described in Agrawal et al

[7]. This has been used for the creation of systems such as vascular transmigration
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models [8].

Two types of silicon nanomembranes were used in this research: ultrathin

nanoporous silicon nitride (NPN) nanomembranes and ultrathin microporous sili-

con nitride nanomembranes. The NPN nanomembranes feature nanoscale sized

pores and the microporous membranes have micron scale pores. Both of these

types of membranes are manufactured differently. Briefly, NPN is made by de-

positing silicon nitride masks on both sides of a silicon wafer. On the topside of

the wafer, a-Si (amorphous silicon) and silicon dioxide are deposited sequentially.

A rapid thermal process (RTP) leads to pnc-Si formation with pores above the

silicon nitride layer. After this, the SiO2 layer on top is removed and the bottom

of the wafer is patterned with photolithography to expose the silicon wafer. The

top side of the wafer then undergoes reactive ion etching (REI) to transfer the

nanopores from the pnc-Si into the silicon nitride layer. REI also removes the

pnc-Si layer. The bottom of the wafer is then bulk etched to remove the silicon

(note the top layer is protected by an added layer of SiO2 which is removed after

bulk etching) and this leaves a freestanding membrane structure [2]. Microporous

ultrathin membranes are made through a photolithography process, so they only

use the silicon wafer and nitride masks.

Given the multifaceted capabilities of silicon nanomembranes, understanding

their performance is imperative for further research. Thus, this work focuses on

understanding how membrane fouling mechanics can be mitigated for performance

advantages, specifically with the filtration of protein solutions. Figure 1.1 depicts a

typical ultrathin nanomembrane device format for this work. These devices will be
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used to assess performance for the purposes of understanding membrane mechanics

in tangential flow filtration, mitigation of fouling, and for particle capture.

1.2 Extracellular Vesicles and Cancer Biomark-

ers

Small, lipid membrane bound particles known as extracellular vesicles (EV) are

secreted by cells into their respective environments, ultimately functioning as a

means of inter-cellular communication and selective waste elimination [9]. EVs

are notable for containing a variety of cellular products that are indicative of their

parent cell’s metabolic state, including proteins, DNA, and RNA [10] (Figure 1.2).

All EVs vary in diameter, however specific diameter ranges exist depending on

the location an EV originates from. EVs that are 50 nm - 150 nm in diameter are

typically endosomal secretions while EVs up to 1 µm in diameter are formed from

the plasma membrane [9]. The smaller EVs originating from the endosome are

called "exosomes" while the larger EVs from the plasma membrane are called

"microvesicles" [9]. Of these two, exosomes are seen as exploitable for diagnostic

medicine since they’re commonly found in biofluids such as saliva, blood, or urine

[11, 12, 13]. Exosomes contain copious amounts of microRNA (miRNA) content

related to their cell of origin [10]. In literature, analysis of miRNA in cancer

derived exosomes has shown overexpression of specific miRNA strands versus

healthy controls [10].

Given the correlation between miRNA expression and cancer pathogenesis
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Figure 1.2: A diagram depicting common contents of exosomes adapted from Rajagopal and
Harikumar (2018). Nucleic acid assessment, particularly of miRNAs, is a commonly discussed
approach to exosome analysis for early cancer detection [10].

[14], capturing and purifying exosomes is useful for their diagnostic potential as

early cancer biomarkers. To this end, previous work in this lab has established the

concept of "tangential flow for analyte capture" (TFAC) as a means of separating

analytes from a biofluid background using tangential flow filtration and silicon

nanomembranes [3]. This process is capable of capturing exosomes on a membrane

surface through size based separation. More specifically, nanoporous membranes

such as track etched polymer membranes and NPN enable this due to having a

pore size in the same diameter regime as exosomes. Knowledge gained from

this research will assist in refining flow regimes used for TFAC and to optimize

exosome capture.
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1.3 Tangential Flow Filtration, Critical Flux, and

Fouling

Tangential flow filtration (TFF) is a common flow technique used in bioprocessing

with membranes [15] where a fluid flows tangentially across the surface of a mem-

brane with some movement of fluid through the membrane itself. Fluid that passes

through a membrane is referred to as "permeate" while the non passing remainder is

called "retentate" and can be circulated back into a system as needed [16]. Another

commonly used technique is dead end filtration where fluid flows normally against

a membrane and an attempt is made to pass 100% of the feed fluid. Depending on

the characteristics of the membrane used, fluid movement through a membrane can

be classified as microfiltration or ultrafiltration. Microfiltration is typically used in

sterile filtration with pore sizes as low as 0.1 µm and ultrafiltration is commonly

used in downstream concentration processing with pore sizes < 0.1 µm [16, 17].

Pore size is not a common delimiter for ultrafiltration membranes, however, as

molecular weight cutoff (MWCO) is used to better classify them [18]. Specifically,

MWCO is a molecular weight at which 90% of a macromolecule solute is unable

to pass through a specific ultrafiltration membrane [18].

Keeping this in mind, this research focuses on using NPN in TFF with syringe

pumps facilitating the ultrafiltration of bovine serum albumin (BSA) in phosphate

buffered saline (PBS). Dead end filtration with protein rich solutions results in

NPN membranes rapidly fouling due to their high permeability and lack of internal

structure. Figure 1.3 depicts an example of the robust differences in performance
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Figure 1.3: Dead end filtration (1.3A) can result in the buildup of protein cakes as thick as 8 µm
while tangential flow filtration (1.3B) can result in no protein deposition at all. In 1.3A a protein
solution at 60 mg/ml was normally flown onto a membrane surface, depositing large amounts of
protein in a cake. In 1.3B, protein laced with gold nanoparticles was tangentially flown across
the surface of the membrane, leaving no trace of protein behind with only particles on the surface.
Imaged by Kilean Lucas (University of Rochester)

for NPN in TFF and dead end filtration. Using TFF avoids the buildup of concen-

tration polarization layers on the membrane surface as species in a fluid are rejected

from it [19]. Ultimately, this mitigates protein "cake" formation buildup [20] by

removing sites of protein deposition on the membrane surface. The performance

gain by using TFF also allows for other useful bioprocessing applications such

as removal of impurities [21] and buffer exchanges [22]. A mechanistic example

of purification can be seen in Figure 1.4, where particles in a protein solution

are captured by an ultrafiltrating membrane with protein simply passing through.

Attempting to increase transmembrane flux beyond the capabilities of a membrane

can result in fouling with TFF, however, requiring the need to find balance between

supply flow rate and ultrafiltration rate in NPN membrane systems.

The concept of critical flux was first defined in Field et al. (1995) as the

maximum permeate flux for which a membrane experiences a stable transmem-
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Figure 1.4: TFF with specific flow modes allows for movement of protein through a membrane
without cake formation while simultaneously capturing particles in solution. This capture capability
is the basis of the "Tangential Flow for Analyte Capture" model currently being developed [3].

brane pressure (TMP) [23] in TFF. Mechanistically, the critical flux is the flux

below which a selective membrane undergoing TFF will experience no deleterious

fouling or cake formation. An increase in fouling will increase the transmembrane

pressure needed to maintain transmembrane flux. Here we posit that pressure

dynamics facilitate protein cake formation by driving protein deposition onto a

membrane surface. Knowing that conventionally thicker membranes require higher

TMPs to facilitate transmembrane flow, our work seeks to systematically assess

the hypothesis that ultrathin membranes will exhibit a higher critical flux than

conventionally thick membranes due to lower TMPs. The ultrathin nature of silicon

nanomembranes is expected to promote "flowing protein cakes" where protein

deposition on a membrane surface is minimized compared to thicker membranes.

On thicker membranes we expect the formation of "stagnant protein cakes" due

to higher TMPs (Figure 1.5). For a robust comparison, NPN will be compared to

nanoporous track etched membranes in ultrafiltration.
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Figure 1.5: In TFF the formation of protein cake layers is facilitated by driving protein towards a
membrane surface with higher TMPs enhancing this process. Thicker membranes will experience
higher TMPs due to higher resistance to transmembrane flow, thus this research posits that ultrathin
membranes will promote the formation of flowing protein cake layers due to lower TMPs and this
will increase critical flux.

1.4 Filtering Biologics and Virus Purification

Development of pharmaceutical therapeutics is strictly regulated with high pu-

rity requirements, where products that fail to reduce contaminants below specific

thresholds face rejection from regulatory bodies [24]. In the development of prod-

ucts such as monoclonal antibodies, viruses face particular scrutiny as microbial

contamination is rare with modern techniques [25] and adventitious viral con-

taminations have been found in common vaccines used for humans [26, 27]. On

the other hand, some pharmaceutical applications require concentration of viral

vectors for application of advanced medicinal techniques such as gene therapy

via adeno-associated virus (AAV) [28]. These situations necessitate robust virus

purification techniques in order to reach acceptable clearances. Indeed, in the

example of AAV based gene therapy it’s been estimated that an acceptable dose
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involves 1011 to 1014 particles [29].

To this end, several techniques exist for virus purification including column

chromatography [25], ultracentrifugation [30], precipitation [31], and filtration

via membranes [32]. Each of these processes is appropriate depending on the

characteristics of the virus being targeted for purification, however filtration with

membranes offers robust performance with the potential for higher throughput.

Membranes also offer the potential for lowered costs, given that roughly 70% of the

cost of production for biopharmaceuticals comes from purification steps [33]. In

dead end filtration, commercial membrane technology has been found to be capable

of filtering out viruses while retaining > 98% of usable 170 kDa protein product

[34]. Membrane technology is not infallible, however, as irreversible fouling from

proteins is a concern that limits their continuous usage [34]. Furthermore, if a

membrane is being used to purify viruses for a protein based product, validation

of clearance is necessary [24]. This makes it impractical to reuse a membrane

previously used in a dead-end mode since another independent validation of virus

clearance would be required [28].

To mitigate this limitation, tangential flow filtration is an applicable technique

since using it inhibits fouling and subsequent buildup of protein cake layers. Under

critical flux conditions, a membrane in TFF could run for extended periods of time,

providing higher volume output per membrane and lowering costs. Additionally,

using TFF with hollow-fiber membranes has shown maintenance of the structural

integrity of virus and protein particles [33], making TFF ideal for sensitive virus

purification. Ultrathin membranes can enhance processes such as these due to
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their thinness and lower resistances to transmembrane flow. Thus, understanding

techniques to limit fouling in ultrathin membrane technology adds value to the

virus purification process.

1.5 Microplastic Contamination in the Environ-

ment and its Physiological Implications

The ubiquitous use of plastics in modern human society has led to significant

amounts of pollution, with 60% of all plastics produced (up through 2015) ulti-

mately ending up in landfills [35] and 4.8 to 12.7 million tonnes of plastic ending

up in the worlds oceans annually [36]. Mosts plastics are non biodegradable [37],

with 92% of all plastics produced (PE, PP, PVC, PET, PUR, and PS) [35] falling

into this category. While these plastics do not biodegrade, they do break down in

the presence of mechanical weathering [38] and UV radiation [39]. Breaking larger

plastic contaminants down does not solve the plastics problem, however, as the end

product of these degradative processes are microplastics that spread throughout the

environment [40].

