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Resumo

A seleccdo e optimizacao de ligandos cromatograficos para a purificacdo de biofarmacos
constitui um desafio consideravel para os profissionais de biotecnologia. No caso
particular dos anticorpos monoclonais (mAbs), ligandos sintéticos incluindo varios tipos
de interac¢bes (multimodais) podem proporcionar vantagens processuais e economicas
comparativamente a ligandos de afinidade baseados em proteinas. No entanto, a
optimizacdo das condicOes operatérias destes ligandos multimodais requer o
desenvolvimento de plataformas de rastreio de alto rendimento que sejam simples,

eficazes e de haixo custo.

Nesta tese é apresentada uma nova estratégia baseada em microfluidica para realizar uma
seleccdo rapida de condicdes operatdrias no contexto da purificacdo de mAbs a partir de
sobrenadantes de cultura celular usando cromatografia. Foram desenvolvidos dispositivos
progressivamente integrados, visando (i) a optimizacéo simultanea de multiplos ligandos
cromatograficos; (ii) a deteccdo multiplexada de diferentes moléculas-alvo em solucgéo;
(iii) a insercdo automatica e sequencial de liquido no dispositivo; e (iv) o acoplamento de
fotossensores miniaturizados para a leitura do sinal directamente no dispositivo. Os
estudos de optimizagdo em microfluidica foram realizados com moléculas (IgG, BSA)
marcadas com um fluor6foro em solucdes-tampdo ou em sobrenadantes de cultura
celular, permitindo obter a tendéncia de parametros importantes (pureza, rendimento) em
conformidade com ensaios realizados & escala laboratorial convencional. As principais
vantagens proporcionadas pelos dispositivos miniaturizados e as suas diferencas
intrinsecas relativamente a operacdo cromatografica tradicional sdo também exploradas e

discutidas nesta tese.

Este trabalho fornece importantes contribui¢fes para o desenvolvimento e melhoramento
de plataformas de optimizagdo que visam auxiliar nas fases iniciais do desenvolvimento
de processos cromatograficos. Para além disso, embora o foco tenha sido colocado na
purificacdo de mADbs, esta abordagem pode ser aplicada a outras biomoléculas de alto
valor comercial, sendo provavel que tenha um elevado impacto na purificacdo de

proteinas em geral.

Palavras-chave: Cromatografia multimodal, Anticorpos monoclonais, Microfluidica,

Optimizacéo, Fotodiodos
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Abstract

The selection and optimization of chromatography ligands for the purification of
biopharmaceuticals is a demanding challenge for biotechnologists. In the particular case
of monoclonal antibodies (mADbs), synthetic ligands comprising multiple types of
interactions (multimodal) can provide process and economic advantages compared to
protein-based affinity ligands. However, optimizing the operating window of these
multimodal ligands requires the development of simple, effective and affordable high-
throughput screening platforms.

In this thesis, a novel microfluidics-based strategy to perform rapid screening of
chromatography operating conditions in the context of the purification of mAbs from cell
culture supernatants is presented. Increasingly integrated devices were developed, aiming
at (i) performing a simultaneous optimization of multiple chromatography ligands; (ii)
addressing a multiplexed detection of different target molecules in solution; (iii)
integrating automated and sequential liquid flow in the device; and (iv) coupling
miniaturized photosensors for on-chip signal read-out. Microfluidic optimization studies
were performed using fluorescently labeled molecules (IgG, BSA) in plain buffer
solutions or spiked in real cell culture supernatants, enabling the trending of important
parameters (purity and recovery vyield) in accordance to conventional laboratory scale
assays. The main advantages provided by the miniaturized devices and their intrinsic
differences relative to a traditional chromatographic operation are also explored and

discussed.

This work provides important contributions towards the development of improved high-
throughput screening platforms for early-stage process development of chromatographic
separations. In addition, although a focus was given to antibody purification, the approach
can be applied to other high-value biomolecules and is likely to have a high impact on

protein purification in general.

Keywords: Multimodal chromatography; Monoclonal antibodies; Microfluidics;

Optimization; Photodiodes
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Figure 4.7 — Screening results based on the recovery yield parameter (Yy) for the elution
of the anti-IL8 mAb performed at different pH (7.5 — 9.5) and conductivity conditions (0
M —2 M NacCl) using (A) multimodal, (C) electrostatic, and (D) hydrophobic beads. Only
some of the experimental data points corresponding to the tested conditions are indicated

in the plots. The extreme conductivity points are outside the scale range, in order to

xXXiii



provide a uniform contour surface. (B) Elution kinetic curves obtained using Capto™
MMC multimodal beads for different pH values of the elution buffer with no salt addition
(0 mM NaCl). The asterisk (x) highlights the different scale in the case of the phenyl
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Figure 4.8 — Chromatographic profiles obtained by loading 10 pg of anti-IL8 mAbD at a
concentration of 20 ug/mL onto a pre-packed HiTrap Capto™ MMC column. Adsorption
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mM carbonate buffer at pH 9.5 containing 0 M NaCl (A), 1 M or 2 M NaCl (B). Dashed
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Figure 5.1 — Microfluidic structure used in the multiplexing experiments. (A) Schematics
of the microchambers with three different types of chromatography beads packed in series
with the flow of the solution. An artificial mixture of IgG-BODIPY FL and BSA-
BODIPY TMR was flowed through the three chambers at different operating conditions.
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Figure 5.2 — Fluorescence emission of the packed beads in the three microchambers
simultaneously monitored over time using a microscope. The chambers were packed with
a single type of chromatography beads (Capto™ MMC) and a solution of fluorescently
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Figure 5.3 — Excitation/emission spectra of the BODIPY FL and BODIPY TMR
fluorophores overlapped with the intervals of excitation/emission provided by the (A) B
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Figure 5.4 — Isoelectric focusing (IEF) gel performed with labeled and unlabeled IgG and
BSA. Lanes ID: (1) — pl broad standards 3-10 (GE Healthcare); (2) — parental IgG; (3)
IgG conjugated to BODIPY FL; (4) parental BSA; (5) BSA conjugated to BODIPY TMR.
Samples were loaded in the central part of the gel (dashed line) and migrated up or
downwards according to their isoelectric point (pl). The gel shows that the presence of
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Figure 5.5 — Calibration curves of initial solutions with known concentrations of (A) IgG
and (B) BSA conjugates used for determination of m(IgG)oyr and m(BSA)yr in the
mass balance. Protein A and Q Sepharose beads were packed in microfluidic channels to
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Figure 5.6 — Measurement of (A) 1gG and (B) BSA conjugates non-specifically bound to
the PDMS walls for fluorescence assays at increasing concentrations of conjugates in the
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MAaSS DAlANCE BQUALTIONS. ........eiuiiiiiiiieiee bbb 85
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Figure 5.8 — Separation of IgG and BSA using affinity and single-mode electrostatic
ligands. (A) Kinetic profiles for the adsorption at pH 5.5 in (i) Protein A; (ii)
Carboxymethyl Sepharose; and (iii) Q Sepharose resins. Microscopy images (A-iv) of the

three microchambers imaged in the bright field (BF), and upon excitation in the blue
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region (B-exc) and in the green region (G-exc). (B) Contour plots of the adsorption of
IgG (i-iii) and BSA (iv-vi) on protein A, Carboxymethyl Sepharose and Q Sepharose
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Figure 5.9 — Strategy followed in the optimization studies. Two different microfluidic
devices were systematically used to perform the optimization of the capture and polishing
steps, depending on the type of analysis required. The panel of three multimodal resins
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Figure 5.10 — Optimization of the capture step in terms of adsorption and elution of
labeled IgG and BSA to the multimodal ligands Capto™ MMC, MEP Hypercel™ and
Toyopearl Sulfate. (A) Contour plots of the adsorption of 1gG (i-iii) and BSA (iv-vi) on
Capto™ MMC, MEP Hypercel™ and Toyopearl Sulfate resins. (B) Contour plots of the
purity in terms of 1gG captured on (i) Capto™ MMC, (ii) MEP Hypercel™ and (iii)
Toyopearl Sulfate. 1gG purity at bead-level was calculated for each condition according
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Figure 5.11 — Optimization studies of the polishing step by performing the loading of
IgG and BSA solutions directly at the elution conditions used in the capture step. (A)
Kinetic results for the binding of 1gG and BSA to the three multimodal polishing resins
at elution conditions after the capture being performed on (i) Capto™ MMC, (ii) MEP
Hypercel™ and (iii) Toyopearl Sulfate. (B) Recovery yields and purification factors of
the polishing step, obtained with selected polishing conditions (highlighted in A).
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Figure 5.12 — Optimization studies of the polishing step by performing the loading of
IgG and BSA solutions after adjusting the elution conditions used in a previously
optimized capture step. (A) Contour plots of the kinetic results for the binding of 1gG (i-
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Contour plots of the purity in terms of BSA captured on (i) Capto™ adhere, (ii) HEA
Hypercel™ and (iii) Toyopearl NH2. BSA purity at bead-level was calculated for each
condition according to Equation 5.4. (C) Recovery yields and purification factors
obtained with selected polishing conditions, indicated in (D). Purification factors were
determined considering the average purity ((66.7 + 1.5)%) obtained after performing the
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Figure 5.13 — Chromatography purification assays performed with artificial mixtures
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column (1 mL) chromatography assays. (B) Recovery yield and purity parameters
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Figure 5.14 — Chromatography purification assays performed using a serum-containing
cell culture supernatant. (A) Capture step performed with a Toyopearl Sulfate column.
Adsorption: pH 6.5 + 50 mM NaCl; Elution: pH 9.5 + 500 mM NaCl. (B) Polishing step
performed with a Toyopearl NH2 column. Adsorption: pH 9.5 + 500 mM NaCl; Elution:
0.5 M NaOH. (C) Silver stained SDS-PAGE gel in reducing conditions. Lane 1:
feedstock; lanes 2: flowthrough fraction collected in the capture; lanes 3: elution fraction
collected in the capture; lanes 4: flowthrough fraction collected in the polishing.
Duplicates from two independent purification sequences were included in the gel. Arrows
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Figure 6.1 - Regenerable microfluidic structure comprising a main channel for bead
packing and four fluidic channels for sequential liquid insertion controlled by integrated
pneumatic valves. (A) Agarose beads functionalized with a chromatography multimodal
ligand (Capto™ MMC) were packed in a micro-column and evaluated in their ability to
capture a target mAb labeled with Alexa 430 from a cell culture supernatant. Different
solutions were flowed sequentially in an automatic manner by actuating the pneumatic
valves. (B) PDMS structure showing the selective flow of four different colored solutions
towards the micro-column. Liquid was flowed using pipette tips in the inlets and by

applying a negative pressure at the QULIEL. ..........c.covviiieiie e 108

Figure 6.2 — Fluorescence detection using photodiodes. (A) Micrograph and cross-
sectional schematic view of the a-Si:H p-i-n photodiodes used in fluorescence
measurements. The excitation light is filtered by an a-SiC:H thin-film (1.6 um thick)
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through an Indium Tin Oxide (ITO) transparent contact. (B) Transmission spectral
characteristics of the a-SiC:H filter deposited on a glass substrate and alignment of the
micro-column with packed beads on top of the photodiode array. The active photodiode
used for data acquisition is highlighted. The different curves correspond to transmission
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Figure 6.3 — Experiments using single-channel microfluidic columns. (A) Adsorption
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Figure 6.6 — Standard column chromatography assays. (A) Chromatographic profiles
obtained by loading 5 mL of cell culture supernatant onto a pre-packed Capto™ MMC 1
mL-column. Adsorption was performed at pH 5.5 and elution was accomplished at pH
9.5 with 0 M or 1 M NaCl. Absorbance at 280 nm (full lines) and conductivity (dashed
lines) of the outlet stream were continuously monitored. (B) Performance parameters
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molecules inside the microcolumn. The horizontal lines indicate the limit of detection for
each protein (38.0 pg/mL for BSA and 11.8 pg/mL for IgG), meaning the protein
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"A journey of a thousand miles begins with a single step."

Lao Tzu

Chapter 1
Introduction

The separation of biological compounds by chromatography is a well-established
technique that plays an important role in sectors such as medical and healthcare,
chemical industry, environmental industry and even in food safety applications. The
biopharmaceutical industry, in particular, uses chromatographic separations as a standard
means of achieving robust and efficient purification processes, in order to comply with
the strict purity requirements enforced by regulatory agencies [1]. Monoclonal antibodies
(mADbs) are currently the most prominent class of compounds in the pharmaceutical
pipeline, holding great promise as new therapeutic agents in the treatment of several
diseases including cancer, neurological and auto-immune disorders. According to data
from 2016, six out of ten best-selling drugs were either mAbs or mAb-derived molecules,
with sales reaching over U.S. $80 billion [2]. In fact, treatments using mAb-based drugs
have an average monthly cost per patient of U.S. $8,000 - $12,000 (e.g. for cancer
treatment) [3]. These high prices are in part associated with the complex and expensive
purification processes of mAb products, which typically rely on affinity chromatographic
steps using protein-based ligands. The drawbacks of these bioaffinity ligands (e.g. protein
A, G or L) have been widely discussed [4-7] and are namely due to their intrinsic
economical and performance limitations. In this context, novel synthetic ligands have
been receiving increasing attention as cost-effective alternatives to be integrated in the

downstream processing of mAbs or other high-value molecules [8, 9].

As an increasing number of novel chromatography ligands are being made available, the
use of high-throughput screening platforms becomes essential during the early stage
process development, when time and reagents are scarce resources. Most of the
approaches to perform a high-throughput optimization of operating conditions are based
on the use of microtiter plates [10-14], miniature columns [15-17] or micro-tips [18],
operated in robotic liquid handling stations. However, these approaches (i) rely on a
significant consumption of molecules and buffers (mg- and mL- range); (ii) require long

incubation times (several minutes to hours) per step; (iii) depend on the use of expensive



equipment to achieve parallelization and automation; and (iv) often lack the continuous

flow operation intrinsic to conventional chromatography.

In an attempt to further miniaturize liquid chromatography and circumvent some of the
limitations of current approaches, the use of microfluidics has been reported for the
purification of small quantities of proteins [19], determination of adsorption isotherms
and breakthrough curves [20, 21], and rapid screening of chromatography operating
conditions [22].

Objectives of the work

This thesis aims at addressing the challenging recovery of monoclonal antibodies by
developing innovative and cost-effective purification processes based on chromatography
ligands alternative to protein A. In particular, multimodal ligands were evaluated with
respect to the capture and polishing of an anti-interleukin 8 (IL-8) mAb in model solutions
and directly from complex cell culture supernatants. Interleukin-8 (IL8) is a key mediator
associated with inflammation and it is also implicated in other medical conditions, such
as certain types of cancer and in the pathology of cystic fibrosis [23, 24]. Multimodal
ligands comprise multiple interaction groups, such as hydrophobic, electrostatic and
hydrogen bonding, which can potentially make them ideal competitors to protein A
affinity chromatography. Their application, however, depends on a deep understanding
of the behavior of the ligands, which is very often a difficult and demanding task,
requiring extensive empirical optimization studies. In this context, an innovative

screening platform was developed using a miniaturized approach based on microfluidics.

The work here presented reports the design and development of in-house fabricated
microfluidic devices for the rapid screening of chromatographic operating conditions
using multimodal ligands, by monitoring adsorption/elution events in real-time, at bead-
level. Optimization studies were performed by immobilizing chromatography beads in a
microchannel and flowing solutions containing fluorophore-labeled proteins, namely
mADbs and BSA.

Specific objectives of this thesis comprise:

1) Assessment of the ability of multimodal ligands to selective capture mAbs directly

from culture media;



2) Optimization of binding and elution conditions of mAbs towards improved yields

and purities;

3) Development of progressively integrated microfluidic devices that enable (i) the
simultaneous optimization of multiple chromatography ligands; (ii) the
multiplexed detection of different target molecules; (iii) the integration of
sequential liquid flow in the device; and (iv) the coupling of on-chip signal

monitoring;

4) Validation of purification processes optimized in miniaturized assays using

conventional lab-scale chromatographic assays.

This thesis provides important contributions towards the development of integrated high-
throughput screening microfluidic platforms amenable to be scaled-out for early-stage
process development in a biopharmaceutical setting. Although this work was focused on
antibody separation, the approach here reported can easily be applied to different high-
value biomolecules, adding significant knowledge to the current state-of-the-art towards

the improvement of protein purification in general.

Thesis outline

This thesis is organized in eight chapters, five of which containing the description of
experimental methods and the main results achieved in this work. The footnotes in the
title of the chapter refer to publications in scientific journals resulting therefrom. The
results obtained in the context of collaborative works are also properly referenced. Each
chapter begins with a brief introduction of the state-of-the-art corresponding to the
content of the chapter and is concluded with a summary of the main achievements and

outlooks, aiming also at introducing the subsequent chapter.

Chapter 1 presents the overall motivation and main objectives of this work, as well as the

organization of the thesis.

Chapter 2 discusses the state-of-the-art on the purification of monoclonal antibodies,
namely the current standards employed in the industrial downstream processing of these
molecules and an overview of emerging chromatographic options, namely multimodal
chromatography. The relevance of high-throughput screening for the development of
chromatographic processes is also presented and the most relevant strategies employed in



this context are overviewed, namely (i) microtiter plates, (ii) micropipette tips and (iii)
miniature columns. Furthermore, the combination of microfluidics and chromatographic
separations is also reviewed in this chapter by exploring some of the few reports available
in the literature. The last section of chapter 2 establishes the transition into the novel
concept reported in this thesis, since applications in the context of the optimization of
chromatographic separations using integrated microfluidic devices are largely

unexplored.

Chapter 3 presents the detailed microfabrication processes of the devices used in the
chromatographic optimization studies presented in the subsequent chapters. The design
and functionalities included in the microfluidic structures were aimed towards an
automated device. The fabrication processes of integrated pneumatic valves and
miniaturized a-Si:H photodiodes used in the optical detection of the on-chip

chromatographic separations are also presented.

Chapter 4 introduces the first optimization studies performed in a novel microfluidic
device comprising a nanoliter column. A multimodal ligand was thoroughly studied in
terms of adsorption and elution of a fluorophore-labeled monoclonal antibody spiked in
several buffers. The results motivated subsequent optimization studies using more

complex sample solutions and improved microfluidic structures.

Chapter 5 presents the development of a multi-chamber device to perform the
simultaneous screening of three different chromatography resins. In addition, a
quantitative analytical method was developed and optimized to allow the simultaneous
detection of 1gG and BSA mixed in solution via fluorescence measurements. The
throughput of the miniaturized assays was significantly improved, and the concept of
multiplexing was presented for the first time in terms of multiplicity of chromatography

resins and target molecules analyzed in a single experiment.

Chapter 6 reports achievements towards an integrated and automated microfluidic device,
capable of being operated in a high-throughput manner for early-stage optimization of
chromatographic operating conditions. The experiments were performed using a cell
culture supernatant spiked with a fluorophore-labeled monoclonal antibody, the liquid
insertion in the device was controlled by integrated pneumatic valves and the fluorescence
signal was measured in real time at bead-level using miniaturized a-Si:H photodiodes

coupled to the microfluidic device.



Chapter 7 includes preliminary studies involving the label-free monitoring of
chromatographic separations using miniaturized a-Si:H photodiodes. Binding of native
BSA and IgG molecules to chromatographic beads inside a microchannel was
successfully accomplished by measuring the transmittance of UV (280 nm) light through
(i) a column packed with beads and (ii) a channel downstream of the column. This type
of measurements match those used in conventional chromatography assays, in which
binding/elution of molecules is performed under native conditions (i.e. without a previous
labeling procedure) and the UV sensor is placed at the outlet stream of the

chromatography column.

Finally, chapter 8 summarizes the achievements and main conclusions of this thesis and
presents an outlook for further developments and possible applications of bead-based

microfluidic systems in different areas.






"Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less."

Marie Curie

Chapter 2
Purification of Monoclonal Antibodies:
Overview and Miniaturization Strategies

his chapter covers the concepts and state-of-the-art of the two major areas of
Tinvestigation that bridged this work — chromatography and microfluidics. A
literature review of conventional and emerging chromatographic technologies for the
purification of monoclonal antibodies is firstly presented®. Then, the application of
microfluidics to perform a rapid optimization of chromatographic conditions and support
process development in this context is also covered. Important theoretical concepts are

introduced whenever necessary.

2.1. Antibody purification: a historical perspective

The dawn of antibody purification, particularly 1gG, started with the plasma fractionation
technique, in which ethanol was used to precipitate proteins at their isoelectric points.
This relatively simple method was first applied to the extraction of albumin from blood
plasma [25], and years later found an homologous application in the purification of 19gG
for the first intravenous immunoglobulin (IVIG) formulation [26]. The large production
scale of intravenous 1gG combined with the low manufacturing cost provided by the
plasma fractionation process [27], raised the debate about borrowing this method for the
purification of recombinant monoclonal antibodies (mAbs). However new trends started
to be framed in a completely different direction, with chromatographic operations playing

a major role in addressing the purification of these compounds.

Back in the 1990s, early processes for mAb purification included multiple steps organized
in a complex manner, which reflected the lack of process-wise knowledge and the need
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for improved separation media. The employed process included multiple filtration media
for harvest, the combination of a wide range of different chromatographic steps for
protein separation (including protein A, protein G, ion exchange, size exclusion and
hydrophobic interaction chromatography), the implementation of ultrafiltration and
diafiltration at different points of the process, and the use of methods involving solvents
or detergents to accomplish viral inactivation [27].