Microplastics are small plastic particles that are less than 5 mm long [41]

and they are present in common consumer products such as seafood [42], honey,

beer, and salt [43]. Studies have shown that humans are commonly exposed to mi-

croplastics, with > 90% of particles ingested being excreted as waste [43]. Despite

this, many particles remain in the human body and the long term implications of

microplastic ingestion on human health are currently unknown due to the recency
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of this issue. Concern for human health is growing, however, as microplastic

accumulation has been linked to an increase in mortality in aquatic organisms [44].

Furthermore, microplastics have crossed from gut epithelial tissue to the circula-

tory system of the Mussel species Mytilus edulis [45]. Microplastic accumulation

also presents avenues for toxin absorption. For example, oceanic microplastics

absorb pollutants such as polychlorinated biphenyls (PCB) and hexachlorobenzene

[42, 46]. In zebrafish, histological analysis of gills, liver, and the gut indicated

localized inflammation caused by microplastic accumulations [47].

These examples necessitate analytical techniques to assess microplastic con-

tamination in frequently ingested products such as drinking water. Note that

drinking water is commonly contaminated with microplastics [48, 49]. Thus, ultra-

thin membranes can enable rapid isolation of microplastic contaminants through

TFF or dead end filtration. Analyzing these particles through spectroscopy is

accessible as well due to the optically and electron transparent nature of ultrathin

membranes and their non plastic construction.

1.6 Thesis Outline and Research objectives

The main focus of this thesis is analyzing the mechanistic contributions of mem-

brane properties, transmembrane pressure, protein concentration, and tangential

flow supply rate on critical flux in ultrathin (< 100 nm thick) NPN membranes

and subsequently comparing these results to thicker (10 µm thick) TE membranes.

Ultrathin membrane capacity with respect to microparticle contamination is also
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discussed as well as practical applications of using NPN membrane technology in

TFF.

In Chapter 2 we we systematically test the hypothesis that NPN systems

outperform track etched membranes by first optimizing NPN based systems in

order to promote critical flux. The effect of centrifugation on BSA protein solutions

is explored and membrane porosity is evaluated as well. From here a direct com-

parison is made between NPN and track etched membrane systems as we assess

how well their respective systems handle varied protein concentrations and supply

flow rate. System transmembrane pressure is evaluated in these experiments as a

means to answer a portion of the hypothesis of this research. This chapter ends

with a discussion of the concept of membrane capacity, ultimately leading towards

the next chapter where a practical application of these membranes is explored.

In Chapter 3 we explore the concept of capacity in microporous membranes

by subjecting microfluidic systems featuring microporous membranes to precise

experiments with polystyrene beads of various nominal diameters. Specifically,

we compare slit membranes to circle pore membranes and seek to define capac-

ity for both while simultaneously exploring mechanistic differences between the

two types of pores. We suspect that slit pores will offer a higher capacity since

slits are capable of hosting multiple bead occupants while circle pores are only

capable of handling one particle at a time. By defining capacity as the threshold

bead occupancy when a system experiences a dramatic rise in TMP, we create a

readily measurable value for rapid analysis. This chapter ends with a discussion of

practical applications of membranes as sensors and analytical tools.
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Chapter 4 summarizes the information gained from this thesis and discusses

future work and directions to be considered. Namely, testing biofluids and func-

tionalization of ultrathin nanomembrane surfaces are key prospects for future

analysis.
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2. Critical Flux of Nanoporous Membranes

in Tangential Flow Filtration

2.1 Introduction

Ultrathin membranes were first discovered in 2007 [1, 2] and vary from 10 - 100 nm

in thickness with highly controllable pore sizes (5 nm - 10 µm). Given that the pore

diameter to thickness aspect ratio is 1:1 [2], the membranes lack internal structure

often seen in polymeric membranes. This makes ultrathin membranes advanta-

geous for experiments involving filtration [4], hemodialysis [5], and biosensing [6]

since they enable improved transport with lower sample loss and TMP. This work

will focus on optimizing the critical flux of nanoporous membrane (NPN) systems

in TFF of protein solutions, and comparing them with thicker track etched (TE)

membranes.

Developing novel strategies of biofluid processing for diagnostic medicine re-

quires an innate understanding of membrane and microfluidic system performance

in order to mitigate fouling during filtration processes. To this end, tangential

flow filtration (TFF) is frequently used in bioprocessing [15] as a means to avoid
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protein cake layer formation [20] during a separation process. Mechanistically,

tangentially flowing fluid across a membrane surface with some movement of fluid

through a membrane itself avoids build up of concentration polarization layers on

the membrane surface [19], thus limiting fouling. TFF is not perfect, however, as

certain flow regimes will still promote fouling depending on the properties of the

membrane being used. Thus, there is value in optimizing TFF systems such that

TMP is stable and no fouling occurs for a given ultrafiltration rate. The maximum

flux for which no TMP rise occurs is known as the "critical flux" [23] and allows for

continuous membrane usage without deleterious fouling. We posit that lower TMPs

in a microfluidic system will enhance critical flux by promoting the formation of

"flowing protein cakes" versus "stagnant protein cakes" (Figure 1.5). To assess this,

ultrathin silicon membranes will be compared to conventional thicker membrane

systems. Since ultrathin membrane systems offer low resistance to transmembrane

flow and high porosities, lower transmembrane pressures are needed to drive fluid

through the membrane unlike thicker conventional membranes.

2.2 Materials and Methods

2.2.1 Nanoporous Membrane Device Manufacture

Nanoporous Membrane (NPN) microfluidic devices were manufactured in ac-

cordance to previous work and literature [50, 51]. Specifically, seven layered

components consisting of a 20 x 40 mm glass slide (Corning, Corning NY), four

300µm gasket pieces, a NPN chip, and a poly-dimethylsiloxane (PDMS) support
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Figure 2.1: A layer diagram of the nanoporous device design featured in this research. A glass
slide on the bottom provides rigid support for the gasket layers above it and the PDMS capstone
layer provides support for syringe tips. In the middle of the device a membrane can seen. The
gasket layers create two fluid channels that are separated by this membrane.

layer were used to make cohesive microfluidic devices with a membrane barrier

(Figure 2.1). The glass layer provides rigid support for the device and acts as

a backbone for the bottom channel gasket layer, while the other gasket layers

facilitate fluid flow and hold the NPN in place. The PDMS layer provides support

for blunt metal syringe tips that are used to connect tubing and syringe pumps to

the microfluidic device.

2.2.2 Silicon Gasket Processing

Fabricating microfluidic devices for tangential flow filtration (TFF) required that

gasket composite be cut such that stacking multiple layers on one another resulted in

the construction of two fluid channels separated by a membrane. Each unprocessed

gasket composite piece consists of three components: hard plastic, 300 µm of
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usable gasket, and soft plastic. Ultimately the gasket in the middle is used and

the two outer plastic portions are discarded. This will be detailed further in the

UV Ozone bonding section. To accomplish the goal of creating two fluid channels

separated by a membrane, four layers of 300 µm gasket were needed to create (in

order from bottom to top) a bottom channel, a chip sealing layer, a chip holding

layer, and a top channel. Precise vector diagrams for each layer were drafted

in a craft cutter software package (Silhouette, Lindon, UT). The diagrams were

designed so that two fluid "inlets" and two fluid "outlets" are made when the layers

are stacked on top of each other. This allows for access to both the top channel and

the bottom channel of the completed device. Gasket composite was subsequently

processed using these blueprints in a CAMEOTM craft cutter (Silhouette, Lindon,

UT). After cutting, the gasket composite was cleaned of residue and prepped for

UV Ozone bonding. Figure 2.2 details the aforementioned vector diagrams of these

layers and demonstrates the flow expected in a device using this setup.

2.2.3 Poly-dimethylsiloxane Preparation

In order to provide support for blunt metal syringe connections at the top of the

device, a layer of poly-dimethylsiloxane (PDMS) was needed as 300µm gasket

lacked the rigidity needed to hold syringe tips securely. 25g of PDMS (DOW

Consumer Solutions, Midland, MI) was mixed with 2.5g of curing agent (DOW

Consumer Solutions, Midland, MI) in a plastic weigh boat. Weights were accurately

measured by using a precision lab scale (OHAUS, Parsippany, NJ). This mixture

was degassed in a vacuum chamber for one hour to remove most air bubbles present.
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Once this process was complete, the mixture was then transferred to a square mold

and degassed again in a vacuum chamber for another hour. Afterwards, the PDMS

mixture was placed in a 70oC furnace (Barnstead Thermolyne Corporation, Ramsey,

MN) and allowed to cure overnight. Once the PDMS was cured, it was cut into 12

by 24 mm blocks. These blocks then had four holes punched into them with blunt

syringe tips in order to create the four inlets and outlets featured on these devices.

2.2.4 Nanoporous Membranes

The membrane layer utilized in the device features a chip extracted from a wafer

purchased from SiMPore Inc. (Henrietta, NY). Chips extracted from these wafers

are 5.4 x 5.4 mm2 in size and have an active membrane window slot of 2 x 0.7 mm2.

The 18.8% NPN used in this research had an average pore size of 65nm and roughly

5 x 107 active pores per membrane. These pore characteristics (as well as others

such as porosity) were verified via electron microscopy image analysis conducted

in Wolfram Mathematica (Champaign, IL) and Mathworks Matlab (Natick, MA).

2.2.5 UV Ozone Bonding

Each microfluidic device was assembled layer by layer. First, the cutout gasket

composite bottom channel layer had its soft plastic removed. The glass slide and

the bottom channel layer were then placed in a UV Ozone apparatus (Novascan,

Boone, IA) such that the exposed gasket surface was facing upwards and treated for

10 minutes. Afterwards, the glass and gasket were extracted and bonded together,
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taking care to avoid air bubbles. The combined layers were then left to cure in the

70oC furnace for one hour. This process was repeated sequentially for each new

layer added onto the device, with the hard plastic backing being removed from the

combined device on each step. When the membrane needed to be added, a special

chip holder was used to ensure that the bottom surface of the chip was UV ozone

treated. The last step involved adding the PDMS layer onto the device. Before

UV ozone treating PDMS, the blocks were cleaned in a 70% ethanol solution and

placed inside a bath sonicator. The blocks were left to sonicate for 2 hours before

drying off, being UV Ozone treated, and bonded to the device. The completed

devices were left to cure for at least 2 hours in the furnace before use in experiments.