At the time, since the upstream cell culture titers were very low, there was no need to
have resins tailored for high binding capacities and the focus was centered on the ability
to rapidly process large volumes of feedstock [27]. A change in paradigm took place when
increased expression levels and higher cell densities started to be reached upstream [28-
30], and also when mAb products evolved from pure murine to fully human protein
sequences [31], which required the design of alternative and more versatile processes.
Currently, almost all marketed mAbs are produced by mammalian cell culture using either
chinese hamster ovary (CHO) or mouse myeloma cells. Advances in molecular biology
and protein engineering have led to remarkable improvements in cell culture
productivities, with antibody titres now routinely exceeding 10 g/L for the CHO
expression system [27].

The stringent requirements enforced by the regulatory agencies (FDA, EMA) fostered the
use of chemically-defined components in the production of the biopharmaceutical
products, which led to an increasing adoption of serum-free media in upstream processes.
In the downstream processes, these requirements led, for example, to the development of
recombinant protein A ligands to replace the native bacterial protein ligand [32]. The
engineering of protein A ligands was also motivated by the need of having improved
stability to pH and cleaning solutions, using milder elution pH and achieving higher
dynamic binding capacities [33, 34]. The investigation and knowledge gathered over the
years, allowed to improve the chromatographic matrices in terms of binding capacity,
rigidity, and tolerance to higher flow rates, which increased the robustness of the
chromatographic steps and simplified their integration and organization in a standardized

platform format [35].



2.2. Downstream processing of monoclonal antibodies

The introduction of biopharmaceutical products in clinical trials must cope with different
challenges, being process development one of the limiting steps. The explosion in the
number of mAbs entering clinical trials has created the need for employing a rather
standardized approach for process development to reduce the time and resources required
for this task. It is known that a high degree of homology exists among mAbs, however
even slight variations in complementarity-determining regions and framework sequences
may represent a specific purification challenge, making unfeasible the processing of
different mAb products without changes to the operating conditions. Despite these
variations, the advantages of employing a generic process with minimal optimization for
the different mAb candidates are undeniable and, in fact, this platform strategy has been
adopted by most companies working on the purification of mAbs. The platform approach
(Figure 2.1) is based on a common sequence of unit operations that were developed and
integrated to allow the maximum speed to clinic, which constitutes one of the major

competitive advantages for biotechnology companies.

Harvest
Centrifugation / Filtration

Low pH hold for viral inactivation

Intermediate chromatography
(CEX, HIC)

Polishing chromatography
(AEX, SEC)

@ Ultrafiltration / Diafiltration

Figure 2.1 — Sequence of unit operations comprising the platform approach employed in the downstream
processing of mAbs. CEX - Cation exchange chromatography; HIC - Hydrophobic interaction
chromatography; AEX - Anion exchange chromatography; SEC - Size exclusion chromatography.



The first step of the downstream processing is the initial removal of cells and cell debris
from the culture broth using centrifugation, followed by depth filtration to clarify the
cell culture supernatant that contains the antibody product. The high cell densities that are
now typically achieved increased the burden on this primary recovery, which can be
significantly challenging at manufacturing scale and may account for up to 12% of the
downstream processing costs [36].

After harvest, protein A affinity chromatography has been adopted as the capture step
of choice by most manufacturers, due to the high selectivity towards mAbs and the
extremely high purity that is achieved by directly loading the cell culture supernatants
[37]. This affinity capture step relies on the specific interaction of the antibody Fc region
with the immobilized protein A, a cell wall protein of Staphylococcus aureus (Figure
2.2). This chromatographic step is also effective in removing host cell proteins (HCP),
host DNA, process-related impurities, and potential adventitious viral contaminants,
while providing a volume reduction of the mAb product [38]. So, the excellent
performance parameters that this capture step delivers, reduce the burden on the
subsequent polishing steps, which are still required to ensure that the product complies

with the quality requirements.
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Figure 2.2 — Schematic structure of a human immunoglobulin G (IgG) monoclonal antibody. (A) Y-
shaped structure showing the four polypeptide chains (two heavy chains — Vy, Ch1, Ch2, Chsz — and two
light chains — V., C.). Variable (V) and constant (C) domains are represented in pink and yellow,
respectively. (B) Ribbon 3D representation of a human IgG with B-sheets and a-helices represented in
yellow and pink, respectively. Zoom in illustrates the binding region of protein A fragment B (pink) to
the 1gG Fc fragment. The carbohydrate moiety composing the Fc fragment is also represented. Structure
data files (1HZH [39] and 1FC2 [40]) were downloaded from the Protein Data Bank website
(http://www.rcsh.org/pdb) [41].
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Despite all the advantages, a series of limitations can also be pointed out to protein A,
being the most significant related to the high cost of the resin, which can account for over
50% of the entire downstream processing costs [26]. In addition to the economic-related
constraints, protein A also suffers from leaching problems due to the action of proteases,
which may cause the co-elution of ligand fragments along with the target antibody, and
from a poor stability to the harsh pH elution and the sanitization conditions [38]. To
address this problem, there is an increasing effort from the manufacture companies in
improving the stability of the protein A ligand (e.g. GE Healthcare developed a
recombinant protein A ligand — MabSelect SuRe™ — that can withstand 0.1-0.5 M NaOH
during cleaning and sanitization protocols). The loading capacity of the protein A resin is
often a rate-limiting step [37] to cope with the high mAD titers coming from the upstream
feedstocks [42].

The low pH applied during mAb elution from protein A is typically used for viral
inactivation, since most of the mAbs can be briefly maintained under low pH conditions
without detrimental effects. The viruses present in the purification process can be of
endogenous origin, arising from the mammalian cells used in the production of mAbs, or
can be adventitiously introduced by occasional infection of the cells during processing.
In any case, the kinetics of virus inactivation should be carefully considered [26], in order

to define the appropriate time hold for an effective pH incubation step.

The subsequent chromatographic polishing steps are aimed at reducing host cell protein
levels, host DNA, high molecular weight aggregates and leached protein A that may
remain after the capture step [37]. At least two orthogonal chromatographic steps are
typically employed, most commonly anion exchange or cation exchange
chromatography, although hydrophobic interaction chromatography can also be used [26,
37]. The sequence chosen for the polishing steps is dependent on the nature of the product
and the trace impurities to remove, in order to ensure that the final solution is in

accordance with the particular formulation to be used [43, 44].

For viral clearance purposes, a filtration step is the most suitable choice to ensure the
log reductions imposed by safety requirements, since this is a robust operation that is
relatively independent on the process parameters, and there is a wide variety of virus
filters available for the biotechnology industry [37]. In addition to viral filtration, most
chromatographic methods also have some degree of viral clearance. Total viral clearance

of the purification process is then calculated by the addition of the log reduction values
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of all orthogonal purification steps. The completion of the downstream purification
process occurs after buffer exchanging the product into the formulation buffer, which is
typically accomplished with an ultrafiltration step in diafiltration mode. This final step
is of capital importance, since its optimization allows to handle high therapeutic doses in

a limited formulation volume.

The need for cost-effective processes seems to start outpacing protein A as an industry
standard, despite all its inherent advantages, and has triggered the demand for alternative
strategies for mAbs purification [45, 46]. However, these should be capable of
successfully replace the affinity capture step and fit in a platform format. The alternatives
range from non-chromatographic techniques, namely aqueous two-phase separation,
membrane filtration, precipitation or crystallization, to chromatographic steps based on
non-biological ligands, such as traditional single-mode interaction chromatography or

emergent modalities as multimodal chromatography.

2.3. Multimodal chromatography

Multimodal or mixed-mode chromatography (MMC) can be defined as a
chromatographic method employing multiple types of interaction between a stationary
phase and a mobile phase, in which the different solutes are present. The binding modes
that are more frequently employed in multimodal ligands comprise ion exchange,
hydrogen bonding, and hydrophobic interaction groups [47], although others may be
included for specific purposes, and the magnitude of each individual interaction can be

manipulated accordingly.

Selectivities and specificities that differ from those of traditional single-mode ligands
endow multimodal chromatography with a high versatility to deal with challenging
purification problems compared to its single-mode counterparts. However, considering
the multitude of interactions that can be simultaneously promoted within a multimodal
ligand and all the factors that govern the different selectivities, the optimization of
operating conditions is an extremely complex process, in which several studies are
required. Purification studies using these ligands can start with a design of experiments
(DoE) [11, 48], to determine the conditions that will allow to take full advantage of the
multimodal potential. Monte Carlo simulations can also be of great importance in

improving the process performance [49]. In all these cases, process development relies
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on effective high-throughput screening platforms to rapidly predict the useful range of
operating conditions, before making a transition to laboratory or preparative scales.

Multimodal chromatography has been receiving considerable attention over the last 15
years (2003 — 2017), with more than 100 publications (including research articles,
reviews, patents and proceeding) per year since 2008 in ISI-index journals. According to
Figure 2.3-A there has been a steady increase in the number of publications covering
general chromatographic procedures (analytical and preparative) that exploit ligands with
multimodal properties for different applications. Figure 2.3-B shows the number of
publications covering chromatographic procedures specifically focused on the
purification of antibody-based molecules, marked by two paper-boom events in 2008 and
2013. These events may be explained by (i) an increase in the availability of automated
liquid handling platforms to perform high-throughput optimization of novel ligands and
(i) a growing interest in making multimodal ligands commercially available, facilitating
their potential application in the purification of emergent antibody-derived molecules
with biopharmaceutical interest, such as antibody fragments, for which a standardized
purification platform is not yet available. As an example, in 2017 almost 30% of the

publications were related to the purification of bispecific antibodies or antibody

fragments.
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Figure 2.3 - Number of publications addressing multimodal chromatography over the last 15 years.
(A) Publications covering chromatographic procedures in general using ligands with multimodal
properties. The search keywords were as follows: ((multimodal AND chromatography) OR (mixed-
mode AND chromatography)). (B) Publications covering chromatographic procedures using multimodal
ligands specifically applied to the purification of antibody-based molecules. The search keywords were
as follows: ((multimodal AND chromatography) OR (mixed-mode AND chromatography)) AND
(antibodies OR antibody OR IgG). The data was retrieved from 1SI Web of Science on 17™ June 2018.
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2.3.1. Design of ligands and selection of functional groups

The preparation of multimodal chromatography resins can be accomplished using
different approaches. Typically, the ligand carries two or more interactions connected via
a chemical scaffold, and additional functionalities can be introduced upon further
modifications on the scaffold. However, a simpler approach can also be used, in which
the different functionalities are equally, randomly and independently distributed on the
chromatographic support. In this last approach, two ligands are effectively present in the
resin but in such close proximity that the interaction with the same molecule occurs in a
complete different manner as if only one of the ligands was present [50]. Thus, instead of
having the different functionalities on the same scaffold, these can be provided on
separate ligands, which need to be sufficiently close to bind the target in a multimodal
fashion. These two different ways of creating multimodal ligands are schematically

shown in Figure 2.4.

o
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Figure 2.4 — Multimodal ligand rational design. (A) Different interaction groups can be randomly placed
on the chromatographic support (e.g. bead). (B) Different moieties can be attached to the
chromatographic support via connection with a chemical scaffold. Additional groups can be introduced
upon further chemical modification on the scaffold.

In multimodal ligands, the hydrophobic moiety is normally given by an aliphatic or
aromatic group, while the ionic moiety can comprise both weak and strong ion exchanger
groups, such as amino, carboxyl and sulfonic groups [51]. It should be highlighted that
weak and strong do not refer to binding strength, but rather to the charge behavior at
certain pH values. Strong ion exchangers are charged at any practical pH (2.0-10.0),
whereas the charge of weak ion exchangers depends on the pH value. Weak cation
exchangers (e.g. carboxyl groups) carry a negative charge at pH values greater than ~5.0,
while weak anion exchangers (e.g. diethylaminoethyl - DEAE) are positively charged at

pH values lower than ~9.0 [52].
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In the architecture of a multimodal ligand, there is normally a primary functionality that
governs the interaction with target molecules, while additional functional groups in the
ligand promote synergistic effects under certain operating conditions and depending on

their location relatively to the primary functionality [53].

Heterocyclic groups represent good hydrophobic patches, which due to their
hydrophobicity and dissociation properties, allow adsorption to be performed at moderate
or high ionic strengths [54-56]. In the case of ionic moieties, knowing the degree of
dissociation of the ionic groups (pKa) is important to predict the behavior of the ligand
during the purification step, particularly to achieve efficient elution upon decreasing the
working pH below the isoelectric point of the protein and the pKa of the ligand, for

example.

In addition to these moieties, hydrogen bonding groups are also reported to have influence
on the performance of multimodal ligands, through the possibility of hydrogen donation
or acceptance, although their impact is frequently subsidiary for selectivity purposes [57].
Thiophilic interactions can also be exploited for integration in multimodal ligands and are
in fact particularly advantageous in the purification of immunoglobulins (IgGs), since
these biological molecules have a known affinity towards sulfur-containing ligands [58].
The thiophilic functionality is frequently introduced by means of a reactive site for ligand

coupling, where the mercapto groups contribute with sulfur atoms for binding [54].

Regarding the supporting materials for multimodal chromatography, these frequently
comprise polysaccharide beads made of agarose or cellulose [57, 59], which are
biocompatible for protein purification purposes and, at the same time, are stable and
relatively inexpensive. In analogy to affinity chromatography, a spacer arm should also
be introduced in multimodal chromatography, to ensure adequate accessibility of the
proteins to the ligand, and depending on the groups used for the effect, it may occur that
the spacer arm contributes itself for protein binding, as reported by Burton and co-workers
[60].

2.3.2. Overview of multimodal ligands

Since the establishment of multimodal chromatography as a promising choice for the
downstream processing of biological products, there has been an increasing interest in

developing and synthesizing novel ligands for this purpose. In the context of the
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purification of mAbs, focus has been put on creating ligands that are able to work under
conditions milder than those used in protein A chromatography. Furthermore, efforts are
also being made in order to broaden the selectivity of these ligands towards different
classes of immunoglobulins or antibody-like molecules (e.g. minibodies, antibody
fragments), since in these cases protein A lacks the required specificity [61]. Some
multimodal ligands that have been routinely reported in the literature for the purification

of mAbs or mAb-related molecules are summarized in Table 2.1.

An important family of multimodal ligands is the hydrocarbyl amine family, which
includes the hexyl amine (HEA HyperCel™), the propyl amine (PPA HyperCel™), and
the 2-aminomethylpyridine ligands. The chemistry of these ligands offers hydrophobic
and electrostatic interactions and the site for ligand immobilization is provided by an
amine group, which constitutes the patch for electrostatic interactions. The binding of
proteins occurs at physiological conditions through a combination of electrostatic and
hydrophobic interactions (either aliphatic or aromatic). The elution is normally achieved
through a charge repulsion mechanism, by decreasing the pH of the elution buffer below
the protein isoelectric point and the ligand pKa, which causes both protein and ligand to
become positively charged. This constitutes the basic principle of hydrophobic charge

induction chromatography (HCIC), firstly reported by Burton and Harding [62].

Another family of ligands important to consider is the Capto™ family, which includes the
N-benzyl-N-methyl ethanolamine (Capto™ adhere) and the 2-benzamido-4-
mercaptobutanoic acid (Capto™ MMC), two of the most widely reported multimodal
ligands. The development of these ligands derive from the finding that the introduction
of hydrogen bonding groups in the proximity of the charged groups would provide high
breakthrough capacities at high ionic strength conditions [50, 63]. Capto™ adhere is a
strong anion exchanger with additional possibility of hydrophobic interactions in the
phenyl group, and a hydroxyl group for hydrogen bonding. On the other hand, Capto™
MMC is a weak cation exchanger with a phenyl group as hydrophobic moiety, an amide
group for hydrogen bonding, and a thioether group for thiophilic interaction. These
ligands are frequently referred to as “salt-tolerant” resins [64], due to their ability to
maintain high dynamic binding capacities in a range of ionic strengths from moderate to
high (e.g. 15 mS.cm™). This characteristic is particularly important for performing the
purification of biological products directly from the cell culture supernatants, which

normally have a conductivity higher than 5 mS.cm™™,
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Table 2.1 — Novel ligands synthesized to be employed in multimodal chromatography. The chemical
nomenclature, pKa and molecular structure of the ligands are indicated. The commercial name of some of
the ligands is indicated in brackets. SPall Life Sciences, $SGE Healthcare.
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The mechanism of protein elution in these two ligands is complex, as it usually requires
an increase in both salt concentration and pH value [64], in opposition to the elution by
charge repulsion that is simply driven by changes in the pH value. Several studies have
been performed in an attempt to reach optimal elution conditions, including the use of
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controlled pH gradients [66] and the evaluation of different mobile phase modifiers [9,
67-71], such as arginine hydrochloride, ethylene glycol or urea.

The group of Hearn et al. [65, 72] reports a novel class of multimodal ligands, based on
the synthesis of N-heterocyclic ligands comprising variations in the type and extent of a
common pyridyl ring substitution. These ligands were explored for protein purification
purposes, particularly antibodies, and are based on a heterocyclic ring (typically a pyridyl
ring) from which pend, for example, alkylthiol, alkylamine or hydroxylalkyl nucleophilic
groups. The pending arm enables an efficient immobilization of the ligand on the support
material, while providing a spacer arm liable to be modified to alter the hydrophobicity
of the ligand. These compounds are characterized by improved aromaticity/
hydrophobicity and dissociation properties, which lead to important performance

advantages comparing to their aliphatic or aromatic counterparts [73].

Additional ligand diversity can be introduced by incorporating extra substituents into the
heterocyclic ring, and by including analogues with one or more additional aromatic ring
structures [65]. One of the most known and used member of the heterocyclic compounds
family is the mercapto-ethyl-pyridine (MEP HyperCel™). MEP exhibits a binding
mechanism that includes a mild hydrophobic effect, an electrostatic effect caused by the
charge on the heterocyclic ring, and also a thiophilic effect on the sulfur group [74]. In a
physiological pH environment, the binding occurs through the uncharged pyridine ring,
in a way similar to the traditional HIC resins, and desorption is achieved according to the
principles of HCIC [62]. However, these new generation ligands do not suffer from the
main limitations of conventional HIC resins operated in bind-elute mode, which include
(i) relatively low binding capacities and (ii) elution pools still containing fair amounts of
salt, as sufficient binding of proteins in HIC can only be achieved with extremely high
salt concentrations (e.g. 1-1.5 M Na>SOg4, 1-2 M NaCl) [73]. It is also important to note
that the additional affinity towards immunoglobulins, in principle provided by the sulfur
atom, demonstrated by MEP HyperCel™, makes it a good candidate to replace protein A

while not relying on extremely acidic pH values for elution of the proteins [75, 76].

2.3.3. Application in the purification of monoclonal antibodies

Multimodal chromatography has been applied to the separation of a wide variety of

compounds, such as oligonucleotides [77, 78], nucleic acids [79] including plasmid DNA
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[80], oligosaccharides [81], peptides, phosphopeptides and glycoproteins [82, 83], human
growth factor [84], and monoclonal antibodies [85, 86].

The introduction of this type of chromatography into a purification workflow requires
some aspects to be considered, namely the determination of the functionalities that the
ligand should present, the optimal conditions that should be applied, the most suitable
mode of operation (flowthrough or bind-elute), and the viability of an eventual scale-up.
In addition, for a multimodal step to be industrially implemented in the purification of
monoclonal antibodies, the type and extent of the interactions ligand-antibody and ligand-
impurities should be completely understood, and the multimodal ligand must be
thoroughly characterized in terms of toxicity and tendency to leaching [47].

Capture applications

The tailored selectivities combined with the cost-effectiveness and resistance to
sanitization procedures of multimodal ligands have led to virtually all being evaluated as
potential alternatives to protein A in the capture step. According to the supplier, the
protein A resin MabSelect SuRe (~$16,000/Lresin) is approximately 5 times more
expensive than the multimodal resin Capto™ MMC (~$3,100/Lesin) and 3.5 times more

expensive than the multimodal resin Capto™ adhere (~$4,500/Lresin).

In this section, the application of multimodal chromatography as a first capture step in
the purification of mAbs or mAbs-based molecules is discussed, as well as the main
conditions applied to achieve appropriate performances, and the impact of the
particularities of each ligand in the purification design.

As previously mentioned, the antibody-selective MEP Hypercel™ resin has been
extensively studied as an eventual alternative to protein A, as it provides similar binding
capacities at approximately 25% of the cost, without suffering from ligand contamination
or instability. In a study performed by Schwartz et al. [87], the isolation of a mAb from a
protein-free cell culture supernatant was accomplished with purity values > 95% and
yields ranging from ~83% to 98%. Moreover, the MEP ligand proved to be effective in
reducing the levels of a model virus (MVM — minute virus of mice), and also the DNA
content, with a large fraction of DNA being removed during adsorption and washing
steps. The MEP ligand was preferably operated at a pH near neutrality and at

physiological ionic strength, while desorption was easily achieved by changing the pH,
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rather than by variations in the buffer ionic strength [88]. Promising results were also
reported by Guerrier et al. [89], in which MEP was used to directly capture antibodies
from (i) mouse ascites fluid and (ii) a cell culture supernatant containing 5% fetal bovine
serum (FBS). The purity values reached 83% and 60%, respectively, the latter being
further improved (>98%) by a second step comprising hydroxyapatite chromatography.
The elution pH used with MEP, although acidic (pH ~4.0), is much milder than that
typically employed with protein A chromatography (pH 2-3), which reduces the
probability of product inactivation or aggregate formation [90]. In this case, a difference
in only one pH unit can be relevant, especially for antibody molecules that are extremely

prone to inactivation under acidic conditions.

The elution at less acidic conditions is one of the most attractive characteristics transversal
to multimodal ligands, including those in HEA Hypercel™ and the PPA Hypercel™ resins
[91]. Toueille et al. [48] explored the properties of the HEA Hypercel™ ligand, which
performed better in terms of clearance of protein aggregates than protein A. In the case
of Pezzini et al. [11], a systematic screening of operating conditions was used to
investigate how variations in some parameters (pH, conductivity, load concentration)
would affect the performance of different multimodal ligands. Amongst the resins tested,
PPA HyperCel™ was the one demonstrating the highest efficiency in removing HCPs and
the highest percentage of mAb recovery. In this study, the authors showed that despite
having some similarities, the ligands tested also have specific particularities that should
be taken into account in the optimization of the purification process. For example, the
optimal conditions for the washing step were significantly variable in terms of
conductivity (7 — 23 mS.cm™), but close in terms of pH (5.5 — 6.5). Regarding the elution,
a pH ranging from 3.8 to 4.0 allowed electrostatic repulsion between the positive ligand
and the positive protein surface, at low conductivity (3 mS.cm™) to reduce the
hydrophobic interaction. Different ligands also behaved differently with respect to the
elimination of host cell proteins, as demonstrated by mass spectrometry analysis.
Nonetheless, all the resins evaluated performed very adequately for a capture step, after

optimal conditions had been previously obtained based on a model.

Synthetic ligands comprising heterocycles have also been described for the capture of
monoclonal antibodies. In the case of the 2-mercapto-5-benzimidazole sulfonic acid
(MBI HyperCel™), a negatively charged group was introduced in the ligand to repel

acidic protein impurities that would be negatively charged at the pH used for adsorption.
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On the other hand, the pH conditions can also be adjusted so that the sulfonic group
contribute to 1gG binding via electrostatic interactions, providing additional alternatives
for the binding mechanism [92]. In the work of Girot et al. [93], the MBI ligand was
successfully evaluated for the capture and separation of antibodies from different
feedstocks, including a cell culture supernatant supplemented with FBS. To deal with the
presence of albumin, the binding pH was adjusted to slightly acidic (5.2 — 5.5) conditions,
to achieve complete binding of IgG while avoiding the co-adsorption of albumin. The
binding mechanism was found to result from a combination of electrostatic and
hydrophobic interactions, although the presence of a sulfur atom in the ligand may be
considered for enhanced interaction.

Capto™ MMC, a negatively charged hydrophobic multimodal ligand, was patented for
the capture of mAbs directly from cell culture supernatants [94, 95]. Joucla and co-
workers [96] have conducted a comparative study involving this promising multimodal
ligand and a conventional cation exchanger (Capto™ S) with respect to the capture of an
antibody secreted by CHO cells. The binding conditions were optimized in a microplate
assay using a pure human immunoglobulin. It was observed that increasing the buffer
conductivity (up to 8 mS.cm™) showed not to significantly impact the antibody retention
by the multimodal resin, while using the traditional cation exchanger the retention was
expectedly reduced. The rationale for this behavior in the multimodal ligand is that a
decrease in the electrostatic interaction is counterbalanced by an increase in the
hydrophobic interaction, which translates into a salt-tolerant binding.

Kaleas et al. [97] performed a process comparison involving Capto™ MMC and protein
A affinity chromatography as the initial capture step for the purification of two mAbs
directly from harvested cell culture feedstocks. As the elution tends to be a critical task,
four different elution strategies were evaluated in the multimodal adsorbent, comprising
a pH-gradient, a sodium chloride gradient with and without urea, and an L-arginine HCI
gradient. Overall, the mAb desorption seemed to be mainly achieved by disruption of the
ionic interaction, although the disruption of other eventual interactions may enhance the
elution. The performance obtained in terms of antibody yield was comparable for all the
elution strategies employed and for the different feedstocks loaded on both multimodal
and protein A resins, with values ranging from 90 to 100%. According to the authors, the

major drawback reported for Capto™ MMC was the low level of HCPs clearance, which
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could probably be enhanced by further optimization of the elution or by introduction of a
wash step to selectively remove these proteins.

The increasing interest in using multimodal ligands with different selectivities has
motivated the synthesis of multimodal ligands a la carte [65, 98, 99] to specifically
capture monoclonal antibodies. The pyridine-based multimodal ligands reported in the
work of Mountford et al. [72] were evaluated in both static and dynamic binding studies
using pure mAb samples, with recoveries of 90% or higher being typically achieved. The
PSEA (pyridinylsulfanylethylamine) and PSPA (pyridinylsulfanylpropylamine) classes
of ligands, which differ in the length of the spacer arm between the exocyclic sulfur and
the terminal primary amine (see Table 2.1), were further evaluated in the purification of
mAbs from crude cell culture supernatants, and while the former showed a better

selectivity, the latter revealed higher capacity for protein binding.

Charged/hydrophobic multimodal ligands with strong cation exchange functionalities
appear as feasible options to be used as a capture step, unlike their anion exchanger
counterparts, which strongly interact with phospholipids and DNA, thus reducing the
capacity for purifying 1gG in a bind-elute mode. For this reason, positively charged
multimodal ligands do not directly represent an alternative to protein A and have been
mostly evaluated as intermediate or polishing steps.

Polishing applications

In the downstream processing of monoclonal antibodies, the protein A affinity
chromatography is normally followed by two additional polishing steps to fulfill the final
product specifications imposed by regulatory agencies, in terms of host cell protein,
DNA, virus and aggregate contents. The ineffective removal of these compounds during
purification can be detrimental for the safety of the therapeutic formulation, since multiple
side effects can be unpredictably triggered. The chromatography operations that are
typically employed as polishing steps can involve cation and anion exchange resins,

hydrophobic interaction resins, and ceramic hydroxyapatite adsorbents.

Considering the potential of multimodal ligands, attempts are currently being made to
remove one of the intermediary/polishing steps that are currently used in the downstream
processing of monoclonal antibodies. Manufacturing costs to produce mAb-based drugs

would be highly reduced if the purification process could combine a highly selective first

22



capture step (protein A-based or not) and only one multimodal anion exchange
chromatography polishing step, for example.

Capto™ adhere was specifically designed for the polishing of mAbs following protein A
chromatography, and it is the most widely reported ligand for this purpose. The
application of this multimodal ligand has been however limited by poor understanding of
its behavior and attributes. Nevertheless, several research studies have been performed to
evaluate its performance in flowthrough mode, particularly for aggregate removal, at a
commercial manufacturing scale [100]. Overall, Capto™ adhere is reported to perform
better than conventional anion exchange resins, exhibiting higher binding capacity for
aggregates, while individual mAb molecules flow through the resin without being
retained. Chen et al. [101] described the advantage of loading the neutralized elution
fraction from protein A directly on Capto™ adhere to achieve a reduction of dimer
aggregates. Similar finding was reported by Gao et al. [99], who were able to reach a
purity of 97.4% in terms of aggregate removal using Capto™ adhere, based on the
rationale that mAb dimers would bind more strongly to the multimodal ligand than the
monomeric forms. The authors discuss that the hydrophobicity of mAb molecules
increases with the degree of aggregation and that aggregates have more local negative
regions compared to the monomeric forms. Thus, the combination of hydrophobic and
electrostatic interactions and the existence of more binding sites provided by the
aggregates would favor the interaction with the functional groups of the positively-

charged multimodal ligand, compared to a conventional single-mode ligand.

In another study, Eriksson et al. [102] proposed a purification step to follow protein A
also based on Capto™ adhere multimodal anion exchanger. The conditions were
optimized using DoE for the operation in flowthrough mode. The authors have observed
that not only the amount of dimers/aggregates was considerably reduced (<0.1%), but it
was also possible to retain key contaminants, including host cell proteins, DNA, leached
protein A and viruses. Regarding viral clearance, two model viruses (MVM — minute
virus of mice — and MuLV — murine leukemia virus) were successfully removed using
conditions of both high and low ionic strengths, which would not be expected to occur in

a conventional anion exchanger.

Although Capto™ adhere is usually operated in flowthrough mode, there are some

examples in which the operation in bind-elute mode was advantageous as a polishing step.
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Voitl and co-workers [103] explored the possibility of using Capto™ adhere to separate
an antibody (pl = 8.3-8.6) from lysozyme (pl = 11.35), by binding the antibody at neutral
pH, while the weakly bound impurity flowed through the resin. Depending on the
isoelectric point of the mAb and the impurity protein, this may not be achieved in a pure
anion exchanger, making an apparently simple separation between two different proteins
an extremely challenging task. Other studies mention developed processes comprising a
polishing step with Capto™ adhere in bind-elute mode to consistently obtain a product
within the specifications limits in terms of HCP content, which failed when operated in
flowthrough mode [104].

In summary, the application of multimodal ligands for the polishing of mAbs can be
promising for shortening the number of steps required to achieve the final specifications
of the product. Although the primary mode of interaction relies typically on anion
exchange groups, additional groups included in the multimodal ligand allow the operation

in either flowthrough or bind-elute modes, depending on the intended purpose.

Table 2.2 summarizes purification conditions and the corresponding performance
parameters reported in the literature for multimodal ligands employed in the capture or
polishing of mAbs from different feedstocks.

As the window of operation is greatly enlarged with the multitude of interactions provided
by multimodal ligands, rapid optimization of chromatographic conditions is likely to be
required on a case-to-case basis for an effective process development. The next section
presents an overview of high-throughput screening methodologies that have been used

for early-stage optimization of chromatographic processes.
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Table 2.2 — Benchmarking of purification conditions and performance parameters obtained in the
purification of monoclonal antibodies using multimodal chromatography ligands. A: Adsorption; W: Wash;
E: Elution; PF: Purification factor; PBS: Phosphate buffered saline; HCPs: Host cell proteins; MCSGP —
Multicolumn countercurrent solvent gradient purification.

. o - Performance
Ligand Feedstock Purification Conditions Ref
Parameters
A: 25 mM phosphate + 25 mM NaCl, pH 7.2 Yield = 76%
= Cell cultu_re_supernatant W: A + 25 mM sodium caprylate Purity = 69% [89]
a 8 containing FBS
[T E: 50 mM acetate, pH 4.0 PF =140
= 32
T Protein-free A: 50 mM Tris-HCI, pH 8.0 Yield ~ 83% - 98%
[87]
cell culture supernatant E: 50 mM acetate, pH 4.0 Purity > 95%
E A: PBS Yield = 92%
>
é % Cell culture supernatant W: 5 mM sodium phosphate, pH 7.4 HCPs = 730 ppm [48]
o
)
I E: 50 mM sodium acetate, pH 5.5 Aggregates < 0.5%
z A:pH 7.3; 13 mS.cm?
3 Yield = 93%
E % CHO cell culture W: pH 5.5; 23 mS.cm 0 [11]
a8 supernatant HCPs =430 ppm
)
I E: pH 3.8; 3 mS.cm!
Z Yield: no antibodies
o § Cell culture supernatant A: 50 mM acetate + 0.14 M NaCl, pH 5.2 were found in the [93]
=g containing FBS  E: 50 mM carbonate + 0.14 NaCl, pH 9.0-9.5  flowthrough fraction
I Purity > 90%
CHO cell culture A: 0.1 M sodium citrate, pH 5.0 Yield =92% — 93% 6]
supernatant E: 0.1 M sodium phosphate, pH 7.5 Purity = 95 — 96%
% A: Variable to match the pH of the feedstock
EE E1: pH gradient from 7.0 to 10.0 Yield = 90% - 91%
g
[e] —
g CHO cell culture  E2: salt gradient from 0 to 0.3 M NaCl, pH 7.0 Monomer = 7]
O supernatant 96.8% - 98.5%
E3: 2 M urea + gradient of 0.3 M NaCl, pH 7.0  HCPs = 500 — 2600
E4: L-arginine HCI gradient from 0 to 0.3 M, ng/mg
pH 7.0
< A: 600 mM sodium sulfate + 25 mM Tris,
% pure mAb sample ~ PH 90 Yield = 85%-96%  [72]
& E: 25 mM HEPES, pH 7.0
< A: 600 mM sodium sulfate + 25 mM Tris,
& Pure mAb sample  PH 9.0 Yield = 84% - 91%  [72]
& E: 25 mM HEPES, pH 7.0
: Yield = 80.1%
o Elution pool from A: 50 mM phosphate, pH 7.5 g
2 protein A capture : HCPs = 14.5 ppm [99]
S E: 50 mM citrate, pH 2.6 Aggregates = 2.6%
=
E
S ] .
=4 Elution pool from a A: 10 mM phosphate, pH 8.0 Purity > 99.7%
8 MCSGP [104]
Capture E: 10 mM phosphate + 10 mM citrate, pH 4.0 HCPs < 3 ppm
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2.4. High-throughput screening for the development of chromatographic

processes

The design and optimization of chromatographic processes constitute a supporting pillar
of the biopharmaceutical industry. The increasing number of drug candidates demands a
short timeline from process development to launching the product, since pharma
companies can lose several million U.S. dollars for each day a potential blockbuster drug
fails to be released to the market [105].

Trial and error strategies based on univariate optimization methods are no longer
sufficient to address current industrial needs. An increase in sample throughput and a
multivariate analysis of different process parameters becomes necessary, which requires
miniaturization, parallelization and automation. Thus, the challenge lies in developing
effective high-throughput screening platforms that can work with reduced sample

materials and deliver results within a short time frame.

One of the first techniques attempting a high-throughput screening in chromatography for
isolation of biological products was reported by Mazza et al. [106] and did not yet rely
on an automated setup. This technique aimed at screening 33 displacer molecules for
protein displacement in ion-exchange chromatography (Figure 2.5). Two different ion
exchange resins were evaluated with respect to the displacement of either lysozyme or
cytochrome C. The process was initiated by equilibrating the stationary phase with 36 mL
of protein solution and the incubation times to attain complete equilibrium ranged from 5
and 7 hours, depending on the resin. The stationary phase with the protein bound under
equilibrium conditions was then distributed in 25 uL aliquots and the 33 displacers were

evaluated and ranked in terms of percentage of protein displaced.

Although a certain degree of parallelization could be attained using this strategy, the
process was laborious and time-consuming, as the analytics involved in determining the
amount of protein displaced in each case required equilibrium conditions to be reached
(incubation times of several hours). In addition, the starting material also required a
significant amount of protein to analyze, which is often a limitation in early-stage process

development.
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Figure 2.5 — Schematic representation of the high-throughput screening technique for displacer
screening. | — Equilibration of stationary phase in buffer; 11 — Load of protein solution; 111 — Stationary
phase equilibrated in protein solution; 1V — Equilibrated stationary phase distributed into aliquots to
enable parallel screening of different displacers (D); V — Amount of protein displaced (C) in each batch
determined using an appropriate analytical technique. Adapted from Mazza et al. [106].

As robotic platforms and automated liquid handling stations became widely available,
both in industry and academic laboratories, novel strategies for performing a high-
throughput screening of chromatographic processes emerged. The current miniaturized
techniques for the development of chromatographic processes are often considerably
different from laboratory-scale fixed-bed chromatography, both in format and intrinsic
operation. In this context, the most commonly used HTPD-compatible formats for initial
screening of chromatography resins or process conditions are based on (i) microtiter
plates, (ii) micropipette tips and (iii) miniature columns. These are subsequently

discussed in detail.

2.4.1. Microtiter plates

The use of 96-well microtiter plates allows a high degree of experimental parallelization
and is amenable for integration with automated liquid handling stations. However,
optimization studies in this format differ significantly from a standard chromatographic
operation in terms of hydrodynamics, as the different steps are performed in a batch mode
instead of a continuous liquid flow through the stationary phase. Consequently,
considering that a chromatography column can be regarded as cascade of equilibrium
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stages (multiple theoretical plates) where a separation occurs, a single well represents
only a single stage in such a cascade (one theoretical plate). Nevertheless, the steps
performed in a microtiter plate are the same as those in a conventional chromatographic
separation, comprising (i) equilibration of the resin; (ii) sample loading; (iii) wash of non-

specifically bound molecules; and (iv) elution.

The schematics of the batch operation using microtiter plates is shown in Figure 2.6. This
approach can be used to (i) perform equilibrium isotherm studies under different

operating conditions or (ii) optimize the performance of a particular separation.

The isotherm studies aim at correlating the concentration of a target molecule in solution
(C.) with the corresponding concentration in the stationary phase (q.) at equilibrium
conditions. The concentration (C,) can be determined by analyzing the liquid supernatant
after reaching equilibrium, while ¢, can be indirectly calculated by knowing €, and the
initial concentration of the target molecule (C;) or by eluting the target molecule and
determining the concentration in the eluate (C,;). The different concentrations can be
related by Equation 2.1, where V; and V,. correspond to the initial volume and volume of

resin in the well, respectively.

CixVi=qe XV +C, XV, Equation 2.1

To obtain a complete set of isotherm data points, the equilibrium concentration should be
varied over a range of interest, in order to fit the points to a Langmuir isotherm equation
(Equation 2.2), where gq,, is the maximum capacity of the stationary phase and K, is the

dissociation constant.

_ qm X Ce
Qe = K, +C, Equation 2.2

In the case of using the microtiter plates for the screening of different operating
conditions, it becomes relevant to evaluate the performance of the separation by
calculating the recovery yield (Y,..) according to Equation 2.3. It is important to
highlight that during the different steps some of the target protein may be lost in the

flowthrough (C, x V¢) or in the wash step (C,, x ;,), before elution is accomplished.

Y. _ Cel X Ve 100
rec T g XV, X Equation 2.3
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Figure 2.6 — Schematics of the batch operation using microtiter plates for isotherm studies or high-
throughput screening of chromatographic conditions. Liquid manipulation in the different steps can be
achieved manually or by integration with an automated liquid handling station. m,. — mass of stationary
phase (resin); V. — volume of stationary phase (resin); C; — initial concentration of target molecule; V; —
initial volume of molecule solution; g, — concentration of target molecule in the stationary phase at
equilibrium; C, — concentration of target molecule in solution at equilibrium; V; —volume of flowthrough
solution; C,, — concentration of target molecule in the wash; V,, — volume of wash solution; C,; —
concentration of target molecule in the eluate; V,; — volume of eluate solution.

Several works report the use of 96-well plates to devise purification strategies with
different chromatography resins [13, 48, 107]. Pezzini et al. [11] investigated four
multimodal resins for the direct capture of an antibody from a CHO cell culture
supernatant and characterized the contaminating host cell proteins (HCPs). Although the
use of a 96-well plate format allowed the simultaneous exploration of many conditions,
the biological material was firstly incubated for 60 min and multiple washing steps (5 min
each) were employed before elution. These lengthy incubation steps limit the number of
conditions that can be evaluated within a short time frame, therefore, mathematical
modelling allowed the authors to predict the behavior of the resins at any conditions inside
the tested range. Chu et al. [10] employed a similar approach to optimize the separation
of human serum albumin (HSA) using membrane-bottomed 96-well microtiter filter

plates operated in a vacuum manifold apparatus.

It is important to consider that there are several factors influencing the performance of
the high-throughput technique based on 96-well plates, namely (i) the reproducibility of
the aliquoted resin volume, (ii) the contact time of the solution and resin during mixing,
and (iii) the volume of liquid carried through the resin after the liquid phase is removed
by centrifugation or vacuum filtration. Along these lines, Coffman et al. [12] performed

a study centered on the manipulation of a miniaturized batch-binding system for protein
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purification and quantification of error and non-idealities associated with such system.
As a conclusion, the authors highlight that the results of the miniaturized platform are not
necessarily identical to those obtained in conventional chromatography columns,
however they enable the trending of important parameters (purity and recovery yield) and

are sufficient to assist in the development of chromatographic processes.

2.4.2. Micropipette tips

Miniaturization of chromatography in a micropipette tip format consists in immobilizing
the chromatography resin at the bottom of a pipette tip (volume of resin can range from
10— 160 uL). Unlike the operation in a chromatographic column, the sample and different
buffers are pipetted bi-directionally (back and forth) through the stationary phase during
each dispense-aspiration cycle (Figure 2.7). Therefore, each aspiration operation
corresponds to a single stage of equilibrium, similarly to the batch operation using
microtiter plates. However, in the case of micropipette tips there is a dynamic flow of the
solutions through the chromatographic bed, which improves the efficiency of mass

transfer and decreases processing time (no convective mixing is required).
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Figure 2.7 — Schematic diagram of the micropipette tip format. The chromatography resin is encased at
the end of the pipette tip and capture, wash and elution steps are performed in parallel for up to 12
samples simultaneously from a 96-well microtiter plate. The photograph inset shows the affinity
purification of a fluorescently-labeled antibody sample using protein A beads trapped in the micropipette
tip: | — Low concentration Alexa488-labeled antibody showing low fluorescence intensity; 1l — Protein
A micropipette tip column after processing the antibody sample. The Alexa488-labeled antibody was
successfully captured and the sample was purified by washing the column. Adapted from PhyNexus
webpage.
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It is important to highlight that the bed height of the micropipette tip is slightly tapered,
which means that the linear velocity of the liquid will change through the
chromatographic bed. For this reason, the optimization of linear velocity and residence
time is crucial in the development of a micropipette tip-based purification process, as
reported by Wenger et al. [108]. The authors were able to successfully scale-down 1000-
fold the purification of virus-like particles (VLPs) from a yeast cell lysate by operating
micropipette tips (40 — 80 uL resin) in a robotic workstation equipped with a microtiter-
plate gripping arm and an eight-channel pipetting arm with disposable tip adapters
(Figure 2.7). The linear velocities used in the assays were optimized to be within the
range of typical laboratory column operations, however reduced residence times were
obtained due to the short bed height inside the tip. The strategy adopted by the authors to
increase the residence time was to perform multiple aspiration-dispense cycles, which
allowed the binding of >87% of the VLPs. The throughput of the experiments was
improved by 10-fold and, overall, the results obtained in the miniaturized platform were

concordant with the lab-scale method in terms of VLP recovery and purity.