2.2.6 Track Etched Membrane Device Manufacture

Track-Etched membrane microfluidic devices (TE) were manufactured in collabo-

ration with the Gaborski Lab (Rochester Institute of Technology, Henrietta, NY)

[3]. The devices were layered in a different manner versus the NPN microfluidic

devices, with channels on both sides of the device (Figure 2.3). Briefly, a poly-

carbonate sheet functioned as the top layer of the device and had a double sided

tape layer affixed to it. This tape layer had a channel cut into it and was used to

adhere a polymeric TE membrane layer with 80 nm diameter pores. Because of the

lower porosity of the TE membranes, the active area of filtration had to be adjusted

to achieve a similar number of pores as NPN. Thus, TE membranes had an active

area of 4 mm2 with ∼ 107 pores available compared to NPN with 1.4 mm2 and
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Figure 2.2: Vector image diagram of an NPN microfluidic device with a flow pattern for tangential
flow filtration.

∼ 107 pores available. A gasket layer with another channel was placed on the TE

membrane and PDMS was placed on the bottom to provide support. A clamp was

utilized in order to fully seal the device.

2.2.7 Protein Serum Preparation

Protein serum was created by weighing 98% purity crystalline bovine serum

albumin (BSA) (Sigma Aldrich, St. Louis, MO) in an analytical balance (OHAUS,

Parsippany, NJ) and suspending it in 1x Phosphate Buffered Saline (PBS) (Thermo

Fisher Scientific, Waltham, MA) in order to yield 50ml of solution. This was done
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Figure 2.3: Vector image diagram of a TE microfluidic device with a flow pattern for tangential
flow filtration. Note in this device there are inlets and outlets on both sides of the device with
ultrafiltration occurring through a membrane sheet in a confined area.

for varying concentrations (1mg/ml, 5mg/ml, 10mg/ml, 30mg/ml, and 60mg/ml)

depending on the needs of the experimental trial being conducted. Samples were

stored at 8oC and left to dissolve for several hours to ensure that the fluid had no

visibly undissolved BSA. In order to ensure solution homogeneity, a technique

to remove aggregates was needed as unprocessed protein solution rapidly fouled

membranes. Originally, a 0.2 micron filter was used to help clean up the BSA

solution however this resulted in worse performance. This was likely due to

shedding of filter material into the BSA solution. Centrifugation was then used

to remove aggregates. Aliquots of 1 ml protein serum were placed in 1.5 ml

polypropylene microcentrifuge tubes (Beckman Coulter, Brea, CA). Twelve of
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Figure 2.4: A standard curve for BSA suspended in PBS. This was measured by using weighed
samples of BSA and used as a point of reference for assessing concentration of processed BSA
serum.

these aliquots were spun at a time with an angled (45o) rotor (TLA55, Beckman

Coulter, Brea, CA) in an ultracentrifuge (Optima TLX, Beckman Coulter, Brea,

CA) at 50,000 RPM for 1 hour at 4oC. The supernatant from these aliquots were

extracted via 1ml pipette (Eppendorf, Hamburg, Germany) and stored in a 15ml

Falcon conical (Corning Inc., Corning, NY) at 8oC for use in experiments or further

processing. BSA concentration post centrifugation was verified with absorption

spectroscopy using a Tecan Infinite M200 multimode reader via NanoQuant plate
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Figure 2.5: 1mg/ml BSA suspended in PBS from multiple samples was aliquoted and measured
for protein concentration post centrifugation. The concentration of each sample is still 1 mg/ml,
indicating no change in concentration due to centrifugation.

(Tecan, Männedorf, Switzerland). Specifically, a standard curve was made using

known weighted concentrations of BSA suspended in PBS (Figure 2.4). This curve

was then used to assess the concentration of protein in ultracentrifuged samples.

There was no difference in concentration between processed and unprocessed

samples (Figure 2.5). Dynamic light scattering of pre and post centrifuged samples

was also used, however there was not enough evidence to verify reduction in

average particle diameter after centrifugation (Figure 2.6).
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Figure 2.6: DLS analysis of pre and post centrifuged BSA samples lacks enough evidence to
suggest a reduction in average particle diameter given that p > 0.05 in a paired t-test. The presence
of aggregates is later verified through the pressure data in experiments.

2.2.8 NPN Microfluidic Device Overview

The microfluidic devices have a top channel and bottom channel separated by a

permeable membrane. Four holes in the PDMS layer allow for access to either end

of both of these channels. Fluid enters through the top channel and either passes

through the membrane or leaves via the top outlet (Figure 2.7).

2.2.9 Microfluidic System

Microfluidic devices were connected to fluid pumps and a sensor array as depicted

in Figure 2.7. Two Fusion 200 syringe pumps from Chemyx (Stafford, TX) were

oriented such that one pump was connected the top input side of the device for fluid

supply and the other connected to the bottom output side for ultrafiltration. Note
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Figure 2.7: A device diagram indicating flow and sensor orientation for all experiments. The
bottom inlet (left side) is closed off while the top inlet receives fluid from a syringe pump. Fluid is
pulled through the membrane and bottom outlet by another syringe pump.

that a similar orientation was used for TE microfluidic devices, despite differences

in location of fluid channel access ports. Plastic syringes of varying volumes

(5ml, 10ml, and 60ml) from BD (Franklin Lakes, NJ) were loaded into the supply

pump to provide fluid supply depending on the experiments being performed.

Experiments that required a higher supply flow rate used syringes with larger

volumes while experiments that focused on changes in protein concentration used

5ml syringes. A 5ml syringe was utilized in the ultrafiltration pump for all NPN

and TE experiments to ensure consistency with the mechanical force expected by

a syringe drawing fluid. All inlets and outlets on the microfluidic device were

connected via 4.5cm 1/32" diameter plastic tubing (Cole Parmer, Vernon Hills, IL)

to uPS pressure sensors (Labsmith, Livermore, CA) housed in a plastic T-section

(Labsmith, Livermore, CA). These sensors were connected to a laptop computer

and provided average pressure in both the top and bottom channels. Another 4.5cm
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1/32" plastic tubing was utilized on the other end of the t-section for all inlets and

outlets. The top inlet was connected to the supply syringe and the bottom outlet

was connected to the ultrafiltration syringe. The bottom inlet was clamped off to

ensure that any additional fluid in the bottom channel would be pulled through the

membrane during the experiment and the top outlet was open to atmosphere as an

outlet for waste.

2.2.10 Experimental Process and Data Collection

Data collection utilized a "flux stepping" technique adapted from literature [52],

in which ultrafiltration rate (Qu) increased by 10 percent of the supply rate (Qs)

every 45 minutes for experiments involving NPN and 15 minutes for experiments

involving track etched membranes (TE). Note that experiments involving supply

flow rate went up by steps of 3 micro litres per minute in order to maintain

consistency. The track etched membranes had lower experiment times due to

device fragility, in which the devices used were unable to withstand more than

1 to 1.5 hours of constant flow without leaking. This did not effect achieving

critical flux, however, as stable transmembrane pressures are rapidly achieved

between steps. A GUI was written to control the syringe pumps for single flow

experiments while multi-step experiments were done with built in controls on the

pumps themselves. The attached pressure sensors collected data at a rate of 2Hz

via Labsmith software (uProcess) and this data was then saved into a .CSV file.

A script written in Mathematica analyzed and plotted .CSV files from the data

collection software and was also used for all graphs created.
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2.2.11 Membrane Chip Analysis and Statistics

Transmission Electron Microscopy (TEM) images of the NPN used in this ex-

periment were analyzed in Mathematica in order to extract useful statistics about

the pores. A morphological feature extraction algorithm was written and used to

extract pores and other blob type objects from their high contrast backgrounds.

These images where then manually classified into four categories (noise, pore,

divot, cutoff) for the purpose of creating a training set. Positive pore detections

were considered "class 1" and "class 3" detections while classes 0 and 2 were

discarded from analysis. Class 3 objects (cutoffs) were any pores that were cutoff

from the frame of the camera and were utilized in calculating porosity only. Using

this labeled set of n = 808, a model using a Random Forest classifier was trained

with a loss of 0.290 ± 0.027 and an accuracy of 93.4 ± 2.6%. The trained model

was then used as a means to parse through feature detections on TEM images

of NPN and extract positive pore detections for further analysis. Another script

analyzed these positive detections and provided relevant statistics such as average

pore diameter (∼60 nm) and porosity (∼18.8%).

2.2.12 Nanoparticle Sample Preparation

Nanoparticles of various nominal diameters (30nm, 60nm, and 100nm) from

BBI Solutions (Crumlin, UK) were used for particle capture and critical flux

experiments. Dilutions of 107, 108, and 109 beads were made and suspended in a 1

mg/ml protein solution (BSA in PBS) to prevent the formation of bead aggregates.
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2.2.13 Definition of Critical Flux and Mathematical Meth-

ods

A membrane system is in critical flux as long as ∆ TMP < 50% in 30 minutes

for NPN experiments and ∆ TMP < 50% for 10 minutes for TE experiments. A

script was written to parse through data for each trial and calculate change in

TMP for each flux step. Since the experiments performed had similar time scales

between critical flux steps, the script analyzed the same time frames for NPN and

TE data respectively, reporting failures in meeting critical flux criteria as needed.

All pressure data presented in graphs has been processed with a mean shift filter to

reduce noise.

2.3 Results

2.3.1 Optimizing Critical Flux in Nanoporous Systems

Initially we sought to optimize conditions under which critical flux could occur

in microfluidic systems featuring nanoporous membranes. Control experiments

using PBS shows that stable transmembrane pressure regimes can occur on a low

(2.7%) porosity membrane with an average pore size of 33.2nm (Figure 2.8). In

these stable TMP regimes a relationship between TMP and ultrafiltration rate is

observed, where stable TMP increases as ultrafiltration rate increases. Protein

experiments were first performed on low porosity membranes with unprocessed 1

mg/ml BSA suspended in PBS. This fluid was used in tangential flow filtration at
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Figure 2.8: Pressure data detailing the effect of centrifugation of BSA samples on critical flux.
Experiments performed on a 2.7% porosity membrane show stable transmembrane pressure regimes
post centrifugation that are comparable to control experiments.

Qs=30µl/min and Qu=10% Qs every 45 minutes. As seen in Figure 2.8, results

were unfavorable as immediate rapid increases in transmembrane pressure occurred

at an ultrafiltration ratio Qu
Qs

= 0.1. Centrifugation to remove aggregates (Figure

2.5) provided results closer to control experiments with stable TMP regimes.

Knowing that removal of aggregates is key for inducing critical flux in

NPN microfluidic systems, the next property assessed was membrane porosity.

Additional experiments were conducted with NPN at 6.6% porosity and 18.8%
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Figure 2.9: Pressure data detailing the effect of porosity on critical flux. Experiments were
performed on a 2.7% porosity membrane and an 18.8% porosity membrane. Higher porosity allows
the system to achieve better performance in the form of a lower TMP.

porosity featuring pores with an average diameter of 50nm and 65nm respectively

and compared to the 2.7% membrane. As porosity increases, critical flux ratio

increases as well. The 2.7% porosity membranes had critical flux ratio Qu∗
Qs

=

0.283±0.048, the 6.6% porosity membrane had Qu∗
Qs

= 0.367±0.067, and 18.8%

membranes featured the highest critical flux ratio at Qu∗
Qs

= 0.967±0.033 (Figure

2.10). When directly comparing the highest and lowest porosity membranes,

critical flux at any level had lower TMPs (Figure 2.9). The intermediate porosity
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Figure 2.10: Critical flux results for NPN of varying porosities. Higher porosity membranes
elucidated higher performance with respect to centrifuged 1mg/ml BSA suspended in PBS.

had intermediate performance, as expected. With these results in mind higher

porosity membranes were selected for use in all further experiments.