Chhatre et al. [18] reported additional parameters that need to be optimized in the robotic
operation of chromatography micropipette tips, which mostly rely on iterative and trial
and error proceedings. One is the distance of the tips to the bottom of the wells plates, to
ensure that the resin remains covered with liquid at full aspiration and avoid the risk of
aspirating air during the operation. The other is the delay time between aspiration-
dispense cycles, to account for the resistance to fluid flow imposed by the packed bed

inside the tip, particularly when pipetting viscous solutions.

In a comparative study of three high-throughput screening formats (96-well filter plates,
micropipette tips and miniature columns) by Feliciano et al. [15], the quality and process
performance attributes of mAb monomer purity, host cell protein levels and yield were
evaluated for a protein A capture step. From all the formats, the micropipette tips
underperformed in terms of recovery yield (~5% lower than other formats) and
reproducibility (2.5% RSD vs 0.5-1.5% RSD for other formats). Nonetheless, this study
reinforces the idea that miniaturized formats are useful to support optimization of
chromatographic processes by enabling the identification of significant parameters and

experimental trends.
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2.4.3. Miniature columns

The miniaturization of chromatographic operations has proved difficult to establish on
automated liquid handling stations mainly due to the need for a continuous, positive
pressure-driven flow through the column. The latter fails to be provided by miniaturized
formats as microtiter plates and micropipettes tips, but can successfully be achieved when
using miniature columns, which mimic more closely a conventional packed-bed format.
Still, the packing densities are not comparable to the ones used in industrial process
settings, since the diameter of these columns is only one to two orders of magnitude

higher than the diameter of the most relevant large scale beads (e.g. 90 um).

Miniature columns can be provided in a 96-array format organized in a series of blocks,
each containing 8 columns arranged side-by-side, which are compatible with both manual
operation (standard pipettes or centrifuges) or with robotic platforms. The work of
Wiendahl et al. [109] reports the use of 200 uL Media Scout RoboColumns™ (Repligen)
operated in a robotic liquid handling station to study dynamic chromatographic
operations, such as frontal analysis (breakthrough) and elution experiments. The
miniature columns consisted of a conical duct coupling the pipetting needle of the robotic
workstation to the inlet of the column, sealed by an O-ring. The resin was compressed
from the top of the column, by using the conical duct as a pressing stamp. This setup
allowed a reproducible packing of the resin, a tight but flexible linkage between the
pipetting needle and the miniature column, as well as the possibility of a constant positive
pressure-driven flow through the column (Figure 2.8-A). Fraction collection was
performed directly beneath the miniature column using 96-well plates, and the smallest
fraction size amenable to be collected was determined to be ~25 uL (approximately the
size of the droplets leaving the columns, representing 12.5% of the resin volume). This
volume represents a limitation in terms of analytical quantification, since a sufficient
liquid height inside the wells is required for an appropriate signal read out in a
spectrophotometer. The difficulty of measuring with accuracy the volume of the collected
fractions is another limitation of this method. An overview of the experiments performed
by the authors is shown in Figure 2.8-B for breakthrough and elution studies. Major
challenges were related to well-to-well deviations caused by variations in the number of
droplets collected per fraction and the difficulty in performing a linear gradient for the
elution. Since each column is connect to a single pump via the pipetting needle, a linear

gradient has to be mimicked by a series of small steps, as illustrated in Figure 2.8-B.
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Nevertheless, the methodology to collect fractions during the chromatographic operation
and the application of a quasi-linear gradient allowed to obtain consistent results between

the miniaturized and lab-scale approaches.

While this screening format is still unlikely to provide a baseline separation of molecules,
its application has been successful in rapidly providing information on promising
chromatographic systems to test at lab or pilot scale processes [16, 17].
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Figure 2.8 — Automation of parallel chromatography on a liquid handling station (LHS).
(A) Components on a Tecan Evo Freedom 200 LHS: A — pipetting tip of the LHS; B — 96-column array;
C — column array carrier; D — Te-link module; E — microtiter plate in collect position. (B) Schematic
overview of chromatography experiments performed using the LHS. Adapted from Wiendahl et al.
[109].

2.5. Chromatographic separations using microfluidics

Liquid chromatography is one of the most extensively studied method for analytical and
preparative application in the separation of biological compounds, so there is a
particularly high demand for its miniaturization [110]. In fact, over the last 18 years there

has been a significant increase in the number of publications combining chromatographic
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operations and microfluidic devices (Figure 2.9). It is interesting to note that this
increasing trend started in 2000 alongside the introduction of new technologies in
microfluidic chip fabrication, namely the soft-lithography technique for

polydimethylsiloxane (PDMS) replica molding [111].
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Figure 2.9 — Number of publications covering chromatographic applications in microfluidic devices
over the last 18 years. The search keywords were as follows: ((chromatography) AND (microfluidics
OR microfluidic)). The data was retrieved from 1SI Web of Science on 171 June 2018.

Microfluidic devices offer the possibility of constructing chromatographic columns
containing different types of stationary phases, such as functionalization of the channel
walls, in situ generation of monoliths or particle-based packings. The latter, in particular,
presents several challenges, namely in terms of (i) strategies for particle retention in the
microfluidic channel, (ii) preparation of reproducible and compact microcolumns, and

(iii) strong dependence of back pressure during operation.

In order to achieve comparable versatility to their column-based counterparts,
microfluidic devices for chromatographic separations are being integrated with flow
control functionalities [112] (e.g. valves and pumps) and various types of miniaturized
sensors for on-chip signal monitoring [113, 114].

2.5.1. Concept and critical variables

The flow in microfluidic channels is typically characterized by a laminar regime (Re <<
1), meaning that mixing only occurs through molecular diffusion [115]. In the particular
case of chromatographic separations, this characteristic can be a limitation if one
considers the integration of a gradient generator [116] for performing an elution in

gradient mode or for testing different buffer compositions in high-throughput screening
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applications. In a microchannel with packed beads, an increase in the Reynolds number
Is expected, as the liquid velocity through the beads will increase by a factor of
approximately 2-fold, assuming a bed void fraction of 0.55 [117]. Nevertheless, the

laminar regime conditions are maintained.

Considering a typical rectangular microchannel, with 100 um width and 20 um height, a
surface-to-volume ratio of ~10° m?/m? is obtained. In this scenario, the maximum degree
of interaction of the molecules in solution with the surface of the channel can be evaluated
by the Péclet number (Pe), which measures the ratio of convective to diffusive forces
according to Equation 2.4, where U is the characteristic flow velocity, L is the
characteristic channel dimension, and D is the diffusion coefficient. In this case,
considering a flow rate of 0.5 uL/min (U ~ 10 m/s), the characteristic Péclet number is
about 10° for a typical antibody (D ~ 10°12 m?/s [118]). This means that the molecules at

the center of the microchannel have a very limited interaction with the channel walls.
Pe =UL/D Equation 2.4

Therefore, in microchannels there is a compromise between a high rate of molecular
capture and a high efficiency of capture. This implies that if a rapid supply of molecules
is required (high flow rates), a larger fraction of molecules (>90%) will be lost [119]. In
the case of on-chip chromatography, the insertion of nanoporous microbeads in a
microchannel leads to a pronounced enhancement of the surface-to-volume ratio by a
factor of 50 [120] considering for example 4% cross-linked agarose beads. The short
analyte transport length, reduced to the distance between adjacent beads and bead pore
sizes, results in a simultaneous enhancement in both the rate and efficiency of capture of
biomolecules [121, 122].

One of the main performance parameters of a chromatographic separation system is the
number of theoretical plates, N, that can be accommodated by a column of a certain
length, L, and resolved by an appropriate detection scheme. The number of theoretical

plates can be determined by Equation 2.5, where H is the column plate height.

N=L/H Equation 2.5
The plate height is also related to peak broadening of a sample eluted from the column,
as expressed by the Van Deemter equation (Equation 2.6), where A, B and C are variables
associated to various characteristics of the column and u is the mobile phase linear

velocity through the column. In the case of conventional packed columns, 4 is influenced
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by the packing quality, B is a function of longitudinal diffusion in the column and ¢
accounts for the resistance to mass transfer in both the stationary and mobile phases [123].
Band dispersion in microfluidic chromatography columns can be improved using beads
with increasingly reduced and monodisperse dimensions (& = 2-5 um), to avoid

irregularities between spherical particles and the presence of large stagnant spaces.

B
H=A+ " +Cu Equation 2.6

Therefore, according to Equation 2.5, it becomes clear that scaling down the column
length (L) results in a decreased number of theoretical plates (N) assuming a constant
plate height (H), which adversely impacts the performance of the separation [123]. This
is particularly relevant if an analytical application is pursued. On the other hand, such
decrease may not be significant if the device is intended to be used for the optimization

of chromatographic parameters and separation performances (bead-level analysis).

Modelling approaches applied to microfluidic chromatographic systems can be used to
describe and further understand binding of biological molecules to the chromatographic
resins at bead-level. The analytical methods currently used at macroscale fail at capturing
the concentration variations of the biomolecules through the column, which are dominant
in microscale systems. In this context, the work of Gerontas et al. [117] reports a model
to describe the hydrodynamics, mass transfer and adsorption/desorption kinetics of
chromatographic processes at bead-level. The main concept is shown in Figure 2.10-A,
in which chromatography beads were trapped inside a microfluidic channel by fabricating
two channels at different heights and fluorescently labeled lysozyme was used as a model
protein to study the breakthrough profile through the column. Important assumptions
reported by the authors include (i) the mass transfer within the beads being controlled by
diffusion and (ii) the target protein not significantly binding to the walls of the
microfluidic column [117].

As chromatography beads are normally inhomogeneous in terms of size distribution, it is
difficult to obtain a regular packing inside the microchannel, which causes bed void
fractions above 0.5 to be frequently obtained in these systems. The simulation results of
Gerontas et al. [117] show that the higher void fraction occurs in the vicinity of the walls
of the channel, as spherical beads cannot be properly accommodated close to the walls,
which causes a higher level of protein concentration in these areas. This can be seen in

Figure 2.10-B (cross-sectional view of the channel), where deep red areas (high
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concentration of lysozyme) are located near the walls of the channel and deep blue areas
(low concentration of lysozyme) are located inside the beads.
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Figure 2.10 — Example of chromatography modelling to describe protein adsorption at bead level using
a microfluidic channel with packed beads. (A) Three-dimensional schematic view of the microfluidic
column. According to the simulations performed by the authors [117], the number of beads in the
microfluidic column is ~4700 and their diameter is normally distributed between 40 and 100 um (average
bead diameter: 70 um). The bed void fraction was estimated to be 0.55. (B) Lysozyme concentration
profiles at the liquid phase of the column 250 s after loading (protein initial concentration 1 mg.mL2).
The left-hand side image gives a bird’s-eye view of the lysozyme concentration profile on a plane
oriented parallel to the direction of the flow. The right-hand side image provides lysozyme concentration
cross-sectional profiles, oriented perpendicularly to the direction of the flow. Adapted from Gerontas et
al. [117]. (C) Scanning electron microscopy images of chromatography resins showing Sepharose 6FF
(6% cross-linked agarose) and MabSelect (protein A ligand, 6% highly cross-linked agarose).
Micrographs were taken post-critical point drying. Adapted from Nweke et al. [124].

In terms of fluid flow across the column, the liquid velocity inside the pores is
approximately zero (dead-end pores), and the hydraulic resistance through the pores is
much higher than in the bulk of the interparticle space. Thus, the transport of
biomolecules in solution through the pores of the beads occurs uniquely by diffusion
mechanisms, creating a transient gradient of protein concentration from the surface to the
inner space of the beads [125]. Depending on the percentage of agarose and extent of the
cross-linking process, different magnitudes of pore sizes can be achieved. The

micrographs in Figure 2.10-C show examples of commercially available
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chromatography beads [124] where pores of approximately 100 nm can be visualized,
1000-fold smaller than the typical height of a microfluidic channel.

2.5.2. Applications in the context of biomolecule purification

Microfluidic-based approaches are well suited as a miniaturized and automated
technology for preparing small quantities of pure molecules on demand, which has been
increasingly explored for personalized health-care diagnostics and point-of-use
production treatments [19]. In addition, the development of miniaturized processes
consuming small amounts of sample and offering a continuous liquid flow through a
chromatographic column is necessary for optimizing chromatographic separations in
early stages of process development [20, 21, 126].

The work of Shapiro et al. [20, 126] reports the development of a glass microchip for
quantifying protein breakthrough using standard preparative chromatography beads
(Figure 2.11-A). The system allows the visualization of binding/elution events within a
packed chromatography bed (W = 0.15 mm; L = 10 mm; H = 1 mm) using fluorescence
microscopy. The device was operated at “zrue” flow rate conditions (i.e. comparable to
those typically used at bench scale) and the results in terms of breakthrough and elution
studies showed good quantitative agreement between the microfluidic column and 2-mL
and 30-mL conventional columns. Along the same lines, Rho et al. [21] developed a
valve-integrated microfluidic device for determining the adsorption characteristics of a
molecule (~6 pg per experiment) to commercial beads. The device could automate the
process of (i) trapping the beads, (ii) loading the beads and reagent solutions into a
reaction chamber, (iii) mixing the solutions, (iv) circulating the beads in the solution and

(v) determining the concentration of the target molecules bound to the particles.

The versatility of microfluidic devices enables creative approaches for addressing specific
purification challenges, as demonstrated by Millet et al. [19] in a device that combines
different chromatography modules for point-of-care protein purifications (Figure 2.11-
B). The architecture of each module consisted of a single inlet with branched channels to
uniformly distribute the liquid when entering the chromatographic column (W =7 mm;
L =1.2cm; H =130 um) (Figure 2.11-B i) and the beads were retained inside the column
by a line of rectangular barriers placed in the direction of flow path at both ends of the
column (Figure 2.11-B ii). The performance of the chromatographic module was

evaluated by monitoring the fluorescence emission of eGFP during loading, saturation
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and elution (Figure 2.11-B iii-v). Although the fabrication of the device was relatively
complex, it was possible to customize different sequences of chromatography operations
by manually interconnecting the microfluidic modules using cast-in-place 3D fluidic
bridges (Figure 2.11-B vi-vii). This approach eliminates the need for fabricating new
devices for different fluidic configurations, however, it introduces a significant dead

volume in the fluidic path compared to a structure with built-in microfluidic connections.
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Figure 2.11 — Examples of chromatographic separations combined with microfluidics. (A) Schematic
diagram of an experimental setup used for microfluidic elution chromatography. Start buffer and elution
buffer were pumped through a nanomixer into the microfluidic column containing Q Sepharose FF
beads. Fluorescently labeled proteins were injected into the microfluidic column and measured
downstream of the column using a fluorescence microscope. Adapted from Shapiro et al. [20, 126].
(B) Modular microfluidics for point-of-care protein purifications. (i) Modular design for ion exchange
chromatography (11 pL bed volume). (ii) Beads were retained in the separation chamber using a line of
rectangular microporous barriers in the flow path at both ends of the column. (iii-v) Capture, column
saturation and elution of e-GFP using a microfluidic chamber packed with DEAE Sepharose. (vi-vii)
Module customization with fluid paths through 3D fluidic bridges. Red or blue dyes were injected into
the two independent paths. Adapted from Millet et al. [19]. (C) Microfluidic chip for purification and
enrichment of virus using hydroxyapatite chromatography. Selective elution of impurities (proteins) and
viruses was accomplished using two different elution buffers. Reproduced from Niimi et al. [127].

For a different application, Niimi et al. [127] reported a microfluidic chip for virus
purification and enrichment by hydroxyapatite chromatography, aiming at detecting an
early-stage virus infection at the point-of-care. The authors propose a novel and simple
valve mechanism that allow valve switching by hand (Figure 2.11-C), which is an
attractive feature for a portable device that can be used by non-specialized personnel. The

results showed that viruses were successfully isolated from a suspension containing FBS
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proteins as model impurities, and good enrichment efficiencies were obtained upon

optimization of the design of the microcolumn (W =1 mm; L =20 mm; H =100 um).

2.5.3. Integration of miniaturized valves and photodetectors

The use of conventional microfluidic systems often relies on bulky off-chip equipment,
such as pumps, centrifuges and microscopes for flow driving, sample preparation and
monitoring, respectively, which limit their implementation in clinical, laboratory or field
environments. Recent developments in microfabrication technologies have been allowing
to obtain ‘self-contained’ microfluidic systems, which are able to perform multiple
functions, including driving and control of fluid flow, sample preparation, purification,

concentration and detection of targets, and quantitative real-time analysis of results [128].

For chromatographic applications, the possibilities offered by microfluidic devices in
terms of integration allow to create autonomous systems that can closely resemble the
operation in traditional chromatography equipment. Miniaturized valves are the most
often reported component integrated in chromatographic microfluidic devices, as
metering and sequential addition of reagents is fundamental for chromatographic
separations. The introduction of multilayer soft-lithography techniques [112] allowed to
exploit the elastomeric properties of PDMS to create pumps and valves of different types
within a single device. The classical push-up shut-off configuration of a valve consists of
two PDMS layers — a top fluidic layer and a bottom control layer. By pressurizing the
control layer, the PDMS membrane between the two layers deflects upwards and
completely blocks the cross-sectional area of a rounded fluidic channel, effectively
preventing liquid from flowing [112]. Inspired by this mechanism, Rho et al. [129]
developed a novel v-type valve for cell and particle manipulation in microfluidic devices.
The v-type valve was designed to trap particles of predetermined sizes without completely
blocking the fluid flow in the channel (Figure 2.12-A i). By optimizing the pressure
applied in the control channel, the authors were able to trap spherical particles with 7 um
and 15 um and cells with a larger diameter (Figure 2.12-A ii). Furthermore, the same
strategy was used to pack/unpack chromatography columns inside a microchannel by

simply actuating/deactivating the valve (Figure 2.12-A iii).

In a continuous trend of complexity, Huft et al. [130, 131] combined parallel separation
columns with on-chip pumping to achieve a fully integrated system for on-chip

chromatography. The device was able to autonomously perform (i) sample loading, (ii)
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gradient generation, (iit) molecule separation, (iv) fluorescence detection and (v) sample
recovery (Figure 2.12-B), by using long valves for control and pressure alleviation of

tightly packed channels.

The clear majority of the chromatographic microfluidic systems reported in the literature
are based on fluorescence measurements to monitor the adsorption/elution of the target
molecules, which involves a prior modification of the molecules with an appropriate
fluorophore. The reduced optical path length of microfluidic channels makes it difficult
to use alternative optical detectors (e.g. UV), thus explaining the widespread use of
fluorescence microscopy. Furthermore, there is the possibility of integrating miniaturized
photosensors with the device, which eliminates the need for a bulky equipment as a
microscope to perform the fluorescence measurement, allowing to have portable stand-
alone devices. The integration of miniaturized photosensors with microfluidic devices has
been reported [113, 114, 132-134] for fluorescent, chemiluminescent and colorimetric
detection of biomolecules, although their application to on-chip chromatography in

particular has not yet been explored.

There is currently a large variety of fluorescent labels that can be used to tag the molecules
of interest. However, for chromatographic separations, it is important to ensure that these
labels are small to avoid conformational changes upon label attachment and steric
hindrance during adsorption. In addition, it is important that the labels maintain their
quantum efficiencies under a wide range of pH and conductivity conditions, since the
chromatographic operations typically involve a large diversity of buffer solutions.
Nonetheless, it has been reported that some labels affect the physicochemical properties
of labeled proteins, such as charge and size [135], and that the way fluorescently-labeled
proteins interact with chromatography resins while adsorbing can significantly change,
even though the structure of the protein may remain undisturbed [136]. All the limitations
that may arise from the use of fluorescence to monitor chromatography events, motivate
the investigation of alternative label-free detection methods amenable to be integrated in
miniaturized chromatography devices, such as improved strategies to electrokinetic
detection [137, 138]. UV and impedimetric measurements, which are the standard
methods for monitoring chromatography at conventional scale, have so far not been
demonstrated in microchannels with packed chromatography beads.
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Figure 2.12 — Integration of miniaturized valves for chromatographic operations in microfluidic devices.
(A) (i) Design (top view) and actuation (cross-sectional views at locations I, 11, 111, and 1V) of v-type
valves. (ii) Single particles captured by a v-type valve by applying 0.7 bar, 1.0 bar, and 1.2 bar for & 15
um particles, & 7 um particles and PC3 cells, respectively. (iii) Flexible particle packing and releasing.
Adapted from Rho et al. [129] (B) (i) Micrograph of a microfluidic device having four separation
channels for the packing of bead columns. (ii) Front of one microcolumn after packing (black channel).
(iii) Back of a packed microcolumn with the resin inlet closed by a long microvalve (red). (iv) Bypass
channels along a section of an unpacked microcolumn. (v) Section shown in (iv) after column packing.
(vi) Resin inlet showing that resin is supplied through an interlayer connection and an inlet channel that
connects to a common port. Scale bars are 5 mm for panel (i) and 200 pm for the remaining panels.
Reproduced from Huft et al. [130].
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"There’s plenty of room at the bottom."

Richard Feynman

Chapter 3
Microfabrication and
Handling of Microfluidic Devices

icrofluidic channels packed with nanoporous microbeads were systematically
IVI used throughout this thesis to perform the optimization of chromatography
operating conditions using (i) fluorescence microscopy measurements or (ii) amorphous
silicon (a-Si:H) p-i-n photodiodes. The configuration and design of the microfluidic
structures evolved as different applications and functionalities were pursued. The main
consideration for the design of the structures was the need to efficiently trap microbeads
inside a channel, so all the structures were composed of two channels with different
heights — a taller channel (height Hi) for bead packing and a shallower channel aligned
beneath (height H, << Hi) for liquid flow. The height of the channels was defined
considering the average diameter of the chromatography beads under study, so that the
beads could easily flow inside the taller channel, creating a packed bed in the interface

region between the two channels.