2.3.2 Effect of Varying Protein Concentration and Sup-

ply Flow Rate

After optimizing conditions for the study of critical flux with ultrathin membranes,

parameter sweeps with respect to the concentration of protein solution being used
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and the top channel flow rate were performed. Higher protein concentrations were

used to assess the feasibility of analyzing undiluted biofluids. More specifically,

protein concentrations used in this research were designed as dilutions of human

blood plasma (60 mg/ml), so 60, 30, 10, 5, and 1 mg/ml were assessed. Faster

supply rates were used to assess if faster flowing protein serum would inhibit

protein cake formation on membrane surfaces. The supply rates chosen for this

assessment were 15, 30, 60, 90, and 120 µm/min.

Results from increasing protein concentration initially showed no changes

in critical flux capability (Figure 2.11). The NPN based microfluidic systems

were capable of near dead end filtration (Qu∗
Qs
∼ 1.00) with no discernible rise in

TMP up to 10 mg/ml protein concentration. Beyond that, we begin to see reduced

critical flux performance at 30mg/ml and 60mg/ml with Qu∗
Qs

= 0.367±0.033 and

Qu∗
Qs

= 0.200±0.058 respectively.

Given that 30mg/ml BSA was the first concentration level to require a tan-

gential component to maintain critical flux with NPN, the potential benefit of

increasing supply flow rate was assessed at this concentration. Results are shown

in Figure 2.12, noting that Qu
∗ is critical flux rate and Qu∗

Qs
is critical flux ratio.

Initial increases in supply rate from 15µl/min to 30µl/min displayed a critical

flux ultrafiltration rate increase of 120%. This percentage increase maintains a

consistent critical flux ratio, however, with Qu∗
Qs

= 0.333±0.067 for 15µ l/min and

Qu∗
Qs

= 0.367±0.067 for 30µ l/min. Increasing supply rate beyond this showed little

benefit as going from 30 to 60 µl/min resulted in a 27% increase in critical flux

rate but a decrease in critical flux ratio Qu∗
Qs

from 0.367±0.067 to 0.233±0.017.
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Figure 2.11: Critical flux results for varying BSA concentrations between 1mg/ml and 60mg/ml
incident upon an 18.8% porosity membrane. Dead end filtration was possible up to BSA concentra-
tions of 10mg/ml, while at 30mg/ml and 60mg/ml critical flux ratios dropped off accordingly.

Further increases in supply rate result in no performance gain, with critical flux

ultrafiltration rate plateauing around 13 -14 µ l/min and critical flux ratio decreasing

as supply rate increases.
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Figure 2.12: Critical flux results for varying supply rate Qs for the purpose of preventing protein
cake formations on the top surface of the membrane. Note that critical flux in this case isn’t
represented by a ratio rather a specific value. Small increases in supply rate provided slightly
improved critical flux rates however there are diminishing returns at higher supply rates. Overall
critical flux ratio decreases, however, signifying the advantage of using a slower supply rate.

2.3.3 Comparing NPN performance to Track-Etched Mem-

branes

With NPN critical flux performance established, data was then gathered from TE

membranes for comparison. Experiments were performed for both varied protein

concentrations and increased supply rate. For protein concentration, supply rate

was the same as NPN experiments with Qs = 30µ l/min and Quincreasingby10%Qs
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every 15 minutes. Across all experiments performed, TE devices had lower critical

flux ratios (Qu∗
Qs

= 0.433±0.067 at 1 mg/ml BSA, Qu∗
Qs

= 0.167±0.067 at 5 mg/ml

BSA, and Qu∗
Qs

= 0.067±0.033 at 10 mg/ml BSA) with no critical flux occurring

at protein concentrations of 30 mg/ml and 60 mg/ml (Figure 2.13). Given 1 mg/ml

BSA was the lowest concentration that needed a tangential flow component to

achieve critical flux in TE systems, and since the critical flux ratio Qu∗
Qs

in TE

systems at 1 mg/ml is comparable to NPN systems at 30 mg/ml (0.433±0.067 vs

0.367±0.033 respectively), 1 mg/ml BSA concentration was selected for varied

supply rate experiments in TE systems.

In contrast to NPN membrane systems, a faster supply rate actually reduced

both the critical flux rate and ratio with TE membranes (Figure 2.14). Initially,

flowing slowly at 15 µl/min with TE membranes resulted in a high critical flux

ratio with Qu∗
Qs

= 0.867± 0.067. As supply rate increased, however, observed

critical flux rate and ratio were lower. Going from Qs = 15 to 30 µl/min reduces

critical flux ratio to Qu∗
Qs

= 0.400±0.058 and critical flux rate from 13.0±1.0 to

12.0±1.7 µ l/min. Further critical flux decreases occur at Qs = 60 µ l/min (Qu
∗ =

7±4 µ l/min, Qu∗
Qs

= 0.117±0.067), Qs = 90 µ l/min (Qu
∗ = 5±1 µ l/min, Qu∗

Qs
=

0.056±0.011), Qs = 120 µl/min (Qu
∗ = 4±1 µl/min, Qu∗

Qs
= 0.033±0.008).

Differences in NPN and TE performance can be elucidated from observing

pressure data from TE experiments and comparing them directly to NPN pressure

data. Figure 2.15 depicts a comparison between NPN and track etched membranes

at a critical flux of 15µl/min with 1 mg/ml BSA. NPN displays a 5.67x perfor-

mance advantage over track etched membrane systems with an average TMP of
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Figure 2.13: Critical flux results for varying BSA concentration with both track etched membranes
and NPN results. Track etched membranes have significantly lowered performance across the board.
Note that 30mg/ml BSA on NPN and 1mg/ml BSA on Track Etched membranes offer similar
performance with respect to critical flux ratio.

0.193±0.006 PSI versus 1.125±0.193 PSI. This advantage is maintained even at

significantly higher protein concentrations. Figure 2.16 depicts pressure data for

experiments at Qs = 15 µl/min and Qu
∗ = 3 and 6 µl/min for NPN at 30 mg/ml

and TE at 1 mg/ml. Despite a 30x increase in protein concentration, TMP in NPN

membranes are lower than TE devices. Specifically, at Qu
∗ = 3 µl/min TMP in

NPN was 0.233±0.046 PSI versus 0.918±0.019 PSI in TE. At Qu
∗ = 6 µl/min

TMP in NPN was 0.261±0.018 PSI versus 1.691±0.051 PSI in TE. Part of the
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Figure 2.14: Critical flux results for varying supply rate Qs on both NPN and track etched
membranes.

driving mechanicism for poor membrane performance in track etched membranes

comes from a high initial transmembrane pressure. We define this by looking at

the average TMP in the first ten seconds of an experiment and comparing results.

In Figure 2.17 we see the effect of increasing supply rate on TMP in both TE

and NPN systems. for TE membranes, initial transmembrane pressure increases

dramatically as supply rate increases, likely deforming the polymeric structure of

these membranes and causing the subsequent decrease in critical flux performance

seen in Figure 2.14.



CHAPTER 2. CRITICAL FLUX OF NANOPOROUS MEMBRANES IN TANGENTIAL
FLOW FILTRATION 39

Figure 2.15: Stable pressure data for a critical flux of 15µl/min. NPN based systems exhibit
robust performance with lower transmembrane pressures than track etched systems at similar
protein concentrations.

2.3.4 Critical Flux Experiments with Gold Particle Cap-

ture

To model the presence of particulate in complex biofluids, 1mg/ml BSA with gold

nanoparticles were used in TFF experiments featuring NPN membranes. Initial

experiments sought to capture particles in pores and see how critical flux was

effected. We originally ran experiments with 60nm particles, matching the aver-

age pore diameter of the NPN used in this research. Experiments that matched



CHAPTER 2. CRITICAL FLUX OF NANOPOROUS MEMBRANES IN TANGENTIAL
FLOW FILTRATION 40

Figure 2.16: Stable pressure data for two critical flux values (3µl/min and 6µl/min). Even with
thirty times more BSA in solution, NPN based systems exhibit still outperform their track etched
counterparts with a lower transmembrane pressure.

particle concentration with the number of open pores on the membrane (107 par-

ticles for 107 pores) showed that achieving critical flux was still possible with

Qu∗
Qs

= 0.525±0.048 (Figure 2.18). Increasing particle concentration by orders of

magnitude maintains critical flux capability, despite hypothetically saturating the

membrane. At 108 60 nm particles Qu∗
Qs

= 0.233±0.033 and at 109 60 nm parti-

cles Qu∗
Qs

= 0.133±0.033, indicating that particles were still passing through the

membrane. This was further verified by assessing the color of the permeate, which
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Figure 2.17: Initial transmembrane pressure values for the varied supply rate experiments featur-
ing NPN and track etched membranes. The NPN data comes from experiments conducted with
30mg/ml BSA in PBS and the track etched data includes 1mg/ml BSA in PBS. Increasing supply
rates resulted in negligible TMP changes in NPN while track etched systems experienced rapid
increases in TMP.

was the same color as the gold particle laced BSA. With mixed particle (60nm

and 100nm) experiments, critical flux was slightly reduced versus 60nm particles

alone at a concentration of 107 particles with Qu∗
Qs

= 0.333±0.067. Increasing the

concentration of mixed particles by an order of magnitude resulted in immediate

TMP rise without critical flux, indicating successful fouling and capture.

For all 60nm particle experiments at a concentration of 107 particles, ∼ 80%
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of the particles were captured in pores with no protein cake formation. Figure

2.20 depicts a TEM image of a membrane under these experimental conditions.