In this chapter, the microfabrication processes of the different microfluidic structures and
miniaturized photodiodes are presented, as well as the general methodologies employed
in the handling of the devices. This chapter contains sections reproduced from
publications in which | was the leading author that will be appropriately referenced as
footnotes.

3.1. Fabrication of microcolumns?

Microcolumns were fabricated through three main steps: (i) fabrication of an aluminum
(Al) hard mask by direct write optical lithography (DWL); (ii) fabrication of an SU-8

This section is partially reproduced from the following publication:

8|.F. Pinto, C.R.F. Caneira, R.R.G. Soares, N. Madaboosi, M.R. Aires-Barros, J.P. Conde, A.M. Azevedo, V. Chu 2017
“The application of microbeads to microfluidic systems for enhanced detection and purification of biomolecules”
Methods 116 112-124.
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mold with a taller channel (100 um height) aligned on top of a shallower channel (20 um
height); and (iii) fabrication of polydimethylsiloxane (PDMS) structures and sealing. A
detailed description of each of these steps is provided in the following subsections and

shown in Figure 3.1.

3.1.1. Hard mask fabrication

The aluminum masks (Figure 3.1-A) were designed using AutoCAD software (Autodesk
Inc., Mill Valley, CA/USA). Since the design required two different mask levels, all the

following steps described in this section were performed in duplicate.

A glass (Corning® 1737) substrate was cleaned by sequentially rinsing with acetone,
deionized (DI) water, immersion in Alconox™ solution (White Plains, NY, USA) for 15
min at 65 °C, and thoroughly rinsing with distilled (DI) water followed by drying with
compressed air. Subsequently, a 200 nm Al layer was deposited using a Nordiko 7000
magnetron sputtering system. A positive photoresist (PFR 7790G) layer of 1.5 um was
spin-coated onto the deposited Al layer. The AutoCAD file was transferred to the
photoresist by direct write lithography (DWLii, Heidelberg Instruments Inc.) using a
diode laser at 405 nm. The resist was then developed exposing parts of the Al layer, which
was later removed by wet etching with a standard aluminum etchant. Finally, the
remaining photoresist was stripped away resulting in a patterned Al mask on the glass
substrate. The previous microfabrication steps were all performed under class 100 clean-
room conditions, except for the photolithography step, which was performed in class 10

conditions.

3.1.2, Master mold fabrication

The master mold (Figure 3.1-B) was fabricated using SU-8, a negative photoresist.
Firstly, a silicon (Si) substrate (5 x 5 cm) was cleaned by sequential rinsing with acetone,
isopropyl alcohol (IPA) and DI water to remove organic contaminants on the surface.
Then, the substrate was immersed in a heated Alconox™ bath (65°C) for 15 min,
followed by a thorough rinsing with DI water and drying with compressed air. The
substrate was then placed in a UVO cleaner (1444AX-220, Jetlight Company, Inc.) for
15 min to degrade any remaining organic contaminants. In order to fabricate the mold,
SU-8 2015 (Microchem Corp.) was spin-coated onto the cleaned silicon substrate for

10 s at 500 rpm with an acceleration of 100 rpm/s, followed by 34 s at 1700 rpm with an
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acceleration of 300 rpm/s, resulting in a 20 um thick layer. After a 4 min pre-exposure
bake at 95 °C using a hot plate, the substrate was allowed to cool down for 1 min and the
hard mask with the design for the 20 um channels was placed over the SU-8 layer with
the Al side facing down, in order to prevent a loss in resolution due to scattering effects.
The stack was exposed to a 400 W UV light with an energy per unit area of 178 mJ/cm?,
baked for 5 min at 95 °C, and cooled down to room temperature for 2 min. The
development of the non-exposed photoresist was achieved by immersion in a propylene
glycol monomethyl ether acetate (PGMEA) solution (Sigma-Aldrich) for 2 min with
manual orbital agitation. After the development, the substrate was rinsed with IPA and

dried with compressed air.

The second layer with 100 um height was defined by spin-coating a SU-8 50 (Microchem
Corp.) film on top of the previous layer at 10 s at 500 rpm with an acceleration of 100
rpm/s, followed by 30 s at 1000 rpm with an acceleration of 300 rpm/s. A pre-exposure
bake process was then performed by baking the substrate at 65 °C for 10 min, followed
by a gradual ramping-up of the temperature to 95 °C, at which the substrate was baked
for 30 min. Then, the second hard mask for the 100 um features was manually aligned on
top of the previous layer using a stereomicroscope and exposed again to UV light with an
energy per unit area of 416 mJ/cm?. A post-exposure bake was performed at 65 °C for 1
min, followed by 10 min at 95 °C and 2 min of cooling down. The second photoresist
layer was developed in PGMEA for 10 min with manual orbital agitation, rinsed with IPA
and dried. Finally, the mold was hard baked for 15 min at 150 °C and left to slowly cool

down on top of the hot plate until the temperature dropped below 50 °C.

3.1.3. Fabrication of PDMS microcolumns and sealing

To prepare the PDMS elastomer (Sylgard 184 elastomer kit, Dow Corning, Midland, MI,
USA), a 10:1 weight ratio of PDMS to curing agent was mixed, degassed for 30 min and
poured into a Petri dish containing the SU-8 mold (Figure 3.1-C). The Petri dish was
then left to cure at 70 °C for 90 min. The cured PDMS was cut using a scalpel and peeled
off from the mold. Access holes were punched with blunt 20 and 18 Gauge needles for
the outlets and inlets, respectively. A PDMS slab (500 um thick) was prepared by spin
coating the PDMS mixture on top of a silicon wafer at 250 rpm for 25 s with an
acceleration of 100 rpm/s. This membrane was then baked as previously described and

cut into pieces with at least the size of the PDMS structures. Finally, the PDMS structures
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were sealed against the PDMS slabs by first oxidizing both sides using an oxygen plasma
cleaner (Harrick Plasma, Ithaca, NY, USA) at the medium power setting for 60 s. The
membrane was placed in contact with the PDMS structure immediately after the plasma
treatment. After the sealing, the PDMS becomes relatively hydrophilic for a few hours
due to the plasma treatment. To allow hydrophobic recovery and stabilization by diffusion
of the unreacted siloxane oligomers to the surface, the PDMS structures were stored for
at least 24 h before being used.
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Figure 3.1 — Sequence of steps involved in the fabrication of the (A) aluminum hard mask; (B) SU-8
mold; and (C) PDMS structures used for trapping beads. The photoresists 1 and 2 correspond to SU-8

2015 and SU-8 50, respectively.
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3.2. Fabrication of valve-integrated microcolumns’

Microfluidic devices comprising a microcolumn and integrated pneumatic valves were
fabricated using polydimethylsiloxane (PDMS) multilayer soft-lithography (MLSL)
(Figure 3.2). While the fabrication of the hard masks for these structures was performed
exactly as described in section 3.1.1., the fabrication of the molds and PDMS structures
was based on a significantly different and more complex process that will be described in

the next subsections.

3.2.1. Mold fabrication for the fluidic layer

SU-8 features were first defined by spin coating SU-8 50 on top of a clean Si substrate
for 10 s at 500 rpm with an acceleration of 100 rpm/s, followed by 30 s at 1000 rpm with
an acceleration of 300 rpm/s, in order to obtain channels with 100 um height (Figure 3.2-
A). The SU-8 was baked for 10 min at 65 °C and the temperature was then ramped up to
95°C for 30 min. After this, the Al hard mask containing the features of the microcolumn
was placed on top of the SU-8 film and the stack was exposed to UV light (365 nm,
~416 mJ/cm?, 70 s). A post-exposure bake was performed at 65 °C for 1 min followed by
10 min at 95 °C, after which the mold was developed by immersion in propylene glycol
monomethyl ether acetate (PGMEA) for 10 min, rinsed with IPA and hard baked at
150 °C for 15 min.

AZ features were then defined by spin coating AZ® 40 XT (MicroChemicals GmbH,
Ulm, Germany) positive photoresist on top of the SU-8 features (Figure 3.2-A) for 10 s
at 500 rpm with an acceleration of 100 rpm/s, followed by 21 s at 2000 rpm with an
acceleration of 1000 rpm/s. The films were then baked for 5 min at 125 °C, by ramping
up the temperature from 100 °C to 125 °C. The Al hard mask corresponding to the valve
structures was aligned with the first SU-8 layer and the stack was exposed to UV light
(365 nm, ~1.25 J/cm?, 3 min 30 s), followed by a post-exposure bake at 105 °C for 2 min.
The mold was then developed by immersion for 10 min in AZ® 400 K developer
(MicroChemicals GmbH) previously diluted in distilled water (DI) to a ratio of 1:3, and
then washed with DI water. Finally, a reflow step was performed by ramping up the

This section is partially reproduced from the following publication:

T ILE. Pinto, D.R. Santos, R.R.G. Soares, M.R. Aires-Barros, V. Chu, A.M. Azevedo, J.P. Conde 2018 A regenerable
microfluidic device with integrated valves and thin-film photodiodes for rapid optimization of chromatography
conditions, Sens Actuators B Chem 255 3636-3646.
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temperature from 100 °C to 125 °C and then baking for 5 min. After this process,
microchannels with a round cross-section and a height of ~30 um were obtained. It is
important to note that the SU-8 features were defined first since the PGMEA can remove
the AZ photoresist. On the contrary, the AZ® 400 K developer does not affect the

previously patterned SU-8 features.

3.2.2. Mold fabrication for the control layer

For the control layer comprising pneumatic valves, a separate SU-8 mold (Figure 3.2-A)
was fabricated by spin coating SU-8 50 (Microchem, Newton, MA, USA) on top of a
clean Si substrate for 10 s at 500 rpm with an acceleration of 100 rpm/s, followed by
37 s at 2300 rpm with an acceleration of 300 rpm/s, in order to obtain channels with
50 um height. The substrate was baked for 3 min at 65 °C and the temperature was then
ramped up to 95°C for an 8 min bake. After this, the Al hard mask containing the design
for the pneumatic channels was placed on top of the substrate and the stack was exposed
to UV light (365 nm, ~300 mJ/cm?, 25 s). A post-exposure bake was performed at 65 °C
for 1 min followed by 7 min at 95 °C, after which the mold was developed by immersion
in PGMEA for 6 min, rinsed with IPA and hard baked at 150 °C for 15 min.

3.2.3. Fabrication of valve-integrated PDMS structures and sealing

The replication of the mold patterns using PDMS multilayer soft-lithography is
represented in Figure 3.2-B. The PDMS elastomer was prepared with a 10:1 ratio of base
to curing agent, degassed, poured on top of the fluidic layer mold and baked at 70°C for
50 min. To create a thin PDMS layer to be pneumatically actuated as valves, PDMS was
prepared with a 20:1 ratio of base to curing agent, degassed and spin coated on top of the
mold of the control layer for 25 s at 300 rpm, resulting in a PDMS layer of 400 pum thick.
The spinning conditions for the control valve layer were thoroughly optimized in order
to ensure leakproofness (i.e. leakage occurs through the actuated valves if the membrane
Is too thick), reversible deflection (i.e. membrane is permanently actuated if it is too thin)
and millisecond response times. The PDMS was then baked at 70 °C for 40 min (Figure
3.2-B 1)). After curing, the PDMS was peeled off of the mold and access holes were
punched using blunt syringe tips with diameters of 0.84 mm for inlets and 0.61 mm for
the outlet of the micro-column. The fluidic layer was then aligned and placed on top of

the control layer on the corresponding mold and baked together at 70 °C for 1.5 h (Figure
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3.2-B ii)). After completing the curing process, the structures were cut and peeled off of
the mold with the control channels irreversibly sealed beneath the fluidic channels. The
inlets of the control channels were punched using blunt syringe tips with 0.61 mm

diameter.

The sealing of the microfluidic structures was performed via a PDMS adhesive layer.
This adhesive layer was obtained by spin coating PDMS 10:1 on top of a glass substrate
for 4 min at 6000 rpm. This extremely thin layer of PDMS was then used to wet the
bottom surface of the PDMS structures, by bringing the adhesive layer in contact with the
stack consisting of the control and fluidic layers (Figure 3.2-B iii)). The stack was sealed
against a 100 um coverglass, in which PDMS was previously spin coated, resulting in a
PDMS-PDMS sealing after a final bake at 70 °C for 1.5 h (Figure 3.2-B iv)).
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Figure 3.2 — Fabrication of valve-integrated microfluidic structures. (A) Fluidic and control layer molds.
(B) Replication of mold patterns using PDMS multilayer soft-lithography and sealing using an adhesive
layer.
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3.3. Fabrication of a-Si:H p-i-n photodiodes*

Hydrogenated amorphous silicon (a-Si:H) p-i-n photodiodes (200 x 200 um of active
area) were fabricated with an integrated a-SiC:H layer as an excitation absorption filter
for fluorescence measurements. The Al back contact (200 nm) was fabricated with the
same process as described in section 3.1.1 for the hard mask fabrication. The a-Si:H p-i-
n junction was deposited by radio frequency plasma enhanced chemical vapor deposition
(rf-PECVD) at a deposition pressure of 0.1 Torr and a substrate temperature of 250 °C.
The photodiode comprised a 100 A layer of n*-a-Si:H (phosphine doped), a 5000 A layer
of undoped i-a-Si:H and a 100 A layer of p*-a-Si:H (diborane doped). Mesa junctions
with dimensions of 200 x 200 um were then defined by photolithography and reactive
ion etching (Lam Research Rainbow Plasma Etcher). A passivation layer (1000 A) of
amorphous silicon nitride (SiNx) was deposited by rf-PECVD at 100 °C and 0.1 Torr to
passivate the sidewalls of the junctions. A via was opened in the passivation layer, by lift-
off, to allow electrical contact between the p™-a-Si:H layer and the indium tin oxide (ITO)
transparent top contact (1000 A), which was deposited by magnetron sputtering and
defined by photolithography and lift-off. Aluminum lines, to connect the ITO to the
contact pads, were deposited and defined as previously described. A second SiNy
passivation layer (2000 A) was deposited by rf-PECVD and vias were opened by lift-off
at the contact pads to allow wire bonding. An hydrogenated amorphous silicon carbide
(a-SiC:H) filter with a thickness of 1.6 um for fluorescence detection was deposited by
rf-PECVD at 100 °C and 0.1 Torr and optimized to reduce the intensity of excitation light
reaching the photodiode while passing the maximum level of emission light according to

previous work by Lipovsek et al. [134].

3.4. Bead packing in microcolumns®

The procedure to pack the PDMS microcolumns is described in Figure 3.3 and the most
common problems that may arise from this operation are summarized in Table 3.1.

Commercially available beads were provided as a slurry in a storage buffer (ethanol 20%),

These sections were partially reproduced from the following publications:

¥ IF. Pinto, D.R. Santos, R.R.G. Soares, M.R. Aires-Barros, V. Chu, A.M. Azevedo, J.P. Conde 2018 A regenerable
microfluidic device with integrated valves and thin-film photodiodes for rapid optimization of chromatography
conditions, Sens Actuators B Chem 255 3636-3646.

8 |.F. Pinto, C.R.F. Caneira, R.R.G. Soares, N. Madaboosi, M.R. Aires-Barros, J.P. Conde, A.M. Azevedo, V. Chu 2017

The application of microbeads to microfluidic systems for enhanced detection and purification of biomolecules,
Methods 116 112-124.
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so the first step was to homogenize the bead stock using a pipette, ensuring thorough
mixing. Then, a certain volume of stock solution was added to a 30% (w/w) polyethylene
glycol (PEG) 8000 solution, to obtain a final solution with 1-2% bead volume. The use
of a viscous solution allowed the beads to remain suspended and homogeneously
dispersed without significant settling, thus avoiding problems of clogging when flowing
the beads inside the microcolumns (Table 3.1). The pipette tip containing the bead
suspension was inserted roughly half-way (Table 3.1) into the inlet access holes punched
using the 18 Gauge blunt syringe and a syringe pump was subsequently turned on with
the appropriate flow rate, pulling the liquid from the outlet of the microcolumn. Within
approximately 40 s, it was possible to accumulate the beads at the interface region of the
microchannels and fill the entire field of view of the microscope (Figure 3.3). After this
step, the metal adapter connected to the syringe pump was removed before removing the
pipette tip, to avoid trapping air bubbles at the interface between the liquid in the inlet
hole and the subsequent solution due to the accumulated negative pressure. Subsequently,
the PEG solution was washed from the microcolumns using an appropriate equilibration

buffer and the specific sequence of steps comprising the assay was performed.

Tube 1 Tube 1 Tube 2

Transfer a certain
volume of stock

Homogenization
_— ./

Bead stock Viscous
solution in biocompatible
storage buffer solution with 1-2%\
o bead bed height

Pipette bead solution and insert
tip into PDMS structure inlet

Inverted —>
\! ’ Wash viscous fluorescence
o / solution and: _ Mmicroscope
| _— Syringe
(1) perform specific pump

Negative
pressure

sequential steps

(2) measure under
the microscope or

using a-Si:H p-i-n
photosensors
2N ‘r'?grm f’**”f’\
g 0198,
— 5 e ’::i 2
Flow direction . ,'1_/ 3 :f;; ;: G
A ) A
t=0s t=10s t=20s t 305 t= 405

Figure 3.3 — General protocol for preparing the chromatography beads before insertion into the PDMS
microcolumns. The bead solution was pulled from the microcolumn outlet using a syringe pump exerting
a negative pressure. The time lapse of microscope bright field images shows the accumulation of beads
in the interface region of the two channels with different heights within a few seconds. The measurements
were performed either using an inverted fluorescence microscope or in-house fabricated a-Si:H p-i-n
photodiodes.
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Table 3.1 — Troubleshooting table for the most frequent problems encountered during bead packing
and liquid handing in the microcolumns. Possible causes and solutions for each problem are presented.

Step

Problem

Cause

Solution

Bead solution
preparation

Clogging of the channel
due to the packing
occurring too rapidly

Inhomogeneity of the
bead solution or bead
concentration too high

Homogenize the viscous solution
with a 1-2% bead bed-height
immediately before the packing

Liquid handling

Low quantity of beads
packed inside the
microchannel

Bead solution
concentration is too
low

Repeat the insertion step, adding
more 0.3 pL of bead solution

Air bubbles trapped or
appearing inside the
channel

Incomplete removal
of air bubbles from
the syringe and
tubing, improper
transition between
solution flowing steps
or flow rate set faster
than the liquid can
overcome the column
resistance, leading to
negative pressure
build-up

Check thoroughly the syringe and
tubing for air bubbles and
successfully remove them.

Always purge the syringe when
inserting the metal coupler.

Always release the metal adapter

before inserting a new tip if
negative pressure accumulated in
the previous step

Solution preparation

Clogging of the channel

Debris and impurities
that accumulate in
free spaces between
the packed beads

If required, when preparing the
solutions, filter the solutions to
remove impurities

Pipette tip insertion

Liquid not flowing

Liquid in the pipette
tip not in contact with
liquid column inside
the inlet
(< half-way through)

Make sure the end of the pipette
tip contacts with the liquid
column to avoid air gaps

The inlet hole has a
tear (> half-way
through)

Make sure the larger part of the
pipette tip does not tear the inlet
hole

Metal coupler
insertion

Liquid not flowing and
negative pressure build-up

Metal coupler
contacting the bottom
PDMS sealing slab

Leave a small gap between the
metal coupler and the sealing slab

3.5. Summary

This chapter summarizes the fabrication processes involved in the different devices used

throughout this work and the general proceeding for operating the microfluidic devices.

Overall, the simple design and the relatively straightforward soft-lithography based

fabrication processes make this method a versatile technology that is compatible with

various bead sizes and shapes. In particular, the soft-lithography processes are simpler

and faster than other microfabrication processes involving, for example, silicon bulk

micromachining and etching techniques [139-142]. In addition, even though the soft-

lithography processes described in this thesis present a lower resolution than the referred

methods, they allow to pattern complex 3D structures using a layer-by-layer strategy

[143].
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Due to the simplicity of the designs and smaller dimensions, it was possible to create a
large number of patterned channels in a single 5x5 mold, thus allowing parallel
fabrication of many devices for rapid and inexpensive prototyping. Considering the
sealing of the PDMS structures, the use of an oxygen plasma is a simpler and more robust
technique when compared to other standard technigues, such as lamination and adhesive
layers. However, bonding using an adhesive layer was also successfully performed in
valve-integrated structures, showing a good tolerance to dust and particles and a high

strength of bonding, despite being a more time-consuming process.

The bead packing process took on average less than 1 minute, which is considerably faster
than gravity or capillary-driven packing strategies [121, 144]. The interface region for
bead trapping provided mechanical robustness, allowing the device to withstand higher
pressures than, for example, traps made of hydrogels [145] or membranes [146].

Finally, the liquid flow was driven by applying a negative pressure at the outlet, thus
generating a pressure differential between the inlet and the outlet. The use of a negative
pressure provided a gradual increase in liquid flow velocity with minor distortion of the
PDMS channel or deformation of the beads at the interface region, contrary to what is
observed when a positive pressure is used. In fact, the use of positive pressure results in
faster and less reproducible packing velocities, bulging of the microchannel and a higher
likelihood of trapping air bubbles. Another advantage of using a negative pressure is the
simplified operation and solution handling, since the solutions of interest are sequentially
inserted using pipette tips and the liquid is pulled into the microcolumn, after which the

tips are discarded, thus reducing issues due to mixing of reagents.
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"In theory, theory and practice are the same. In practice, they are not."
Albert Einstein

Chapter 4
Nano-liter Scale Analysis of
Multimodal Chromatography?

ultimodal chromatography has been extensively reported for the purification of
IVI monoclonal antibodies in both capture and polishing applications. However, the
implementation of this type of technique depends on the full understanding of all the
interactions enabled by the ligands, as well as on the ability to rapidly predict the optimal

operating conditions to address a specific purification problem.

In this context, the development of high-throughput platforms has been gaining increasing
attention for early stage evaluation of chromatography conditions. Most of these
approaches are based on 96-well microtiter filter plates [12, 16] (resin volume 20-200
uL), but, more recently, miniature columns [109, 147] (resin volume ~200 pL) and
micropipette tips (10 — 160 pL) operated in automated liquid handling stations have also
been reported to improve assay reproducibility by reducing the variability in resin
volumes. Although these approaches are able to deliver results comparable to preparative-
scale, the parallelization and automation of assays in these platforms require the
utilization of robotic systems, which are expensive, highly complex and have turnaround
times in the range of several minutes to hours to obtain results. These technologies also
lack the resemblance with conventional column chromatography operation, in the sense

of having a continuous flow of a mobile phase through a stationary phase.

Microfluidic platforms comprising chromatography beads inside micro-columns
represent a versatile solution to address this problem, while offering additional
advantages such as the very low reagent consumption and the extremely rapid output of

results. In fact, the confinement of beads inside microchannels has been previously

This chapter contains sections reproduced from the following publication:

8I.F. Pinto, R.R.G. Soares, S.A.S.L. Rosa, M.R. Aires-Barros, V. Chu, J.P. Conde, A.M. Azevedo, 2016 “High-
throughput nanoliter-scale analysis and optimization of multimodal chromatography for the capture of monoclonal
antibodies” Anal Chem 88(16) 7959-7967.

55



reported for other applications, such as DNA hybridization onto probe-conjugated
microbeads [148], catalytic reactions using enzymes immobilized on microbeads [149],
and biosensing applications [150]. Additionally, the concept of packing chromatography
beads within a microfluidic glass column for evaluation of the separation conditions and
determination of the dynamic binding capacity has been reported [126]. In this case, the
amount of resin used in the microfluidic columns was considerably lower (1.5 uL)
compared to the high-throughput approaches previously mentioned. However, the
fabrication of whole glass structures required complex and expensive methodologies, and

the packing of the beads inside the microchannels also relied on elaborate handling.

This chapter focuses on the development of a microfluidic platform for the optimization
of multimodal chromatography using the ligand Capto™ MMC (2-benzamido-4-
mercaptobutanoic acid) towards the capture of a monoclonal antibody labeled with Alexa
Fluor® 430. Capto™ MMC has been increasingly evaluated for the purification of several
biological compounds, especially monoclonal antibodies, with successful results reported
for its application either as a primary capture step [97] or as an intermediate step [151] in
mADb purification from cell culture supernatants. Research studies are being performed
targeting not only the identification of preferential binding sites [152] and mechanisms
of interaction [153], but also the understanding of the driving forces controlling the
adsorption/desorption of target molecules [154] in Capto™ MMC. With the goal of
screening the behavior of this ligand in a high-throughput manner, micro-column arrays
(resin volume ~70 nL) were fabricated using polydimethylsiloxane (PDMS) soft-
lithography techniques, in order to measure binding kinetics in real time at resin-level
using fluorescence microscopy. This approach aimed at providing information about
adsorption and elution behaviors in a few seconds/minutes to expedite the optimization

of chromatographic processes for the purification of monoclonal antibodies.
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4.1. Experimental section

4.1.1. Buffer solutions and chromatography resins

Tris(hydroxymethyl)aminomethane, NaCl, Na,CO3z and NaHCOs were obtained from
Sigma-Aldrich (St. Louis, MO/USA). KoHPOs and KH>PO4 were purchased from
Panreac Quimica Sau (Barcelona, Spain). Sodium acetate was obtained from Merck
(Darmstadt, Germany). Acetic acid 100% (AnalaR Normapur®) was purchased from
VWR BDH Prolabo (Radnor, PA/USA). All other chemicals were of analytical grade.
Water used in all experiments was obtained from a Milli-Q purification system
(Millipore, Bedford, MA/USA).

Chromatography resins were obtained from GE Healthcare (Uppsala, Sweden) in bulk
and as pre-packed 1 mL columns, namely HiTrap Capto™ MMC (multimodal), HiTrap
CM Sepharose FF (cation exchange) and HiTrap Phenyl FF High Sub (hydrophobic).

4.1.2. Production, purification and labeling of mAbs

Production — Anti-human interleukin-8 (anti-1L8) monoclonal antibodies (mAbs) were
produced by Chinese Hamster Ovary cells (CHO DP-12 clone#1934, ATCC CRL-
12445), containing a dihydrofolate reductase (DHFR) expression system, obtained from
the American Type Culture Collection (LGC Standards, Middlesex, UK).

CHO cells were grown in a serum-free medium, ProCHO™5 (Lonza Group Ltd,
Belgium), supplemented with 4 mM L-glutamine (Gibco, Life Technologies), 200 nM
methotrexate (Sigma-Aldrich), 2.1 g/L sodium bicarbonate (Sigma-Aldrich), 10 mg/L
recombinant human insulin (Lonza), 0.07% (v/v) lipids (Lonza), and 1% (v/v) antibiotics
(100 U/mL penicillin and 100 pg/mL streptomycin, from Gibco). The initial cell density
was 2.8x10% cells/cm? and the cultures were carried out in T-75 or T-175 flasks (BD
Falcon, Franklin Lakes, NJ, USA) at 37°C and 5% CO.. Cell passages were performed
every 6 days, in which cells were detached from the flasks upon addition of a TrypLE™
Select solution (Gibco), for 3-4 min at 37°C. CHO cell suspensions were then centrifuged
at 1250 rpm (12°C, 8 min) for medium clarification. The produced anti-IL8 mAb was
characterized by an isoelectric point (pl) of ~9 and a concentration in the serum-free cell

culture supernatants of ~50 mg/L.
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Purification — The anti-1L8 mAbs were purified using protein A affinity chromatography.
The purification assay was performed in an AKTA™ Purifier system, equipped with a
Frac-950 fraction collector from GE Healthcare. Data acquisition and analysis was made

using Unicorn 5.11 software.

The feedstock was directly loaded at native conditions onto a HiTrap MabSelect SuRe
column (1 mL), at a flow rate of 1 mL/min, using a 50 mL Superloop M6 fitting from GE
Healthcare. Adsorption and elution were performed with 10 mM PBS at pH 7.4, and
100 mM sodium citrate buffer at pH 3.6, respectively. Elution fractions were immediately
neutralized using 1 M Tris-HCI at pH 8.0, to prevent antibody denaturation caused by the
acidic elution conditions, pooled together (final volume of 22.5 mL) and 90x
concentrated/diafiltered in PBS using Amicon Ultra-15 centrifugal filter units (MWCO
of 50 kDa) from Merck Millipore, for 15 min at 5000 g in a fixed angle rotor centrifuge.
The anti-IL8 mADb solution was further concentrated (~5.7x) and buffer exchanged into
0.1 M sodium bicarbonate buffer using Amicon Ultra-0.5 centrifugal filter units (MWCO
of 10 kDa) also from Merck Millipore, for 7 min at 14000 g. After these steps, the final

concentration of the mAb solution was 15.48 mg/mL.

Labeling — The anti-IL8 mAbs were then conjugated to the amine-reactive dye Alexa
Fluor® 430 (A430) NHS ester, obtained from Thermo Fisher Scientific (Excitation =430
nm; Emission =545 nm). The purified and concentrated anti-1L8 mAb solution was added
to the reactive dye solution in a 4:1 volume ratio, and the reaction was incubated in the
dark for 1 hour at room temperature. The degree of labeling (DOL) was estimated to be
9.2 dye moleculessmAb molecule, considering the absorbance of the protein-dye
conjugate at 280 nm (4,g,) and 430 nm (A4,5,), and the extinction coefficient of the dye
at 430 nm &4, according to Equation 4.1, where MW is the molecular weight of 19G
and CF is a correlation factor for the contribution of the Alexa Fluor® 430 dye in the
absorbance of the protein-dye conjugate at 280 nm. The constant 1.4 is used to correlate
the absorbance values with the protein concentration in mg/mL and it is only correct for
IgG antibodies. The values of CF and &,,. were considered to be 0.28 and 16,000,
respectively, according to information provided by the supplier of the amine-reactive dye
(Life Technologies). The non-conjugated dye was removed in a series of 10 diafiltration
steps with PBS using Amicon Ultra-0.5 centrifugal filter units (MWCO of 10 kDa), until

a clear permeate was obtained.
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DOL = .
1.4(Az80 — Aazo X CF) X gy Equation 4.1

4.1.3. Micro-column packing and liquid handling

The procedure for bead preparation and packing in the micro-columns is described in
detail in chapter 3, section 3.4. Briefly, chromatography agarose beads were suspended
(1-2% (v/v)) in a 33% (w/w) polyethylene glycol (PEG) 8000 solution (Sigma-Aldrich,
St. Louis, MO/USA). Suspended beads were then packed inside the micro-columns by
pulling the liquid from the outlet, using a syringe pump (Model NE-1002X, New Era
Pump System, Inc.). All solutions were flowed through the micro-columns by applying a
negative pressure at the outlet.

After the packing step, the micro-columns were washed with 50 uL of the corresponding
adsorption buffer, to completely remove the PEG solution. Adsorption was performed
with 30 uL of an anti-1L8-A430 solution (50 ug/mL), and elution was accomplished with
30 uL of the corresponding elution buffer. Screening conditions for adsorption studies
included different buffers with pH values ranging from 5.5 — 9.5, and conductivity values
ranging from 1 — 21 mS.cm™ upon addition of NaCl (0 — 200 mM). For the elution studies,
the screened conditions comprised buffers with pH values in the range 7.5 — 9.5, and
conductivity values from 0.6 — 147 mS.cm™ upon addition of NaCl (0 — 2 M).
Conductivities were measured using an ECTestr Low conductivity tester (OAKTON
Instruments, Vernon Hills, IL/USA).

4.1.4. Fluorescence monitoring and analysis

Adsorption and elution assays were continuously monitored and recorded using an
inverted fluorescence microscope (Olympus CKX41) coupled to a CCD color camera
(Olympus XC30). The filter cube provided a band pass excitation of 460-490 nm and a
long pass emission of 520 nm. Fluorescence signal from the beads inside the micro-
columns was acquired with an exposure time of 500 ms, 5x gain and 100x total
magnification. Images were analyzed using ImageJ software (National Institutes of
Health, USA), and the fluorescence emission values were obtained by averaging the entire

end-section of the micro-columns.
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4.1.5. Standard column chromatography assays

The microfluidic results were validated and compared to results obtained using a pre-
packed HiTrap Capto™ MMC column (1 mL) in an AKTA™ Purifier system. A purified
anti-IL8 mAb solution with a concentration of 20 pg/mL was loaded at a flow rate of
1 mL/min, using a 500 uL loop. Recovery yield studies were performed using 50 mM
acetate buffer at pH 5.5 as binding buffer and testing different elution buffers, namely (i)
50 mM carbonate buffers at pH 9.5 containing 0 M, 1 M and 2 M NacCl, (ii) 50 mM Tris
buffers at pH 8.5 containing 1 M and 2 M NacCl, and (iii) 50 mM phosphate buffers at pH
7.5 containing 1 M and 2 M NaCl. Column equilibration, washing and elution were
performed over 5 CV, 5 CV, and 7 CV, respectively.

Flowthrough and eluate pools were collected and further analyzed to determine IgG
concentration by analytical protein A chromatography using a POROS PA
ImmunoDetection sensor-cartridge from Applied Biosystems (Foster City, CA/USA)
[155]. For the analytical quantification, adsorption was performed using 50 mM sodium
phosphate buffer at pH 7.4 containing 150 mM NaCl over 10 CV. Elution was then
performed using 12 mM HCI containing 150 mM NaCl at pH 2-3 over 25 CV. All
analyzed samples were previously diluted five times in binding buffer and the absorbance

was monitored at 215 nm.

For each evaluated condition, chromatography runs were carried out in duplicate, while

the corresponding microfluidics experiments were carried out in triplicate.

4.2. Operating procedure in the micro-columns

The microfluidic columns (210 nL volume) (Figure 4.1-A) were designed to allow the
packing of beads in a region confined by the height difference of two microchannels. The
heights of the microchannels were defined considering the average diameter of the
agarose beads (75 - 90 um), in a way that a shallower channel (20 um height) prevented
the flow of the beads downstream, creating a packed-bed with the interface region of a
taller channel (100 um). Thirty of these nano-liter scale columns were distributed in a
15x40 mm PDMS chip (Figure 4.1-B), allowing the evaluation of different

adsorption/elution conditions simultaneously within a few minutes.
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The liquid flow was driven by applying a negative pressure at the outlet, which provided
a more gradual increase in liquid velocity with minor distortion or compression of the

beads against the 20 um gap (Figure 4.1-C).
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Figure 4.1 — Schematics of the microfluidic columns used for the optimization experiments. (A) Detail
of a single micro-column exhibiting the inlet (pipette tip) and outlet (metal adapter) through which the
liquid was flowed by applying a negative pressure at the outlet. (B) PDMS structure comprising 30
microcolumns within an area of 6 cm? (C) Magnification of the interface region between the two
channels at different heights. The shallower channel arrests the beads in place and prevents their
movement downstream throughout the assay. (D) Molecular structure and name of the analyzed
chromatography ligands, commercially available in functionalized agarose beads.
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4.3. Analysis of adsorption and elution kinetics

The assays to evaluate the adsorption and elution kinetics of the target antibody were
performed in plain buffer solutions rather than complex matrices such as serum-free or
serum-containing cell culture supernatants. By using buffer solutions it is possible to
avoid the intrinsic variability related to secondary interactions with the matrix
components, which are specific to each formulation. In addition, since each matrix has its
own native pH and conductivity conditions, these would limit the range of pH and

conductivity values that could be tested in the microfluidic experiments.

4.3.1. Fluorescence measurements and signal quantification

The microfluidic assays were designed to optimize conditions for chromatographic
operation at the macroscale, so it was necessary to first confirm that the presence of a

fluorophore did not significantly influence the binding behavior of the mAb to the
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multimodal ligand. This study was performed in a standard 1 mL chromatography column
by loading labeled and unlabeled IgG at the exact same concentration (5 ug/mL). The
chromatographic profiles (Figure 4.2) were similar, in terms of both retention time
(t, =10.11 £ 0.0071 min) and area (A4 = 6.38 + 0.013 mAU.min) of the elution peaks, so
for all the optimization experiments the fluorophore was considered to play a negligible
role in the antibody-ligand interactions. This conclusion was also supported by previous
findings by Linden et al. [156] and Harinarayan et al. [125], in which multiple
fluorophore conjugates did not have a significant impact on protein adsorption and

diffusion through ion exchange agarose resins.
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Figure 4.2 — Chromatographic profiles obtained by loading 0.5 pg of a labeled and unlabeled anti-1L8
1gG solution at a concentration of 5 pg/mL onto a pre-packed HiTrap Capto™ MMC column. Adsorption
was performed with 50 mM acetate buffer at pH 5.5, and elution was performed with 50 mM carbonate
buffer at pH 9.5.
Another aspect that was necessary to investigate was whether the different pH values and
NaCl concentrations that were going to be used in the screening studies influence the
fluorescence emission of the antibody solution. For that, a fixed concentration of IgG-
Alexa 430 (5 pg/mL) was spiked in 100 puL of each of the different buffers and measured
in a 96-well plate spectrofluorimeter (Varian Cary Eclipse). The excitation and emission
wavelengths were set at 430 and 540 nm, respectively. The results obtained are shown in
Figure 4.3 for the buffers used in the adsorption (A) and elution (B) assays. It is possible
to see that there is a random distribution of points around an average value of
fluorescence, both for adsorption (140 + 11 A.U.) and elution (135 + 11 A.U.) conditions.
Although there is some variability, these results confirm that there is no particular trend

in terms of conductivity or pH for the variation of the fluorescence intensity.
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Figure 4.3 — Distribution of the fluorescence intensity as a function of the different pH values and NaCl

concentrations evaluated in the adsorption (A) and elution (B) microfluidic assays.
The analytical quantification of the fluorescence measurements was always performed by
imaging the entire interface region of the two microchannels with different heights, based
on the fact that there is no significant antibody depletion along the micro-column. This
lack of depletion was achieved by using a relatively high flow rate (15 puL/min) and low
residence time (0.28 s) in the experiments. The reliability of the fluorescence
quantification and lack of depletion is clearly demonstrated by analyzing different areas
of the imaged region and plotting the fluorescence intensity over time. Figure 4.4 shows
that for different and randomly selected areas of quantification, the adsorption curves are
very similar, which reinforces that the fluorescence signal in the packed beads is

uniformly distributed.

It is important to note that, in the real-time monitoring of the fluorescence emission, the
background signal of the solution flowing in the channel was very low compared to the
signal provided by the beads, as also reported by Cohen et al. [157]. In fact, the
fluorescence of the solution was not significantly different from the fluorescence of the
bare channel or beads, which allowed a quantitative analysis of the fluorescence intensity
independent of background signal subtraction and without resorting to more complex
imaging techniques such as fluorescence polarization [158, 159].
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Figure 4.4 — Fluorescence emission of the packed beads as a function of the assay time considering
different areas for quantification, namely (A) the average of the entire field of view, (B) the average of
the left region of the field of view, (C) the average of the right region of the field of view, and (D) the
average of the fluorescence intensity of four individual beads. Imaging conditions: 100x total
magnification, 500 ms exposure time, 5x gain.

4.3.2. Determination of the response parameters

Adsorption and elution curves were obtained by individually measuring the fluorescence
emission over time under different operating conditions, as exemplified in Figure 4.5.
The adsorption experimental data points were fitted with a non-linear function based on
a sigmoidal dose-response model, according to Equation 4.2, where F,, is the
fluorescence emission, F, is the background fluorescence, E,,, IS the maximum
fluorescence, t, , is the time at the inflexion point, and k, is the sigmoidal slope.

Fnax — Fo

Fyp = Fp +—max "0
T 1000k

Equation 4.2

The response parameter (k;,,) chosen to compare the different adsorption Kinetics was
the first derivative of Equation 4.2 calculated at the inflexion point (t; ) of the fitted
curve, according to Equation 4.3.

k.. In10. (F, — F,
kyjp =— (4max o) Equation 4.3

Considering that the slope of the adsorption curve provides more meaningful information
on the antibody-ligand binding kinetics than the plateau that is reached after ~150 s, only
data points over the first 80 s were included in the fitting, which also reduces the time

required for the optimization studies.

During elution, it was observed that the fluorescence drops very rapidly, within less than

4-5 seconds, as the eluent flows through the beads. Therefore, a non-linear fit would not
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provide reproducible results due to the very pronounced influence of inter-assay
variability in liquid velocity in the first few seconds after the application of a negative
pressure. Thus, in order to average the initial variability, the selected response parameter
(Yg) was the ratio between the fluorescence intensity at 20 s (Min,) after the beginning
of the elution process and the initial fluorescence (Max,,) according to Equation 4.4. It
Is important to note that the 20 s time was selected as it allows sufficient time for the

elution to take place and simultaneously avoids any pronounced bleaching effects.
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Figure 4.5 — Example of adsorption and elution kinetic curves obtained by continuously measuring the
fluorescence emission (Fem) of the packed beads over time. The online measurements were performed at
a flow rate of 15 ulL/min and the signal was recorded using an exposure time of 500 ms. Dashed line
represents the non-linear fit of the adsorption curve over the first 80 seconds.

4.4, Optimization of adsorption conditions

For the optimization of adsorption on Capto™ MMC, several buffers were used to screen
a wide range of pH (5.5 — 9.5) and conductivity (0 — 200 mM NaCl) conditions.
Considering that the buffering agent itself also has an intrinsic conductivity, the same
concentration of NaCl gave slightly different global conductivity values for the different

pH conditions under study (Appendix A).

The kinetic response parameters (kq,,) for the adsorption on Capto™ MMC were

displayed in a contour plot (Figure 4.6-A). It can be observed that an increase in buffer
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pH resulted in a reduced binding of the mAb, regardless of the buffer conductivity.
Considering that the mAb isoelectric point (pl) is ~9, as the pH of the binding buffer
approaches this value the number of positive patches on the surface of the mAb decreases,
which directly influences the ability of the antibody to electrostatically bind to the ligand.
Among the conditions tested, the optimal pH value for adsorption was 5.5, which is about
3.5 units below the isoelectric point of the antibody. These observations are in accordance
with previous studies reporting that having a difference of 3.5 units between mAb pl and
load pH leads to the maximum dynamic binding capacity for basic mAbs (pl in a range
of 8.2-9.3) [97].

Another observation is that at the optimal pH value (pH = 5.5) the ligand shows a high
salt tolerance at conductivities as high as 20 mS.cm™, with the measured kq/, value
remaining approximately constant, which is also in accordance with the reported literature
[55, 96]. Salt tolerance was also found to decrease dramatically with increasing pH
values, as can be seen in the adsorption kinetic profiles in Figure 4.6-B for a pH value of
6.5.

To further explore the interactions between mAbs and Capto™ MMC, the most relevant
moieties of this multimodal ligand were individually evaluated, namely the carboxyl and
the phenyl groups, within the same range of pH values and conductivities. The contour
plot for the carboxyl resin (Figure 4.6-C) shows a typical behavior of a cation exchanger
where a slight increase in conductivity, at a certain pH, strongly reduces the binding
capacity. In this context, a 3.7-fold decrease in k, , was observed when the conductivity
was increased from 3.6 mS.cm™ to 6.1 mS.cm™, at pH 5.5. On the other hand, at a constant
conductivity value, the lower the pH (meaning a higher difference between the mAb pl
and the pH value), the higher the k, ,, value. Interestingly, at very low conductivities (no
NaCl addition to binding buffer), the observed trend for the adsorption kinetics with
increasing pH is very similar to that achieved for the multimodal resin, suggesting that

for low conductivities the multimodal ligand behaves as a cation exchanger.