Another set of experiments were performed with 30nm gold particles. Figure 2.19

Figure 2.18: Critical flux experimental data for particle laced biofluid experiments. The NPN
featured in this research has 107 pores available so the first set of experiments matched this number
for nanoparticle concentration. Both single and mixed particles were capable of achieving critical
flux at this concentration, however increasing concentration by an order of magnitude resulted in an
inability to attain critical flux for mixed particle experiments.

shows these experiments. As expected, no changes in critical flux occurs with the

addition of smaller particles as they simply pass through the membrane.
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Figure 2.19: Critical flux experimental data for particle laced biofluid experiments at a concentra-
tion of 109 particles. 30nm particles passed through the membrane without incident while 60nm
and 60/100nm mixed particle experiments had poor critical flux performance in comparison.
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Figure 2.20: TEM imagery of NPN after an experiment with 107 gold nanoparticles suspended in
1mg/ml BSA in PBS incident upon its surface. A capture efficiency of 80% is shown here with no
visible protein cake formation.
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2.4 Discussion

In this chapter we systematically addressed the hypothesis that ultrathin (< 100

nm thick) nanoporous membranes exhibit a higher critical flux in TFF of BSA

solutions than conventionally thick (10 µm thick) TE membranes. Increasing

membrane porosity to 18.8% and removing BSA aggregates by centrifugation

enhanced the critical flux achieved with NPN, providing a base protocol for all

future experiments. In TFF, 18.8% porosity NPN membranes were capable of

near dead end filtration up to 10 mg/ml BSA and required a tangential component

to flow for critical flux at 30 and 60 mg/ml BSA concentration. In contrast, TE

membrane systems needed TFF starting at 1 mg/ml BSA and were incapable of

achieving critical flux at 30 and 60 mg/ml BSA. Supply rate increases at 30 mg/ml

BSA resulted in moderate critical flux rate gain in NPN systems up to Qs = 60

µl/min with a plateau afterwards. TE systems with 1 mg/ml BSA experienced a

decline in critical flux rate as supply rate increased, which is explained by pressure

data where NPN systems had lower TMP than TE systems for all experiments

performed. The following sections provide some additional perspective on these

studies and their implications.

2.4.1 Protein Pre-filtration, Membrane Porosity, and Crit-

ical Flux Performance

Every experiment performed in this research relied on centrifuged BSA since low

porosity NPN was generally incapable of maintaining critical flux even at low Qu
Qs
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ratios. This is expected given that deposition of BSA aggregates on the top surface

of a membrane are a principle mechanism of membrane fouling [53] with protein

microfiltration. Literature has shown that pre-filtration of BSA solutions to remove

aggregates has increased flux performance since aggregates and denatured proteins

act as building sites for further protein deposition [54]. Knowing this, we sought to

use similar techniques in this study to limit fouling. Originally BSA solutions were

processed with a 0.2µm filter, however this actually led to worse performance with

NPN. We suspect that this is likely due to the polymeric filters shedding material

into the BSA solution that ultimately makes it way to the surface of the membrane,

acting as a catalyst for fouling. Given that NPN membranes lack the interconnected

channel structure of the polymeric membranes used in literature and are ultrathin,

NPN is highly sensitive to such intrusions. With ultracentrifugation we avoid

the issue of material shedding and successfully increased membrane critical flux

performance without compromising protein solution concentration.

2.4.2 The Relationship Between Porosity and Pore Mor-

phology

During fabrication NPN can be created at varying porosities. However, membrane

porosity is often linked with geometric nuances that can enhance or hinder mem-

brane performance beyond number of pores available. More specifically, porosity

is a function of etching time in the lithography process [2]. Higher porosity mem-



CHAPTER 2. CRITICAL FLUX OF NANOPOROUS MEMBRANES IN TANGENTIAL
FLOW FILTRATION 47

Figure 2.21: Low Porosity (2.7%) Figure 2.22: High Porosity (18.8%)

Figure 2.23: Geometric constructs in low porosity membranes such as "divots" and large pore
orifices play an integral role in the reduced performance of these membranes. Higher porosity
membranes have fully constructed pores with a slightly tapered geometry, improving their function
overall.

branes tend to have fully developed pores with elliptical or circular shaped orifices

and slightly tapered pore structure. Conversely, low porosity membranes present

large and irregularly shaped orifices with a highly tapered "bowl-in-a-hole" or sink-

like builds. Figures 2.21 and 2.22 depict TEM images of 2.7% and 18.8% porosity

NPN respectively where such differences are clearly observed. We posit that higher

orifice to pore surface area ratios provides more opportunities to form protein cake

layers. Protein deposited on a divot-like surface regime will be difficult to clear by

ultrafiltration and will ultimately provide a backbone for further protein deposition

and cake layer building. Hence, by increasing membrane porosity we increase

critical flux performance by avoiding fouling promoting geometric constructs. Note

that this explanation is not relevant for TE membranes since the nature of their
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Figure 2.24: Track etched membranes are formed by irradiating a polymer surface with ions,
leading to a consistent pore geometry. Image provided by Mehdi Dehghani (Rochester Institute of
Technology).

manufacturing (ion irradiation) leads to pores with consistent geometry (Figure

2.24).
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2.4.3 Parameter Sweep and NPN versus Track-Etched Mem-

brane Performance

When varying protein concentration, 100 nm thick NPN is capable of dead end

filtration up to a concentration of 10 mg/ml. This is in contrast to 10 µm thick

TE membranes which are incapable of dead end filtration at 1 mg/ml BSA and

fail to achieve critical flux at 30 and 60 mg/ml. At 10 mg/ml BSA, TE systems

have an average Qu
Qs

<0.1. At 10mg/ml BSA concentration, we achieve an effective

critical flux rate of 1157 LMH in NPN. This exceeds literature values for 1mg/ml

BSA in 0.2µm pore diameter TE membrane systems (220 LMH) [55] despite NPN

pores being three times smaller. These TE membranes were much thicker (10µm),

requiring a higher TMP (Figure 2.15) to drive fluid through pores. We propose that

a higher TMP lowers critical flux by increasing the chance of protein fouling on

the membrane surface (Figure 1.5). This effect leads to degraded performance at

higher concentrations, as seen in Figure 2.13. At higher transmembrane pressures,

track etched membranes readily deform due to their polymeric structure. Indeed,

the TE membranes were observed to visibly deform by bending downwards in

experiments at supply rates ≥60 µ l/min, which were notable for high initial TMPs

(Figure 2.18). This likely has the effect of reducing the diameter of pores on the

membrane surface by making them more tapered.

Given these results, NPN offers a higher performance advantage versus TE

membranes by maintaining lower transmembrane pressures. With this, we have

shown that NPN can maintain a critical flux of Qu∗
Qs

= 0.367±0.033 for 30 mg/ml
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Figure 2.25: COMSOL modeling of particle capture in a TFF configuration (post run) shows
particle deposition on a membrane surface with no set ultrafiltration (Panel A). A comparison with
85% ultrafiltration is shown in Panel B, where more particles deposit on the membrane. Simulation
data from Kilean Lucas (University of Rochester).

protein concentration. This is valuable for blood plasma based diagnostics as

undiluted plasma (60 mg/ml) will only need to be diluted by half before running

this filtration process as part of an assay.

Functionally, increasing supply rate is designed to prevent formation of pro-

tein cakes by moving fluid quickly and mitigating the chance of protein deposition

on the membrane surface by tangential flow only. Finite element analysis via

COMSOL done by others in the McGrath lab has shown that tangential flow with

no forced ultrafiltration can still deposit particles on a membrane surface, hence the

rationale for increasing supply speed (Figure 2.25). The idea of "shearing" protein

cakes is not the intended mechanic of study for this set of experiments. Indeed,

with NPN increasing the supply rate provides a slight performance improvement

in critical flux when comparing ultrafiltration rate only (Figure 2.12). However,

critical flux ratios decrease as supply rates increases. The lack of critical flux

improvement with increasing supply rate implies that "shearing" protein cakes is
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not readily possible, and that laminar flow velocity at the membrane/fluid interface

is insufficient for such clearing. Rather, ultrafiltration rate appears to be the primary

driving mechanism in determining the critical flux value.

Given that critical flux rate decreases with an increasing supply rate, the

explanation for NPN systems doesn’t work for track etched systems. Figure 2.14

shows an inverse relationship between critical flux and supply rate, where per-

formance decreases as supply rate increases. Pressure data in Figures 2.16 and

2.17 explains this phenomena. Note that the TMP at the start of an experiment is

significantly higher for track etched systems versus NPN despite using thirty times

less concentrated protein solution. As supply rate increases in track etched systems,

this initial TMP increases as well. This simultaneously deforms the polymeric

membrane surface and promotes the formation of protein cakes. Thus, the higher

pressures in track etched systems are due to their increased membrane thickness

which causes increased resistance to ultrafiltration. The rigidity of their acrylic

support layer versus PDMS in NPN devices is also a potential factor. Regardless,

our hypothesis has been validated as we see higher critical flux performance in

NPN due to a lower thickness and TMP.

2.4.4 Gold Nanoparticle Capture and Critical Flux

Biofluids feature complexity with particles and many proteins. While multi-protein

solutions were not examined in the course of this research, gold nanoparticles

were used as a surrogate for exosomes and other small particles in blood. A

"complex" protein solution was used in experiments featuring 1 mg/ml BSA and
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gold nanoparticles of varying diameters. Initial experiments with 60nm gold

particles have critical flux ratios as high as 0.5 despite particles size matching

average pore diameter (Figure 2.18). Oversaturating the membrane still allowed for

critical flux, meaning that fluid flow was still possible around particle obstructions.

Image analysis of NPN membranes also found a few pores with ∼100nm diameter.

The relationship between volumetric flow rate and pore size is non linear [56].

In NPN systems this means that the largest 20% of pores provide 50% of flow

[57]. Hence, using 60nm particles alone is insufficient to block the membrane.

Mixing 60nm and 100nm particles in 1mg/ml BSA at high concentrations negate

the membranes ability to maintain critical flux overall. High resolution separation

is depicted in Figure 2.19, where flowing 109 30nm gold particles had no effect on

membrane critical flux. Results from these experiments show similar performance

to dead end filtration.
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3. Capacity of Microporous Membranes

with Microparticle Contamination

3.1 Introduction

Operating membranes in various environments requires understanding parameters

at which systems fail so that appropriate actions can be taken before such an

event occurs. In particular, capacity is an important functional characteristic of

membranes that defines the limit of use for fouling during separation processes.

Note that the primary mode of fouling for ultrathin membranes is surface fouling

due to their lack of internal structure compared to thicker membranes. With protein

filtration, this means that membranes can act as sensors for fouling when TMP is

monitored in TFF, as rapid increases in TMP mean that a protein cake is forming

on the surface of the membrane. This is particularly useful in the production of

biopharmaceutical products where there’s a need to retain protein product from a

complex biofluid background. Fouling reduces permeate flux and can potentially

make a membrane non reusable, increasing the costs of production. If a process

is stopped once a membrane reaches capacity, the membrane can be cleaned and
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prepared for further use. Beyond cost, production of some of these therapeutics

is strictly regulated where products that fail to reduce viral contamination below

acceptable thresholds face rejection from regulatory bodies [24]. For example, in

virus derived human or animal vaccines, viral remnants are an undesired product

that need to be removed [58] and are commonly purified by membranes [34].

Thus, understanding membrane capacity in purification processes provides value

to the filtration process by providing a means to monitor avoid and ensure higher

throughput.

In addition to utility in bioprocess design, understanding the capacity of

ultrathin silicon membranes could provide an approach to growing problem of

microplastic contamination. Microplastic contamination is common across the

planet [35]. Roughly 92% of all plastics produced are not biodegradable [35, 37]

and ultimately break down into microplastics < 5 mm long [41]. Given that

these plastics are common in consumer products [43] and have been shown to

pass through the epithelia of simple aquatic organisms like Mussels [45], the

implications for human health are worrying. Techniques for assessment and

filtering of water samples are required for better analysis of the plastics problem.

Using ultrathin membranes provides a rapid method of isolating plastics from water

(Figure 3.1) and the optical transparency of these membranes enables imaging

modalities and analytical techniques unavailable to conventional membrane sources.

An understanding of membrane capacity is useful in this regard since flowing

microplastic contaminated water onto a membrane surface can cause debris cake

formations. By understanding membrane capacity we can avoid building up layers
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Figure 3.1: Microplastic contamination in drinking water from a water fountain. The membrane
in the background consists of 8 µm slits and features a variety of microplastics ranging from fibers
to particulates.

of plastic debris on a membrane surface by ceasing flow when capacity is reached.

This means that plastics on the membrane surface are visually identifiable and

optical techniques such as Raman spectroscopy are applicable for analysis.

3.2 Materials and Methods

3.2.1 Microporous Membrane Device Manufacture

Microporous membrane microfluidic devices containing 8µm slit membranes or

3µm circular pore membranes were manufactured in the exact same way as NPN

devices described in Chapter 2. Briefly, a 20 x 40 mm glass slide provided support



CHAPTER 3. CAPACITY OF MICROPOROUS MEMBRANES WITH MICROPARTICLE
CONTAMINATION 56

for a bottom channel gasket layer, and the rest of the device was assembled layer

by layer with gasket and a PDMS top support. No changes in procedure were

made in except for changing the type of chip being used. The dimensions of the

microporous chip (5.4 x 5.4 mm) and the membrane window (0.7 x 2 mm) are also

the same as the NPN chips used in Chapter 2.

3.2.2 Extended Length Membrane Device Fabrication

A limited number of devices featuring 0.5µm slit membranes that were twice

as long (5.4 x 10.8 mm) as all other membrane chips used in this research were

created. Accommodating this size increase required altering the dimensions of the

microfluidic device since the membrane window also increased to 0.7 x 8.4 mm,

and this was done in the craft cutter software. Each gasket layer was extended from

12 x 24 mm to 12 x 36 mm. The gasket layers were adjusted so that the chip gasket

layer was large enough to accommodate the larger membrane chip and all other

channels were extended as needed. Beyond an increase in length, no other changes

were made to devices featuring these membranes.

3.2.3 Mathematical Modeling of Microporous Membrane

Systems

A mathematical model was created in order to gain insight on microporous mem-

brane system behavior while fouling. Specifically, the model calculated changes in

resistivity and transmembrane pressure as the active membrane area experienced
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occlusion from simulated rectangular particles. Rectangular particles are used to

make calculations simple circular particles create more complex geometries when

occluding the membrane surface. Resistivity and pressure can be calculated from

adapting formulas from literature for rectangular channels [59]. The resistivity for

flow in a rectangular channel is shown in Equation (3.2).

Rhyd = ∆P/Q (3.1)

Rhyd =
12ηL

1−0.63 h
w

1
h3w

(3.2)

For the model we let s be an array with n= 504 elements such that s= {s1,s2,s3, ...,s504}.

This was used to simulate the number of active slits on an 8 µm slit membrane

with each si ∈ s representing a slit on the membrane. We let l be the array

l = {1,2,3,4,5} and t be the array of permutations σ of l with n = 504 elements.

The array l represents the possible absolute positions a 10 µm particle can take

on 50 µm of space on a slit assuming even space distribution, no overlap, and no

slipping. Thus, we note that all ti ∈ t have five elements. The array of permutations

σ is specifically defined as:

σ =

 l1 l2 l3 l4 l5

σ(l1) σ(l2) σ(l3) σ(l4) σ(l5)





CHAPTER 3. CAPACITY OF MICROPOROUS MEMBRANES WITH MICROPARTICLE
CONTAMINATION 58

Figure 3.2: A series of histograms detailing which spot on all slits is occupied when each slit has
a specific number of occupants.

A pseudo-random number sampling process utilizing a probability mass function

was used to fill each element si ∈ s with permutations ti ∈ t such that f : t→ s is a

one to one correspondence. Note that order matters and the highest probability for

first member for any given ti is 3. The probability mass function is as follows:

PX(x) =



0.1 x = 1,5

0.2 x = 2,4

0.4 x = 3

0 otherwise

The order of any given member si ∈ s dictates what order the particles land on that
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Figure 3.3: A diagram detailing an example of how a slit can be sequentially occupied in the
model where tm = {3,5,2,4,1} (for an arbitrary m). Each time a particle lands the dimensions of
the channel change, thus changing the resistivity of the slot. In order to avoid computational issues
pertaining to 1

0 errors, the particles used in this model were purposely made slightly smaller than
the slit width.

specific slot. So we get that s is:

s = {t1, t2, t3...t504}

An example of s could then be: {{3,1,2,4,5},{2,3,5,4,1},{3,2,4,1,5}, ...}. The

end result of the bead placement process is seen in Figure 3.2, where the order of

each particle occupying a slit are shown. The first occupants of every slit follows

the probability mass function closely but successive occupants deviate from that

pattern as expected. Each time a particle lands on the membrane the resistivity of

the membrane increases as parallel channels are added (Figure 3.3). In hydraulic
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circuits, resistors in parallel are summed such that:

Rtot = R1 +R2 +R3 + ...+Rn

Let r ∈ si. For each r ∈ si the resistivity of the slot is calculated based on the

subsequent changes in slot dimension and stored in a separate array where five

arrays (p1, p2, p3, p4, p5) are generated. Each of these five arrays contains all

resistivity calculations for a specific number of particles in slit. So p1 is the array

that contains all resistivity values for a single particle blocking a position on its

respective slit, p2 has all two particle resistivity calculations, and so on. Any pi

can be written as:

pi = {Rhyd(s1(ri)),Rhyd(s2(ri)),Rhyd(s3(ri)), ...,Rhyd(s504(ri))}

This also means that any si = {p1(i), p2(i), p3(i), p4(i), p5(i)}. To account for time,

the model takes an experimental flow rate (2 ml/min), fluid volume (50 ml), and

assumes 2520 beads present in the solution. Note that 2520 beads is the maximum

number of beads that can fill in 504 slits. Under these conditions beads land on the

membrane at about 2 beads/s. A time array was then generated at 2 Hz with 2520

elements where time = {0,0.5,1,1.5, ...1260}. If faster flow rates are needed, the

time array can be recalculated by finding the number beads impacting the surface

of the membrane per second. Then beads/s is the frequency of the time array with

a maximum of 2520 elements to control for number of beads. Since each pi is the

array that represents each slits resistivity with i particles blocking it, total resistivity
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still needs to be calculated in a manner that matches the number of beads incident

on the membrane (2 beads/s). To do so, p1 is accumulated into a new array pt such

that pt = {p1(1), p1(1)+ p1(2), p1(1)+ p1(2)+ p1(3), ..., p1(1)+ ...+ p1(504)}.

The accumulated array pt now represents the total resistivity of the membrane with

each slit experiencing one particle occlusion. Next pt +(p2− p1) is added and

appended to the array. Subtracting p2− p1 provides the change in resistivity in all

slits when a second particle is added and maintains the integrity of the order of any

si ∈ s. Adding all of these ∆ resistivities to each pt in order now makes pt the array

that represents total membrane resistivity when all slits have two particles in them.

Then pt +(p3− p2) is added, and so on until all pi have been appended in a similar

manner. The arrays pt and time are designed so that they have the same length.

They are subsequently transposed into a new array called model which maintains

the condition of 2 beads/s. This array was then plotted and gives us resistivity over

time. Resistivity was converted into pressure as well. The model was designed so

that each run of the script produced a new simulation.

3.2.4 Polystyrene Bead Sample Preparation

Polystyrene bead solutions of various nominal diameters (10 µm, 3.4 µm, and 0.87

µm) from Spherotech (Lake Forest, IL) were serially diluted in PBS and used for

capacity experiments. Before dilution and experiments, the samples were vortexed

and sonicated to ensure that the beads were homogeneously dispersed in solution

and non aggregated.
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3.2.5 Experimental Process and Data Collection

Data collection for this series of experiments used the same tangential flow setup as

described in chapter 2 except the supply rate and ultrafiltration rates were matched.

This results in a dead end filtration setup and no tangential flow will occur in the

system at the start of an experiment. Preliminary dead end filtration experiments

in a TFF setup have shown that fluid will leave the top outlet when a membrane

becomes fouled. For experiments involving 8 micron slit membranes, parameters

were set to match the mathematical model. Qs =Qu = 2 ml/min with 50 ml of

10 µm polystyrene bead laced PBS (loaded in a 60ml syringe). This results in

a 25 minute runtime for these experiments. Pressure data was gathered in the

exact same way as experiments in Chapter 2, where pressure sensors were placed

in series with the fluid device channels. Data was similarly analyzed in script

after collection. Experiments involving 3µm pores had different flow rates, with

Qs =Qu = 0.4 ml/min with 10 ml of 3.4 µm polystyrene bead laced PBS (loaded

in a 10ml syringe). The runtime for these experiments was also 25 minutes. Lastly,

experiments involving 0.5 µm slits had much slower flow rates, with Qs =Qu =

0.1 ml/min with 10 ml of 0.87 µm polystyrene bead laced PBS (loaded in a 10ml

syringe). These experiments lasted for about an hour and forty minutes.

3.2.6 Video Recording of Capacity Experiments

Transmembrane pressure was recorded in the exact same way for these experiments

as previously described in Chapter 2. The experimental setup with the pumps was
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Membrane 0.5µm 3µm 8µm

Bead Size 0.87µm 3.4µm 10µm

Concentrations Run 100k 100k 2.8k, 5.7k, 28k, 280k

Dead-End Filtration Rate 0.1µL/min 0.4µL/min 2ml/min

Table 3.1: An overview of all experiments performed in this chapter. Each experiment was run in
triplicate.

also the same, however a microscope and camera apparatus was utilized to record

particles fouling a membrane in real time. Briefly, devices were placed in a

microscope (BX51, Olympus Corporation, Tokyo, Japan) and a camera (D3300,

Nikon Corporation, Tokyo, Japan) was attached to the right eye-piece. This

allowed for recording of experiments in progress at high resolutions and frame

rates. Experiments were recorded at various magnification levels depending on

the type of microporous chip being used. Any experiment done on 8 µm slits

were recorded at 5x objective and 3 µm circles were recorded at 40x objective.

Experiments involving 0.5 µm membranes were not recorded.

3.2.7 Membrane Chip Analysis and Statistics

Pertinent information (such as slit dimensions and number of slits) about the 0.5

µm slit membranes were provided by the manufacturer of the membrane wafer. The

8 µm slit membranes and the 3 µm circle pore membranes had their characteristics

verified with microscopy. Specifically, the camera microscope system mentioned

earlier in this chapter was used to take images of the membranes. For the 8 µm

slits a manual counting process was possible as a 5x objective lens was capable of

providing a view of most of the membrane. For the 3 µm circle pore membranes a
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40x lens was needed. Several pictures were taken and an approximate number of

pores was calculated based on extrapolating the area of the frame to the area of the

membrane and the number of pores present in a frame.