In the case of the phenyl ligand, it is important to highlight that the range of measured
k1, values is nearly one order of magnitude lower than that obtained for the other ligands.
This is due to the working range being considerably outside of the appropriate operating
conditions to promote hydrophobic interactions (e.g. 1.5 M ammonium sulfate) and also

to the considerably low dynamic binding capacities of HIC in comparison to IEX [160].
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Nevertheless, despite the lower values of k, ,,, it is possible to clearly observe a trend in
the results. By observing the contour plot in Figure 4.6-D, the results indicate that the
phenyl ligand is characterized by a high degree of salt tolerance up to pH values of ~7.5,
together with an overall decrease in binding with increasing pH. Considering the low
conductivities used, relative to the optimal conductivity conditions typically applied to a
hydrophobic ligand, the binding mechanism to the phenyl ring is most likely to occur by
cation-m interactions [67]. The results also highlight an expected property of the phenyl
ligand at pH values near the pl of the mAb (pH 8.5-9.5), which is the promotion of

hydrophobic interactions at higher conductivities (~20 mS.cm™).
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Figure 4.6 — Screening results based on the Kinetic response parameter (k ,,) for the adsorption of the
anti-1L8 mAb performed at different pH (5.5 — 9.5) and conductivity (0 — 200 mM NaCl) conditions
using (A) multimodal, (C) electrostatic, and (D) hydrophobic beads. Only some of the experimental data
points corresponding to the tested conditions are indicated in the plots. The extreme conductivity points
are outside the scale range, in order to provide a uniform contour surface. (B) Adsorption kinetic curves
obtained using Capto™ MMC multimodal beads at pH 6.5 for different salt concentrations in the binding
buffer. The asterisk (%) highlights the different scale in the case of the phenyl ligand.
Overall, the profiles observed in the three contour plots suggest an additive contribution
of both the electrostatic and hydrophobic moieties to describe the binding mechanism in
the multimodal ligand. In particular, the binding to the multimodal ligand seems to be
mostly driven by the electrostatic moiety, considering the magnitude of k, ,, in Figure

4.6-A and C, while the hydrophobic moiety promotes a synergic effect in binding at
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higher conductivities, thus endowing Capto™ MMC with additional salt tolerance. This
hypothesis is corroborated by recent findings by Karkov and co-workers [8] using in-
silico and site-directed mutagenesis approaches. The combined adsorption results
obtained with the three resins allowed the selection of a common adsorption condition to
perform the subsequent elution studies. This condition (pH 5.5, ~ 4 mS.cm™) was chosen
based on the need to fix one buffer composition that provides high k, ,, values for all the

three resins, in order to allow meaningful comparison during the elution studies.

4.5. Optimization of elution conditions

For the elution studies, pH values closer to the mAb pl were used as these conditions are
unfavorable to electrostatic interactions, which are the main responsible for the binding
as discussed in section 4.4. For this reason, the screening conditions included pH values
in the range of non-binding pH conditions, i.e. from 7.5 to 9.5. The conductivity values
were selected in order to test more extreme NaCl concentrations (0 — 2 M NaCl), to further
evaluate the contribution of each moiety under conditions that disrupt or promote each of

their individual modes of action.

Figure 4.7-A shows the elution from Capto™ MMC. It can be observed that the maximum
antibody recovery (Yz > 94%) occurs at a pH of 9.5 and at the lowest tested conductivity
(6.5 mS.cm™). These results indicate that the conditions that more strongly promote the
elution of the antibody are those where the antibody is negatively charged (pH > pl),
inducing a charge repulsion, together with unfavorable conditions for promoting
hydrophobic interactions. The latter effect can be clearly seen as a gradual decrease in Yg
with an increase in conductivity from 6.5 to 147.2 mS.cm™. The same trend can be
observed in the kinetic curves plotted in Figure 4.7-B. As the pH is changed in the range
between 7.5 and 9.5, at a fixed concentration of 0 mM NacCl in the elution buffer, the Yy
values decrease significantly as the antibody charge changes from positive to neutral and

from neutral to negative.

Analyzing each of the individual moieties, the purely electrostatic ligand (Figure 4.7-C)
shows a typical elution behavior, in which at low conductivities the antibody remains
strongly bound to the beads, until the pH equals the pl (neutral charge conditions) or
surpasses the pl (charge repulsion). Also consistent with a typical cation exchange

interaction is the profile obtained at NaCl concentrations >500 mM (455 —
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49.9 mS.cm™) where the elution is triggered by the shielding of the surface charge. On
the other hand, the phenyl resin (Figure 4.7-D) shows considerably lower removal yields
for higher concentrations of salt (> 1 M NaCl, i.e. 83.5 — 86.2 mS.cm™), regardless of the
pH value, which is an expected behavior for a hydrophaobic interaction ligand, since high
salt concentrations lead to salting-out effects [73], which promote hydrophobic
interactions with the sorbent thus impairing the elution. It is important to note the
difference in the range of Y, values measured for the phenyl ligand, since for
conductivities higher than ~50 mS.cm™ the antibody remains strongly adsorbed to the
beads, leading to a recovery yield that is considerably lower than the minimum percentage
displayed in the other two contour plots. Interestingly, at a low conductivity (0 M NaCl
in the elution buffer) the Y; has a maximum at pH 9.5, similar to what was observed for
the multimodal and cation exchange ligands. For the phenyl resin, this condition

corresponds to the elimination of both hydrophobic and cation-= interactions.
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Figure 4.7 — Screening results based on the recovery yield parameter (Y) for the elution of the anti-1L8
mAb performed at different pH (7.5 — 9.5) and conductivity conditions (0 M — 2 M NaCl) using (A)
multimodal, (C) electrostatic, and (D) hydrophobic beads. Only some of the experimental data points
corresponding to the tested conditions are indicated in the plots. The extreme conductivity points are
outside the scale range, in order to provide a uniform contour surface. (B) Elution kinetic curves obtained
using Capto™ MMC multimodal beads for different pH values of the elution buffer with no salt addition
(0 mM NacCl). The asterisk (*) highlights the different scale in the case of the phenyl ligand.
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Overall, comparing the elution profiles obtained for the multimodal ligand and for each
of the individual moieties, the result suggests a decreased elution yield at high
conductivities, which is essentially due to the phenyl moiety, considering that at high salt
concentrations the electrostatic interactions are blocked and thus the ion exchange moiety
is cancelled out. On the other hand, the trend observed at constant conductivities (pH
effect only) was similar for both moieties, highlighting both the reduced binding at pH
values close to the mAb pl, which correlates to an overall decrease in positive charges in
the case of the electrostatic resin, and also the reduced cation-= interactions in the case of

the hydrophobic resin.

4.6. Validation in standard column chromatography

The validation of some conditions derived from the miniaturized assays was performed
using a standard chromatography column pre-packed with the multimodal resin (Capto™
MMC). A solution of anti-IL8 mAb at a concentration of 20 g/mL was loaded at the
optimal condition obtained from the adsorption experiments in microfluidics (pH 5.5,
0 mM NacCl), and different elution buffers were tested, namely pH 9.5 containing 0, 1,
2 M NaCl, pH 8.5 containing 1, 2 M NaCl and pH 7.5 containing 1, 2 M NaCl.

As an example, the chromatographic profiles obtained at pH 9.5 are represented in Figure
4.8, clearly highlighting a pronounced decrease on the recovery yield values as the
conductivity is increased. It is possible to observe that no peaks were detected in the
flowthrough, which means that the binding of the antibody occurred with minimal losses,
and so that the observed differences in performance can be attributed only to the different
ability of the elution buffers to remove the bound antibody. Using an elution buffer at pH
9.5 with no added NaCl (Figure 4.8-A), desorption takes place as the pH begins to
increase, gradually approaching and crossing the pl of the mAb. In this case, the elution
occurs due to a pH effect only, since the conductivity values in the column are constant
throughout the entire run. On the other hand, when 1 or 2 M of NaCl are present in the
elution buffer at pH 9.5 (Figure 4.8-B), it is the increase of conductivity that readily
promotes the elution of the mADb, since the increase in pH occurs only after the elution
peak. This observation is further supported by a shift in the mAb retention time from 9.90
+0.04 minat 0 M NaCl t0 9.22 + 0.02 min at 1 or 2 M NaCl. The delay in the pH increase

is due to an initial acid-base titration that occurs in the mixing chamber (0.6 mL). In
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addition, it can be observed that the areas of the elution peaks, as well as the
corresponding recovery yields (Y, ,5,) decrease as the concentration of NaCl increases
in the elution buffer. The trend that a higher salt concentration in the elution buffer
decreases the elution efficiency is further observed at pH 8.5 and 7.5. This is in
accordance to the results shown in Figure 4.7-A where it was observed that the recovery
yield values tend to decrease as the elution pH decreases to values increasingly below the

antibody isoelectric point and at higher salt concentrations.
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Figure 4.8 — Chromatographic profiles obtained by loading 10 pg of anti-IL8 mAb at a concentration of
20 pg/mL onto a pre-packed HiTrap Capto™ MMC column. Adsorption was performed with 50 mM
acetate buffer at pH 5.5 and elution was performed with 50 mM carbonate buffer at pH 9.5 containing
0 M NaCl (A), 1 M or 2 M NaCl (B). Dashed lines correspond to conductivity and pH.

Table 4.1 summarizes and compares the results obtained in the microfluidic and
macroscale approaches and it can be observed that both exhibit the same trends. The
recovery yield values are also highly consistent between microfluidic and macroscale
approaches since the average values obtained for each approach are not statistically
different at a confidence level of 95% (p-value > 0.05). It can also be noted that in this

particular case, the recovery yield values calculated at the macroscale and those obtained
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in the microscale can be directly compared, since they are both relative to the total amount

of antibody present in the beads.

A comparison of some operating parameters employed in the micro- and macroscale
approaches is also presented in Table 4.1. It is possible to observe that major differences
can be found in the amount of reagents consumed and the time required for each assay,
which directly correlates with cost and time savings. In the microfluidic experiments, the
velocity at which the liquid flowed was much higher (~10-fold difference) than in the
macroscale assays, which translated in a much lower residence time. This low residence
time (0.28 s) in the microscale assays does not present a problem in this case, since the
main purpose was to rapidly reach an equilibrium condition, regardless of possible
antibody losses, in order to obtain a response parameter to decide the optimal operating
conditions. Also attractive from a high-throughput point of view are the low amounts of
resin and antibody molecules that were required to perform the screening of conditions in
the microscale, corresponding to approximately a 10*-fold and 10-fold decrease,
respectively. Furthermore, the experiments at microscale are amenable to parallelization,
resulting in even lower times per experiment, from 2 minutes down to a few tens of

seconds.

Table 4.1 — Comparative analysis of some operating and performance parameters® from the experiments
performed in micro- and macroscale.

Microscale  Macroscale Microscale Macroscale
(i) Operating Parameters (ii) Recovery Yield (Yz) (%)
E:izk;td'bed ~1mm 25 mm PHOS+O0M®  946+52  97.7+15(p=023)
Packed-bed _
Volume ~70nL 1mL pPHO5+1M 86.2+4.7 81.9+1.4 (p=0.15)
Flow rate 15 pL/min 1 mL/min pH95+2M 78.3+3.7 72.2+3.4 (p=0.091)
Velocity 21.4 cm/min 25.9 mm/min pH85+1M 759+35 81.7 +3.3 (p = 0.092)
Residence time 0.28s 1 min pH85+2M 66.0 + 8.8 79.1+1.6 (p =0.063)
Mass of mAb _
per assay 1.5 ug 10 g PH75+1M 69.1+5.2 79.0 +3.7 (p = 0.058)
Assay time ~2 min ~ 26 min® pH75+2M 56.2 +11.1 67.5+8.3(p=0.17)

@ Recovery yield values are displayed as mean + SD. Chromatography runs were performed in duplicate, while the corresponding
microfluidic experiments were performed in triplicate. The p-valuesto evaluate the probability of the two average recovery yields
being different were calculated assuming a two-tailed t student distribution with two degrees of freedom.

® Assuming a run time of 16 min + 5 min for column equilibration + 5 min for column re-equilibration.

©0, 1 and 2 M refer to concentrations of NaCl.
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4.7. Summary

This chapter reports the development of a microfluidic analytical method to screen
adsorption and elution conditions within a few minutes for optimization of multimodal
chromatography. In addition to optimizing the binding conditions of an anti-IL8 mAb to
a commercial multimodal resin (Capto™ MMC), it was also possible to explore the source
of the complex kinetic properties of this resin by analyzing its ionic and hydrophobic
moieties individually. This multimodal resin was observed to have a mostly
electrostatically driven adsorption with the hydrophobic moiety providing additional salt
tolerance, in accordance to several previous studies using conventional optimization
approaches. Optimal elution conditions were achieved for a pH value (pH = 9.5) slightly
above the antibody isoelectric point and, in this case, addition of a neutral salt (NaCl)
reduced the antibody recovery. Overall, the best recovery conditions resulted in a yield
of (94.6 + 5.2) %, which is comparable to the optimal value of (97.7 + 1.5) % obtained

using a conventional chromatography column.

The obtained results demonstrated that microfluidic chromatography coupled to
fluorescence measurements directly on the resin under study can be a powerful and
versatile tool to speed up the screening of binding Kinetics and to provide insights on the
mechanisms of interaction. Furthermore, this technique can potentially be used with any
target molecule or resin assuming a previous labeling procedure with a photostable and

environment-independent fluorophore.
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"In the middle of difficulty lies opportunity.”
Albert Einstein

Chapter 5
Multiplexed and Quantitative Screening

of Ligands and Target Molecules?

he increasing number of novel commercially available chromatography ligands has
Tbeen motivating the use of high-throughput screening platforms, particularly during
the early stages of process development. As discussed in section 2.4, the approaches to
perform a high-throughput optimization of chromatographic operating conditions are
normally based on microtiter plates, micropipette tips and miniature columns operated in
robotic platforms for automation and parallelization of processes. However, to further
reduce time, costs and molecule consumption, the use of microfluidic platforms has been
reported within this context, for quantifying protein breakthrough [20, 126] and real-time
tracing of adsorption isotherms [21]. Microfluidics allows to explore different types of
stationary phases within a microchannel, from monolithic structures [161-163] to bead-
packed channels [19, 126, 164]. Additionally, the use of microfluidic devices for
chromatographic separations has the potential to parallelize and automatize the process
operation, from sample injection to signal read-out, without resorting to complex,
expensive and bulky equipment. For complex separations, in particular, it is advantageous
to optimize the chromatography operation by bead-level monitoring, while
simultaneously analyzing the behavior of multiple target molecules. Despite the progress
made in miniaturizing the different components of liquid chromatography, this type of
multiplexed study and quantitative analysis associated with multiple target compounds

has so far not been demonstrated.

This chapter reports the development of a microfluidic device to perform a multiplexed

screening of different chromatography resins — packed in three chambers in series with

This chapter contains sections reproduced from a manuscript currently submitted to Journal of Chromatography A:

8I.F. Pinto, R.R.G. Soares, M.R. Aires-Barros, V. Chu, J.P. Conde, A.M. Azevedo, “Optimizing the performance of
chromatographic separations using microfluidics: multiplexed and quantitative screening of ligands and target
molecules” (submitted).
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the liquid flow — and target molecules. An artificial mixture of an anti-IL8 monoclonal
antibody and BSA was used as a model system to perform a comprehensive optimization
of separation conditions using multimodal ligands. A quantitative analytical method was
developed to determine the recovery yield and purity of the separation, based on
fluorescence measurements of the molecules of interest directly at bead-level. The
performance of the separation was then sequentially optimized through a (i) capture step,
in which the selective binding of 1gG to the beads was maximized, followed by a (ii)
polishing step, in which remaining amounts of BSA were further removed by interaction
with the beads.

5.1. Experimental section

5.1.1. Buffer solutions and chromatography resins

Acetate buffers at pH 4.5 and 5.5 were prepared using sodium acetate from Merck
(Darmstadt, Germany) and acetic acid (100%, AnalaR Normapur) from VWR BDH
Prolabo (Radnor, PA, USA). Phosphate buffers at pH 6.5 and 7.5 were prepared using
potassium dihydrogen phosphate and dipotassium phosphate from Panreac Quimica Sau
(Barcelona, Spain). Tris buffer at pH 8.5 was prepared using Tris(hydroxymethyl)
aminomethane from Sigma-Aldrich. Carbonate buffer at pH 9.5 was prepared using
sodium bicarbonate and sodium carbonate also from Sigma-Aldrich. For each pH
condition (50 mM buffering agent), different conductivities were achieved by adding
sodium chloride (Sigma-Aldrich) at the following concentrations: 0, 50, 100, 200, 500,
1000 mM.

CM Sepharose Fast Flow, Q Sepharose Fast Flow, MabSelect SuRe (Protein A), Capto™
MMC and Capto™ adhere resins were obtained from GE Healthcare (Uppsala, Sweden)
in bulk and as prepacked 1 mL columns. MEP HyperCel™ and HEA HyperCel™ were
obtained from Pall Corporation (Port Washington, NY, USA) in bulk and as prepacked
1 mL columns. Toyopearl Sulfate-650F and Toyopearl NH2-750F bulk resins were kindly
provided by Tosoh Bioscience GmbH (Darmstadt, Germany).

5.1.2. 1gG purification and protein labeling

Anti-interleukin 8 monoclonal antibodies (anti-IL8 1gG, pl = 9) were produced by

Chinese hamster ovary (CHO) cells grown in a serum-containing medium, as described
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in detail in [165]. Purified 1gG was obtained by loading the cell culture supernatant onto
a protein A (MabSelect SuRe) column using an AKTA™ Purifier system from GE
Healthcare. Recovered IgG was concentrated using Amicon centrifugal units (10 kDa

cutoff) before conjugation to a fluorophore.

IgG and BSA (Sigma-Aldrich) were conjugated to the thiol-reactive dyes BODIPY FL
(Ex = 488 nm, Em = 503 nm) and BODIPY TMR (Ex = 545 nm, Em = 570 nm),
respectively, from Thermo Fisher Scientific. The conjugation reactions were performed
as follows: (i) IgG and BSA were prepared at a final concentration of 8.5 and 15 mg/mL,
respectively, in PBS; (ii) BODIPY dyes were added to the protein solutions in a
proportion of 20 mol dye/mol protein; (iii) solutions were mixed in the vortex for 2-3 s
and incubated in the dark for 2 h with constant orbital agitation; (iv) free dye molecules
were removed using Amicon centrifugal devices (0.5 mL, 10 kDa cutoff) using at least
10 diafiltration volumes. The degree of labeling for the conjugation reaction of 1gG and
BSA was measured spectrophotometrically as 0.5 and 2.2 mol dye/mol protein,

respectively.

5.1.3. Liquid handling and operation in the microfluidic device

The microfluidic structures were fabricated according to the described in chapter 3,
section 3.1, and the different types of chromatography beads were prepared as described
in section 3.4. The bead solutions were then simultaneously introduced into the three
microchambers by inserting pipette tips in the inlets of the chambers and applying a
negative pressure at both the inlet and outlet of the 20 um tall channel using a syringe
pump. The inlets of the microchambers were then closed with a steel plug and the beads
were washed with 50 um of PBS (Sigma Aldrich) by flowing the buffer through the 20
um tall channel crossing the three chambers. Adsorption studies in the multiplexed
microfluidic device were performed by flowing mixtures of fluorescently labeled IgG
(25 pg/mL) and BSA (250 pg/mL) under different buffer conditions at 10 uL/min for
150 s. Due to the high concentration of BSA used in these studies and relatively high
photoluminescence of the BODIPY-TMR fluorophore, 3 ug/mL of labeled BSA were
diluted with 247 pg/mL of non-labeled BSA, to avoid signal saturation during the
fluorescence measurements. Elution studies were performed in single-column

microfluidic channels (fabricated as described in chapter 3, section 3.1), by first adsorbing

77



the molecules under appropriate conditions for 180 s and then flowing the elution buffer
for 150 s, both at a flow rate of 10 uL/min.

5.1.4. Image acquisition and processing

Fluorescence measurements were performed using an Olympus CKX41 inverted
microscope coupled to a CCD color camera (Olympus XC30) equipped with a filter cube
providing blue-excitation (band-pass excitation: 460 — 490 nm; long-pass emission:
520 nm) and green-excitation (band-pass excitation: 480-550 nm; long-pass emission:
590 nm). These filter cubes will be henceforth referred as B and G filters. The signal
corresponding to the fluorescence emission of 1IgG and BSA in the artificial mixture was
acquired using the B and G filters, respectively, in intervals of 20 s using an exposure
time of 1.5 s, 5 dB gain and 40x total magnification. Images were analyzed using ImageJ
software (National Institutes of Health, USA), and the fluorescence emission values were
obtained by averaging the entire area (200 x 400 pm) corresponding to the intersection

of each microchamber with the transversal 20 um channel.

5.1.5. Assays in 1-mL chromatography columns

Chromatography assays were performed using either pre-packed or in-house packed
columns (1 mL) in an AKTA™ Purifier system. UV absorbance at 280 nm, conductivity
and pH of the outlet stream were continuously monitored using a UV-900 and pH/C-900
module, respectively. Flowthrough and elution fractions were collected using a Frac-920
fraction collector (GE Healthcare).