3.2.8 Definition of Capacity

The capacity of a membrane is the volume of a sample that can be processed before

a significant rise in TMP occurs due to a decrease in permeability. Because we

are maintaining constant flux in our experiments, a membrane has reached its

limit when pressure rises, causing the system to fail. Thus for the purposes of this

chapter we will define capacity in terms of the number of particles occupying a

membrane when a steady and significant increase in TMP occurs. For the 10µm

polystyrene bead experiments with 8µm slits, experiments using 2.8k and 5.7k total

beads reached capacity when ∆TMP > 25% in 60 seconds. Note that this definition

was also used for the 0.5 µm slit experiments and 3 µm circle pore membrane

experiments since the number of particles in bead solution were in the same order of

magnitude as number of available spots on the membrane surface. For higher bead

concentrations on 8 µm slit membranes the timescale of fouling was shorter so the

definition of capacity was modified accordingly. Experiments featuring 28k 10 µm

beads reached capacity when ∆TMP > 25% in 20 seconds. The 8 µm slit membrane

experiments with 280k 10 µm polystyrene beads fouled the membrane in less than

10 seconds, thus the capacity time taken for these experiments was when ∆TMP >

25% in 3 seconds. Table 3.2 details information about all microporous membranes

used in this research. Occupancy will be normalized to the number of possible
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0.5µm 3µm 8µm

Pore Type Slit Circle Slit

Bead Size 0.87µm 3.4µm 10µm

Beads/Pore 55 1 5

Max Beads 90145 ∼100000 2520

Pore Density 278.7 slits/mm2 71.4k pores/mm2 360 slits/mm2

Porosity 11% 32% 15.4%

Membrane Area 5.88 mm2 1.4 mm2 1.4 mm2

Table 3.2: Information relating to capacity of membranes is depicted in this table. The row "Max
Beads" is the definition of 100% occupancy. Membranes are capable of supporting an occupancy
well beyond that number and can even remain permeable with robust bead cake formations on them.

positions on a membrane a particle can occupy that results in visible occlusion of

membrane space, although in practice membranes are capable of exceeding "total

occupancy" and can still remain permeable despite robust fouling and evidence of

bead "cake" formations.

3.3 Results

3.3.1 Mathematical Modeling of 8µm Membranes

While each simulation run is unique due to the pseudo-random process that provides

the order in which particles sequentially occupy slits, pressure data tends to be

consistent due to the geometrically limited nature of the model. Figure 3.4 depicts

a typical response in the model system. We note small increases in pressure are

apparent while slits are being partially obstructed and a dramatic rise in pressure is

noted at around 1000 seconds of runtime, which calculates to 80% occupancy. For
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the 8µm slit membrane, this translates to roughly 2000 beads incident upon the

membrane surface.

Figure 3.4: Initial pressure rises are marginal as particles accrue on the simulated membrane.
This continues until about 80% capacity is reached (roughly 1000s), where we see an inflection
point where pressure rises dramatically.

3.3.2 Experimental Results with 8 µm Slit Membranes

A summary of the 8 µm slit pore membrane bead experiments with 10 µm

polystyrene beads is detailed in Figures 3.8 and 3.9. Briefly, experiments conducted

with low bead concentrations (2.8k beads in 50ml PBS) exhibited reduced perfor-
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mance compared to the model, with capacity at 64.00± 0.05% occupancy with

1623±136 beads at an average of 870±73 seconds. Note that the pressure rise

was more subtle across all experiments performed at this concentration, reaching

an average maximum of 0.53 PSI at the end of an experiment. Figure 3.5 depicts

key frames at 375 second time intervals from an experiment recording as well as

corresponding pressure data. At a concentration of 5.7k beads per 50ml of PBS

similar results occur with capacity at 52±10% occupancy with 1317±253 beads

at an average of 329±63 seconds. The 5.7k bead experiments had a more distinct

pressure rise versus the 2.8k bead experiments (Figure 3.6). This trend continues

as particle concentration increases with results from 28k bead experiments (Figure

3.7) showing capacity at 62.7±3.9% occupancy with 1580±98 beads at an aver-

age of 84.7±5.2 seconds. The last set of experiments (280k beads) had capacity at

59.3±4.3% occupancy with 1493±108 beads at an average of 8.0±0.6 seconds.

A triplicate of experiments with 0.5µm membranes was performed with similar

results (capacity of 65.0±1.5%).
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Figure 3.5: Frames over time taken from a recording of a ∼2800 beads in 50ml PBS experiment.
Pressure is stable despite concurrent fouling in the experiment until a critical amount of active
membrane area is blocked. The resulting pressure rise is indicative of a membrane capacity, where
maintaining flux requires a higher pressure driving force.
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Figure 3.6: Frames over time taken from a recording of a ∼5700 beads in 50ml PBS experiment.
The timeframe for inflection occurs earlier than in 2.8k bead experiments.
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Figure 3.7: Frames over time taken from a recording of a∼28000 beads in 50ml PBS experiment.
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Figure 3.8: As bead concentration increases, pressure inflection points occur earlier in experiments.
Increased bead distribution density corresponds to more robust pressure inflections as well as lower
uncertainty between experiments.
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Figure 3.9: Across all experiments performed, pressure inflections tend to occur when ∼ 60% of
a membrane is occupied.
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3.3.3 Experimental Results with 3 µm Circle Pore Mem-

branes

Experiments with circular pore membranes were designed to match number of

particles with number of pores as closely as possible. The 3 µm circle pore mem-

branes have roughly 90k pores available and the 3.4 µm bead sample used in each

experiment had ∼100k beads. Experimental flow rates were slower (0.4 ml/min)

with a smaller volume passed (10 mL) compared to the 8 µm slit membrane ex-

periments, however experiment times were matched (25 minutes). As seen in

Figure 3.10, circular pore membranes started to experience a high pressure rise

at ∼80% capacity, matching the results seen in the mathematical model. More

specifically, capacity was achieved at 80.51±0.05% occupancy of the 3 µm circle

pore membranes.
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Figure 3.10: Frames over time taken from a recording of a ∼100,000 beads in 10ml PBS
experiment.
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3.4 Discussion

In this chapter we assessed the capacity of ultrathin microporous membranes

and compared the effects of pore geometry on TMP rise. A mathematical model

designed to calculate change in resistivity over time due to particle capture in 8

µm slit membranes predicted a capacity of ∼80% before a sharp rise in TMP.

Experimental results with 0.5 and 8 µm slit membranes show lower performance

with a capacity of ∼60% while 3 µm circle pore membranes are capable of ∼80%

capacity. The following sections provide some additional perspective on these

results and their implications.

3.4.1 Mathematical Modeling of Microporous Membrane

Systems

The model presented in this research is designed to emulate an 8 µm slit membrane

in dead end filtration of 10 µm polystyrene beads by first using elements in an

array to represent slits in a membrane. Membrane resistivity is then iteratively

calculated as beads impact the surface of the membrane and occupy slits. This is

done by maintaining strict boundary conditions where only 5 particles are allowed

to occupy a slit with no slipping or overlap. A volumetric flux rate of 2 ml/min is

represented by calculating the number of beads impacting a membrane surface per

second for a given amount of supply fluid and then subsequently generating a time

array using beads/s as a frequency. Beads are distributed on the membrane surface

through a pseudo-random process to mimic variability in bead placement in slits
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during actual experiments.

Certain limitations exist for this model. First, using an array based model for

probability calculations relies principally on geometric changes in the membrane

system. This means that fluid dynamics are not being considered in any calculations

which limits understanding how particles move into slits. While the model uses

a pseudo-random process to mimic particle/slit interactions, context is lost in the

form of streamlines that particles follow and path of least resistances as area is

occluded on the membrane surface. Furthermore, the pseudo-random process for

bead placement fills slits sequentially with particles one at a time. This means that

each slit must have n occupants before another slit can receive its n+1 occupant. In

contrast, some slits in experiments were observed to be fully occupied while others

had no beads in them. Particle geometry is also simplified into rectangles and

particles are incapable of slipping or filing "between spots", despite video evidence

displaying both of these behaviors. One point to note, however, is that changes

in resistivity in a slot when particles are occluding it are in the same order of

magnitude until∼ 80% occlusion is reached. This suggests that particle slipping or

overlap would have marginal effects on membrane resistivity and transmembrane

pressure overall. Given these limitations, the model works as an overall guide and

can benefit from more refinement.

Alternative techniques to model 8 µm slit membrane in dead end filtration of

10 µm polystyrene beads are possible, namely simulations via COMSOL. While

COMSOL has significantly more options for analysis and can quantitively assess

fluid dynamics within membrane systems, particle capture simulations in COMSOL
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lack the the ability to iteratively calculate membrane resistance as particles land and

adjust membrane resistivity accordingly. Instead, COMSOL calculates streamlines

first and has particles follow them until they’re trapped on the membrane surface

in one step. This work’s model is capable of iteratively calculating membrane

resistivity as particles occlude the membrane surface, making it more useful over

COMSOL for our current purpose despite its simplicity.

3.4.2 Differences in Model and Experimental Results

A surprising conclusion from this chapter is that slit based membranes (0.5 µm

and 8 µm) have a lower (∼ 60%) capacity versus 3 µm circle pore membranes (∼

80%) and that circle pore membrane results match closely with the slit membrane

model. One possible explanation for this discrepancy may lie in the porosity of the

membranes used. The 0.5 µm and 8 µm slit based membranes have porosities of

11% and 1.44% respectively, which is much lower than the 32 % porosity of the hex-

patterned circle pore membranes. For circle pore membranes, this results in a lower

resistance for transmembrane flux and a subsequently higher capacity due to the

increased number of locations for particles to occupy. We note, however, that the 3

µm membrane experiments were designed as analogues to the low concentration 8

µm slit experiments. This means that number of particles were closely matched

to number of available pores, controlling for porosity. The 8 µm membranes

experienced a small linear rise in transmembrane pressure upon reaching capacity

while the 3µm membranes experienced rapid pressure rise similar to the model.

The lower TMPs in slit membranes can be attributed to higher permeability at
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100% occupancy versus the total occlusion experienced by circle pore membranes

at 100% occupancy. Furthermore, experiments show that slit membranes will

remain permeable despite the formation of "bead cake" layers. This suggests that

transmembrane flow is still easily accessible in slit membranes despite blockages

due to the rectangular geometry of the slits while circular membranes experience

total occlusion and rapidly lose permeability during an experiment.

3.4.3 Analytical Tools for Microplastics Analysis

Plastic pollution is ubiquitous across the environment with over 79% of all plastic

ever made (∼ 4977Mt) currently sitting in landfill environments [35]. The over-

whelming majority (∼ 92% [35]) are not biodegradable [37] and will ultimately

decay into micro and nanoscale sized plastics [40]. Given this, accurate tools are

needed for microplastics assessment and recovery. Ultrathin membranes have a

number of properties that serve this purpose, namely optical transparency and fab-

rication with non-plastic components. While the studies conducted in this chapter

used simple microscopy to record membranes undergoing particle capacity experi-

ments, the unique nature of these membranes allows for enhanced interrogative

techniques such as spectroscopy and fluorescent marking. Future work involving

plastic characterizations is readily accessible through the usage of this membrane

technology and understanding of capacity.
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3.4.4 Membranes as Sensors for Bioprocessing

A common use of membrane technology is purification of viruses from biopharma-

ceutical products. This process needs precision, as regulatory bodies will reject a

product for clinical trials if it fails to meet purity criteria [24]. Furthermore, viruses

are purified from protein rich environments which runs the risk of irreversible

fouling if membranes are not monitored properly [34]. Standard protocol for mem-

brane use with virus purification also involves washing and re-using membranes

[34], increasing the need for inline monitoring processes to ensure that irreversible

fouling is not occurring. Membranes in this research show significant TMP rise

when fouling above a threshold. This mechanism makes these ultrathin membranes

potentially as a sensor for fouling, since there are negligible changes in TMP

before a fouling threshold is reached. Thus, these membranes can be utilized in the

purification process both for both filtration and as a sensor for fouling.
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4. Summary and Future Directions

4.1 Summary

4.1.1 Optimizing Critical Flux of Ultrathin NPN

Critical flux is the transmembrane flux below which a membrane based microfluidic

system experiences no fouling/flux decline with stable TMP and permeate flux [23].

This work has demonstrated that enhancing critical flux in NPN based microflu-

idic systems can be achieved by assessing protein aggregates, membrane porosity,

protein concentration, and feed supply flow rate. Compared to TE microfluidic

systems, NPN has lower TMPs and this promotes the formation of flowing protein

cakes while higher TMPs in TE systems drives protein to a membrane surface and

causing fouling.

Aggregates and denatured proteins act as building sites for further protein

deposition [54]. Thus, removing protein aggregates from a BSA protein feed solu-

tion prevents opportunistic fouling from accumulation of protein aggregates on the

top surface of a membrane [53]. Centrifuged 1 mg/ml BSA protein samples were

verified for concentration (Figures 2.4 and 2.5) operated in a TFF flow mode (Qs =
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30 µL/min, Qu = 10 % Qs every 45 minutes) with NPN achieved critical flux in

low porosity (2.7%) NPN membranes while unprocessed BSA rapidly fouled the

2.7% porosity NPN membrane at the lowest ultrafiltration ratio utilized (Figure

2.8). TMP regimes in the processed 1 mg/ml BSA sample were stable and twice as

high as control experiments conducted with PBS.

Membrane porosity contributed significantly to NPN critical flux in experi-

ments involving centrifuged 1 mg/ml BSA (Qs = 30 µL/min, Qu = 10 % Qs every

45 minutes). Increasing NPN porosity from 2.7% to 18.8% resulted in a critical

flux ratio Qu∗
Qs

increase from ∼0.3 to ∼1.0 with lower TMPs (Figure 2.9), meaning

that the 18.8% porosity NPN was capable of dead end filtration of 1 mg/ml BSA

(Figure 2.10). Transmission electron microscopy of the 2.7% and 18.8% mem-

branes revealed geometric differences between pore construction explaining this

phenomena (Figures 2.21 and 2.22). The 2.7% membranes presented high orifice

to pore surface area ratios while the 18.8% membranes presented pores that were

fully developed. A higher orifice to pore surface area ratio means that protein can

get trapped in the orifice during ultrafiltration and tangential flow is unable to clear

it, leading to more protein fouling and a subsequently lower critical flux.

Increasing protein serum concentration in NPN experiments from 1 to 60

mg/ml (Qs = 30 µL/min, Qu = 10 % Qs every 45 minutes) resulted in dead end

filtration up to 10 mg/ml BSA. Filtration of 30 mg/ml BSA was the first protein

concentration at which a tangential component was required to mitigate fouling

and promote critical flux with Qu∗
Qs

= 0.367± 0.033. Results at 60 mg/ml BSA

were lower with Qu∗
Qs

= 0.200±0.058 (Figure 2.11). A critical flux at 30 mg/ml
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is significant, however, as this mean that physiological assays involving human

plasma (60 mg/ml) would only need to be diluted by half before assessment.

Increasing supply rate initially gave modest improvements in critical flux

performance with 30 mg/ml BSA and Qu increasing by 3 µL/min every 45 minutes.

Going from Qs = 15 to 30 µL/min resulted in a 120% increase in critical flux

ultrafiltration rate while going from 30 to 60 µL/min resulted in a 27% increase.

Any further increases in supply rate were met with no change in critical flux ul-

trafiltration rate and decreased critical flux ratios (Figure 2.12). Thus, we found

that a supply rate of 30 µL/min was optimal for 18.8% porosity NPN microfluidic

systems since the critical flux ratio was highest, resulting in less sample loss with

the experimental setup.

4.1.2 Comparing NPN and TE Critical Flux

Membrane devices made with TE membranes have a similar number of pores (∼ 5

x 107 pores) and pore diameter (50 nm in TE vs 60 nm in NPN) to 18.8% NPN.

The active areas were different, with the TE membranes having 2 mm2 and NPN

having 1.4 mm2. The TE membranes had a higher resistivity than NPN since TE

membranes were 10 µm thick versus 100 nm thick for NPN. We hypothesized that

higher TMP would drive protein to the surface of a thicker membrane, resulting in

worse membrane performance due to fouling. Protein concentration and supply

flow rate critical flux experiments were performed for TE membranes and compared

against NPN results.

Protein concentration experiments in TE membranes with 1 mg/ml BSA
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(Qs = 30 µL/min, Qu = 10 % Qs every 15 minutes) resulted in Qu∗
Qs

= 0.433±

0.067, which was lower than the performance of NPN with 1 mg/ml BSA (Qu∗
Qs
∼

1). TE membranes were only able to achieve critical flux up to 10 mg/ml BSA

concentration (Figure 2.13), with significantly higher TMPs than NPN experiments

(Figure 2.15). Noting these results, we have context for how TMP degrades thicker

membrane performance with more concentrated protein solution.

Supply rate concentration experiments with TE membranes (1 mg/ml BSA,

Qu increasing by 3 µL/min every 45 minutes) had a critical flux performance

advantage at Qs = 15 µL/min over NPN (at 30 mg/ml) with Qu∗
Qs

= 0.867±0.067.

Subsequent experiments show lowered critical flux rate performance (Figure 2.14),

which is chiefly due to higher TMP as supply rate increases (Figures 2.16 and

2.17). Given these results, we note that higher TMPs in thicker membranes lead to

degraded performance at faster supply rates.

4.1.3 Gold Particle Capture

The presence of particulate in complex biofluids was modeled by mixing 1 mg/ml

BSA with gold nanoparticles and using the mixed solution in TFF experiments with

18.8% porosity membranes. The 18.8% NPN had an average pore size of about

60 nm, so 60 nm gold particles were used first and yielded critical flux capability

at all particle concentrations assessed (107,108,109) (Figure 2.18). We noted that

relationship between volumetric flow rate and pore size is non-linear [56], meaning

that 20% of the largest pores accommodate 50% of flow through a membrane

[57]. NPN membranes at 18.8% porosity feature pores as large as 100 nm, thus
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using 60 nm particles only was insufficient for blocking them and 100 nm particles

were added into the 1 mg/ml BSA solution. This resulted in no critical flux at

high bead concentrations (108,109) (Figure 2.18). Having a high concentration

of particles is shown to have no effect on critical flux is the particles are smaller

than the NPN pore diameter (Figure 2.19), so they simply pass through. Ultrathin

membranes lack internal structure, meaning that there is no means of accumulating

small particles in the membrane space and surface fouling mechanisms are the

primary driving force of fouling.

4.1.4 Mathematical Modeling of 8 µm Slit Membrane Ca-

pacity

The mathematical model created for analyzing resistivity changes in 8 µm slit

membranes calculated membrane resistivity as simulated particle blocking was

occurring. The simulated particles were rectangular and were designed to mimic

10 µm spherical polystyrene particles. A key understanding taken from that model

was that slit membrane resistivity experiences negligible changes before 80%

capacity is reached on the membrane surface (Figure 3.4). After 80% capacity,

resistivity and TMP rise dramatically.
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4.1.5 8 µm Slit Membrane and 3 µm Circle Pore Experi-

mental Results

The 8µm slit membrane experiments were designed with different concentrations,

as such the timescale of achieving capacity is faster as bead concentration increases

(Figure 3.8). The capacity results for the 8 µm slit membrane experiments are

different from the results of the model, with roughly ∼ 60% capacity in experi-

ments versus 80% in the model (Figure 3.9). Key frames and pressure/capacity

graphs from 2.8k, 5.7k, and 28k 10 µm polystyrene bead experiments on 8 µm

slit membranes are detailed in Figures 3.5, 3.6, and 3.7. The 3 µm circle pore

membranes had results closer to the mathematical model, with a capacity of∼ 80%

(Figure 3.10).

4.2 Future Directions

4.2.1 Analyzing Biofluids in TFF

Albumin constitutes between 50 to 60 percent of the protein content found in

human blood plasma [60]. The critical flux experiments performed in Chapter 2

with NPN and gold particle capture only used albumin, which lacks physiological

context due to the omission of other plasma proteins. Given that these experiments

are motivated by early cancer detection through exosome capture from plasma and

urine, complex biofluids need to be analyzed in the lens of capture experiments

that are motivated by the critical flux results obtained in this research. To this end,
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analyzing the critical flux properties of NPN in TFF of diluted plasma solutions is

necessary as a step to improve the TFF and exosome capture process for diagnostic

medicine. This work established that 30 mg/ml BSA can flow through NPN

with a tangential component in TFF. Thus, any experiments conducted will use

half diluted plasma at 30 mg/ml protein concentration flown at similar regimes

(Qs=30µl/min and Qu=10% Qs every 45 minutes) and will seek to address both

critical flux and capture efficiency.

4.2.2 Assessment of Functionalized Membrane Surfaces

Surface fouling of NPN membranes by BSA in TFF is a pressure driven process,

where TMP drives protein to the membrane surface where fouling can occur.

Functionalization of the NPN membrane surface needs to be assessed as a means

of fouling mitigation. Polyethylene glycol (PEG) coated membranes may enhance

critical flux in NPN by preventing protein cake formation. Indeed, PEG (in

conjunction with other compounds) has been used in literature to create "fouling

resistant" membranes [61]. High concentrations of BSA (30 and 60 mg/ml) will be

used since these two concentrations required a tangential component for filtration.

Flow regimes will mimic the regimes previously used (Qs=30µl/min and Qu=10%

Qs every 45 minutes) and changes in critical flux will be analyzed.
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