In the assays using artificial mixtures, the capture and polishing steps for the different
purification sequences were performed in separate. Similarly to the approach followed in
the microfluidic experiments, the performance parameters (yield, purity) of the first step
were used to determine the composition of the mixture to load on the second step.
Chromatography runs were performed at a flow rate of 1 mL/min using a 500 uL injection
loop. The artificial mixtures were prepared in the adsorption buffer of the corresponding

purification step (capture or polishing) under study.

Purification using a serum-containing cell culture supernatant was accomplished by
performing the capture and polishing steps sequentially. Capture was performed in a
Toyopearl Sulfate column by loading the cell culture supernatant using a 5 mL injection
loop, adsorbing the molecules at pH 6.5 + 50 mM NacCl and eluting at pH 9.5 + 500 mM
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NaCl. Polishing was then performed in a Toyopearl NH2 column by loading the elution
pool of the capture step using a 2 mL injection loop, adsorbing the molecules at pH 9.5 +
500 mM NaCl and eluting/regenerating with 0.5 M NaOH. Both capture and polishing

runs were performed at a flow rate of 1 mL/min.

5.1.6. Post-chromatography quantification of 1gG and total protein

Flowthrough and elution fractions collected in conventional chromatography assays (non-
microfluidic) were analyzed with respect to IgG and total protein concentrations. IgG
concentration was determined by analytical protein A chromatography, using a POROS
PA ImmunoDetection sensor-cartridge from Applied Biosystems (Foster City, CA,
USA), as described by Azevedo et al. [155]. Total protein content was determined by the

Bradford method using a Coomassie assay reagent from Pierce (Rockford, IL, USA).

5.1.7. Protein gel electrophoresis

Reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed with samples collected in the chromatographic assays using a serum-
containing cell culture supernatant. The samples were prepared in reducing conditions as
previously described by Pinto et al. [165] and loaded in a 12% acrylamide gel
polymerized using 40% acrylamide/bisacrylamide solution (29:1) from Bio-Rad
(Hercules, CA, USA). Gels were run at 90 mV using a running buffer containing 192 mM
glycine, 25 mM Tris-HCI and 0.1% SDS at pH 8.3. Gels were silver stained as follows:
(i) 2h fixation in 30% ethanol, 10% acetic acid; (ii) 10 min wash with 30% ethanol; (iii)
2x10 min wash with MilliQ water; (iv) 1 min sensitization with 0.02% sodium thiosulfate;
(v) 3x30 s wash with MilliQ water; (vi) 30 min staining with 0.15% silver nitrate;
(vii) 1 min wash with MilliQ water; (viii) development in 3% sodium carbonate, 0.05%

formaldehyde; (ix) 15 min wash with 5% acetic acid.

5.1.8. Isoelectric focusing

Isoelectric focusing (IEF) was performed to analyze the isoelectric point of IgG and BSA
after labeling with BODIPY fluorophores. The IEF was performed in a Pharmacia
PhastSystem separation module using a precast homogeneous polyacrylamide gel
(PhastGel® IEF 3-9) from GE Healthcare. The program for running the gel included a
75 Vh prefocusing step at 2000 V, sample application at 200 V for 15 Vh, and a focusing
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step at 2000 V for 410 Vh, as reported by Olsson et al. [166]. The gel was subsequently

silver stained, according to the proceeding also described in [166].

5.2. Design and operation of the multiplexed microfluidic device

The microfluidic structure designed for the multiplexing experiments is shown in Figure
5.1. The device consisted of three individual microchambers in which three different
types of chromatography beads were packed. Each chamber had a useful volume of
~10 nL and was placed in series with the flow of the solution. By having the chambers
placed in series, it was possible to ensure that the liquid velocity was the same through
the three chambers, independent of any variations in the bulk density of the bead packing
in each chamber.

(A) (B)
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Figure 5.1 — Microfluidic structure used in the multiplexing experiments. (A) Schematics of the
microchambers with three different types of chromatography beads packed in series with the flow of the
solution. An artificial mixture of 1gG-BODIPY FL and BSA-BODIPY TMR was flowed through the
three chambers at different operating conditions. (B) SU-8 mold of the microfluidic structure (top) and
bright field microscopy image of the PDMS structure showing the beads packed inside the
microchambers (bottom).

Preliminary experiments performed with the same type of beads (Capto™ MMC) in the
three chambers showed that at a flow rate of 10 uL/min no significant depletion of the
target molecules in solution is observed (Figure 5.2). This is essential for performing a
multiplexed analysis of different types of beads subjected to the same concentration of

target molecule in solution under the same operating conditions.

An artificial mixture composed of IgG (25 pg/mL) and BSA (250 pg/mL), in

concentrations similar to those in a serum-containing cell culture supernatant, was used
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as a model to optimize the performance of the separation. IgG and BSA were previously
labeled with different thiol-reactive neutral dyes — BODIPY FL and BODIPY TMR,
respectively — to allow fluorescence measurements of the adsorption and elution events
in real-time and at bead-level.
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Figure 5.2 — Fluorescence emission of the packed beads in the three microchambers simultaneously
monitored over time using a microscope. The chambers were packed with a single type of
chromatography beads (Capto™ MMC) and a solution of fluorescently labeled 1gG (50 pg/mL) was
flowed at 10 uL/min. The fluorescence intensity of the three chambers was homogeneous over time,
which indicates that there is no depletion of IgG molecules in solution at the used flow rate, implying
reaction-limited conditions.

The fluorophores used to label the proteins were selected based on their
excitation/emission spectra, to avoid signal cross-contamination when performing the
simultaneous detection of IgG and BSA in the same solution. In Figure 5.3-A and B the
spectral properties of the fluorophores overlapped with the used set of fluorescence filter
cubes are shown. The bandpass excitation of the B and G filters excites both BODIPY
FL and TMR fluorophores, although TMR is excited with a relatively low efficiency by
the B filter. On the other hand, while with the B filter the emission of both fluorophores
is measured, the fluorescence emission measured with the G filter is uniquely derived
from the BODIPY TMR fluorophore. This allows the deconvolution of the signal
measured with the B filter in order to obtain the fluorescence intensity derived only from
the BODIPY FL fluorophore. The fluorescence signal deconvolution is shown
schematically in Figure 5.3-C and this approach was systematically used to construct
calibration curves for each of the conjugates, enabling an analytical quantification of the

mass of IgG/BSA bound per volume of resin for each operating condition tested.

81



100 100 H Fe—
] | |
80 A 80 - | :
2 60 4 | > 60 1 | |
£ .0 g L)
240 i E 401 A
2 i g | ;
F 20 i 5 20 1 | K ‘
Q H o !
4 i & I I !
0 v ret T " 0 +——r——F———
300 400 500 600 700 00 400 500 600 700
Wavelength (nm) Wavelength (nm)
Excitation FL = Emission FL Excitation TMR Excitation FL = Emission FL Excitation TMR
Emission TMR Excitaton B~ ----- Emission B Emission TMR — Excitation G - - Emission G
-exciltation -eXcitation
Cc B-excitati G-excitati
A (Green channel quantification) A (Red channel quantification)
g, N~ S~ Hy o o,
\\N‘ \’N ;\ . o -\©<( // ":a(N P, cuzcurc—umcuﬂrmb
_2‘ HS P cHch;'t’:vNHcHEDH;Nb O\Q 3 U o ¢ @Q\
7 IO ¥ %
g Q) g | o \©
o (Mpe o prs Fla) o \Q
Eafr-—----- - c Q
=4[ = Y
L4 R (mpg, Fly) 3
c c
[ [
(4] (5]
7] ]
[ o
1 B
g g (Mp.rur, Fly)
o T
t BODIPY® FL

Mass cohjugate / volume of resin

Figure 5.3 — Excitation/emission spectra of the BODIPY FL and BODIPY TMR fluorophores
overlapped with the intervals of excitation/emission provided by the (A) B filter (band-pass excitation:
460 — 490 nm; long-pass emission: 520 nm) and (B) G filter (band-pass excitation: 480-550 nm; long-
pass emission: 590 nm) in the fluorescence microscope (Olympus CKX41). (C) Schematics of the
strategy followed for signal deconvolution in the calibration curves obtained with the protein conjugates,
caused by the simultaneous excitation/emission of both IgG and BSA molecules in the blue region. The
fluorescence signal measured at a long-pass emission of 520 nm is a contribution of both IgG and BSA
molecules that can be corrected considering that the fluorescence signal measured in the green region
corresponds uniquely to the labeled BSA molecules.
The selection of the thiol reactive BODIPY fluorophores was motivated by their
environment-independent quantum yields, their reactivity with neutral -SH groups in the
protein, their neutral charge and their relatively low molecular weight (< 600 Da). Thus,
the labeling of 1gG and BSA with BODIPY FL and TMR did not alter the overall charge
of the protein (Figure 5.4), minimizing the effect that tagging the molecules of interest
would have in their interaction with the chromatographic beads. This was particularly
important considering that the optimization studies performed in the microfluidic device
were intended to serve as guidelines for the separation of 1gG (target) from BSA

(impurity) at a conventional scale, when the target proteins are in their native state.
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Figure 5.4 — Isoelectric focusing (IEF) gel performed with labeled and unlabeled 1gG and BSA. Lanes
ID: (1) — pl broad standards 3-10 (GE Healthcare); (2) — parental 1gG; (3) 1gG conjugated to BODIPY
FL; (4) parental BSA,; (5) BSA conjugated to BODIPY TMR. Samples were loaded in the central part
of the gel (dashed line) and migrated up or downwards according to their isoelectric point (pl). The gel
shows that the presence of the fluorophore did not alter the overall charge of the proteins. pl (IgG) = 9;
pl (BSA) = 4.6.

5.3. Mass balance calculations

Prior to performing the experiments in the multiplexed microfluidic device, it was
necessary to calibrate the mass of each conjugate captured by the beads with respect to
the fluorescence intensity measured at bead-level in microfluidic devices. This analytical
method was based on a mass balance followed by a signal deconvolution strategy (as
shown in Figure 5.3) and allowed to determine the recovery yield and purity of the

separation under different operating conditions.

Two separate mass balances were performed, one for 1IgG and other for BSA conjugates,
using protein A and Q Sepharose chromatography beads, respectively. The mass balance
approach relates the intensity of the fluorescence signal with the amount of molecules
bound to the beads inside the microcolumn, after flowing a given amount of IgG/BSA
conjugates. The intensity of the fluorescence signal is proportional to the total mass of
IgG/BSA inside the microchannel (m(IgG/BSA)otai), €ither specifically bound to the
beads (m(IgG/BSA)peqaqs) Or non-specifically bound to the PDMS walls (m(IgG/
BSA)ppus), according to Equation 5.1:
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mIgG/BSA)peaas = M(1gG/BSA)torar —mMUI9G/BSA)ppus Equation 5.1

The mass that adsorbs non-specifically to the PDMS walls was accounted for by flowing
the same amount of protein conjugates through (i) a channel packed with beads (p) and
(ii) a bare channel (b) under the same conditions, which allows to rewrite Equation 5.1

as follows:

m(IgG/BSA)peaas
= [m(1gG/BSA);y —m(IgG/BSA)ourp) Equation 5.2

— [m(1gG/BSA) iy — m(1gG/BSA)our)
where m(IgG/BSA)oyr,, is the mass of IgG/BSA collected at the outlet of the channel
with packed beads (V = 10 uL), m(IgG/BSA)oyrp 1S the mass of IgG/BSA collected at
the outlet of the bare channel (V = 10 uL), and m(IgG/BSA)y is the mass of IgG/BSA

that is loaded onto the channels. The only term of the mass balance that is a priori known
iIs m(IgG/BSA),y, as the solutions of IgG/BSA conjugates at different concentrations
were prepared from stock solutions. Taking this into account, initial calibration curves
were obtained using increasing concentrations of 1gG (Figure 5.5-A) and BSA (Figure
5.5-B) conjugates, in order to correlate the signal intensity with the conjugate

concentration and, subsequently, determine the m(I1gG/BSA),yr in each case.
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Figure 5.5 — Calibration curves of initial solutions with known concentrations of (A) 1gG and (B) BSA
conjugates used for determination of m(IgG)oyr and m(BSA)yr in the mass balance. Protein A and Q
Sepharose beads were packed in microfluidic channels to bind 1gG and BSA, respectively, at different
concentrations. Maximum binding capacities (BC) for the two ligands are indicated in the plots,
according to the information provided by the manufacturer. The concentrations of 19gG (25 pg/mL) and
BSA (250 ug/mL) used to prepare the artificial mixtures in the optimization studies are highlighted.
Dashed lines indicate the concentration of conjugate in solution corresponding to a mass of 10 mg 1gG
and 100 mg BSA captured per mL of resin.
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The calibration curve and the quantification of signal intensity of the outlet solutions were
performed using a fluorescence microscope (Olympus CKX41) but the procedure is valid
for any other equipment, e.g. a fluorimeter device. For the calibration of the fluorescence
signal, IgG-BODIPY FL conjugates were used in the following concentrations: 6.25, 2.5,
25, 37.5, 50, 75 ug/mL, whereas BSA-BODIPY TMR conjugates were used in the
following concentrations: 62.5, 125, 250, 375, 500, 750 ug/mL.

According to the results in Figure 5.6, the mass of 1gG and BSA non-specifically bound
to the PDMS walls was shown to be negligible, as p-values > 0.05 were obtained for all
the concentrations under study, meaning that m(IgG/BSA),;y and m(IgG/BSA)oyr  Were
not significantly different for all tested concentrations, and so the mass balances were

simplified according to Equation 5.3.

m(19G/BSA)peaas = [m(IgG/BSA)y —m(1gG/BSA)our] Equation 5.3
(A) (B)
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Figure 5.6 — Measurement of (A) IgG and (B) BSA conjugates non-specifically bound to the PDMS
walls for fluorescence assays at increasing concentrations of conjugates in the initial solution and in the
outlet solution collected from a microchannel without beads. The error bars in all plots correspond to the
standard deviation of three individual measurements. A negligible amount of protein conjugates is non-
specifically bound to the PDMS walls, so m(IgG)ppus and m(BSA)ppus Were not taken into account
for the mass balance equations.

Based on these calculations, it was possible to obtain the calibration curves in Figure 5.7,
in which the intensity of the fluorescence signal is related to the mass of IgG or BSA

bound per volume of resin (q;46/q5s4). The minimum detectable mass values of labeled

IgG and BSA were 0.66 £ 0.24 ng/nLresin and 1.86 + 1.36 ng/nLresin, respectively.
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Figure 5.7 — Calibration curves obtained for the fluorescence intensity upon (A) blue-excitation and (B)
green-excitation as a function of the mass of IgG and BSA conjugates bound per volume of
chromatography resin inside the microchannel. The minimum detectable mass values of labeled 1gG and
BSA were 0.66 + 0.24 ng/nLresin and 1.86 + 1.36 ng/nLesin, respectively.

5.4. Experiments using affinity and single-mode ligands

Preliminary experiments were performed using affinity and single-mode chromatography
ligands, namely Protein A (affinity), Carboxymethyl Sepharose (cation exchanger) and Q
Sepharose (anion exchanger), whose interactions with IgG and BSA are well described
in the literature [34, 167, 168], in order to demonstrate the potential and feasibility of the
multiplex structure to screen different chromatographic conditions and to find optimal

working windows.

Figure 5.8-A i-iii shows the kinetic profiles for the adsorption of 1IgG and BSA at pH 5.5,
by plotting the mass of protein bound per volume of resin over 150 s. The three chambers
were imaged simultaneously during the experiment upon excitation in the blue and green
region for quantification of IgG and BSA, respectively (Figure 5.8-A iv). The slope (kige
or kesa) of the linear fit of experimental data points can be used as a kinetic response
parameter to evaluate the capture performance at a given operating condition. The contour
plots in Figure 5.8-B show the overall performance of the three chromatographic resins
under nine operating conditions obtained by combination of three pH values (5.5, 7.5,
9.5) and three conductivities (0, 50, 100 mM NaCl).

For the protein A resin, the results in Figure 5.8-B i, iv show that binding of 1gG was not
significantly affected by the operating conditions, being more favorable at neutral pH
values, while binding of BSA was negligible. These results are consistent with what is

expected, since protein A is well-known for capturing IgG molecules with high selectivity
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and efficiency. In the case of Carboxymethyl Sepharose, proteins bind to the resin mostly
by electrostatic interactions with the ligand, so a separation of the proteins in the mixture
based on their isoelectric points is expected. In fact, IgG showed a strong interaction at
pH values significantly below its isoelectric point (pl = 9) and conductivities between 6-
9 mS.cm™. Higher conductivities preclude binding of this protein, as well as pH values
approaching its isoelectric point. On the other hand, binding of BSA (pl = 4.7) was not

observed for any of the conditions tested (pH > 5.5).
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Figure 5.8 — Separation of 1gG and BSA using affinity and single-mode electrostatic ligands. (A) Kinetic
profiles for the adsorption at pH 5.5 in (i) Protein A; (ii) Carboxymethyl Sepharose; and (iii) Q Sepharose
resins. Microscopy images (A-iv) of the three microchambers imaged in the bright field (BF), and upon
excitation in the blue region (B-exc) and in the green region (G-exc). (B) Contour plots of the adsorption
of 1gG (i-iii) and BSA (iv-vi) on protein A, Carboxymethyl Sepharose and Q Sepharose resins.
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The opposite was observed in the case of Q Sepharose, with 1gG showing mostly
negligible binding in the majority of conditions and BSA showing increasing interaction
with the ligand as the pH increases above its pl at conductivities below ~10 mS.cm™. It
Is interesting to observe that for pH > 7.5, binding of BSA starts to gradually decrease
possibly due to the competitive interaction of IgG with the ligand at these conditions. In
addition, conductivities higher than 10 mS.cm™ showed a significant negative impact in
the binding of BSA, regardless of the pH conditions, due to the screening of electrostatic

interactions induced at high NaCl concentrations.

Overall, the results obtained for both 1gG and BSA were in good agreement with what
would be expected from the molecule and bead properties, indicating that this approach
can potentially be used to optimize the separation using intricate multimodal ligands, in
which there is an interplay of different functional groups governing the binding of the
proteins.

5.5. Multimodal chromatography process development

A purification process for antibodies based on multimodal chromatography was
developed at a microfluidic scale using two different microfluidic devices, the
multiplexed structure shown in Figure 5.1, and a single-column structure previously
reported in chapter 4. Optimization studies were divided into capture and polishing
studies, according to the schematics in Figure 5.9. For each study, a group of three
multimodal resins was chosen so that purification could be achieved using two orthogonal
chromatographic steps, in which the first step (capture) exploits the interaction of
molecules with a negatively charged ligand and the second step (polishing) uses a

positively charged ligand to further improve the performance of the separation.

The optimization of the capture step comprised adsorption and elution studies, which
were performed in two different microfluidic structures. For the adsorption studies, the
multi-chamber microfluidic device was used in order to simultaneously evaluate three
multimodal resins, namely Capto™ MMC, MEP Hypercel™ and Toyopearl Sulfate, using
an artificial mixture of fluorescently labeled IgG and BSA. The most promising
adsorption conditions for each resin were selected based on the ability to maximize
binding of 1gG, while minimizing binding of BSA to the beads. Since the optimal
conditions to fulfil these criteria were different for each resin, it was necessary to

individualize the elution studies using single-column microfluidic channels as
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represented in Figure 5.9. At this point, optimal conditions were selected based on the
ability to successfully desorb the IgG from the beads, and avoiding co-elution of any
bound BSA.
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Figure 5.9 — Strategy followed in the optimization studies. Two different microfluidic devices were
systematically used to perform the optimization of the capture and polishing steps, depending on the type
of analysis required. The panel of three multimodal resins used in each step of the optimization process
is also indicated.

The next stage in the optimization process was to evaluate the polishing step, taking into
account the recovery yield and purity parameters obtained after the first capture step.
Anrtificial mixtures of IgG and BSA with different compositions, resulting from the most
promising conditions evaluated in the previous step (capture), were prepared and flowed
through the multi-chamber device packed with three multimodal resins, namely Capto™
adhere, HEA Hypercel™ and Toyopearl NH.. Optimization studies aimed at defining an
operating window for these resins in which binding of BSA was maximized while
minimizing interaction of 1gG with the ligand. Analogous to the strategy used in the
capture step, optimal conditions derived from the screening studies using the multi-
chamber device were individually evaluated in single-column microfluidic channels to

determine the performance of the polishing step.

The results obtained in each of these steps are presented and discussed in detail in the

following subsections.

5.5.1. Capture studies

Figure 5.10 shows the results obtained for the optimization of the capture step. In the
adsorption studies (Figure 5.10-A), both Capto™ MMC and Toyopear| Sulfate provided
similar binding trends for both IgG and BSA. The most relevant differences are related

to the extended salt tolerance of Capto™ MMC, which is able to bind IgG and BSA at



conductivities up to 64 mS.cm™, and the higher binding capacity of Toyopearl Sulfate
towards IgG in a range of pH values from 5.0 — 7.0. The results obtained with MEP
Hypercel™ showed a poor binding of IgG in the conditions evaluated, although better

results were obtained at near-neutral pH values, in accordance with previous reports [169,
170].
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Figure 5.10 — Optimization of the capture step in terms of adsorption and elution of labeled 1gG and
BSA to the multimodal ligands Capto™ MMC, MEP Hypercel™ and Toyopearl Sulfate. (A) Contour
plots of the adsorption of IgG (i-iii) and BSA (iv-vi) on Capto™ MMC, MEP Hypercel™ and Toyopearl
Sulfate resins. (B) Contour plots of the purity in terms of 1gG captured on (i) Capto™ MMC, (ii) MEP
Hypercel™ and (iii) Toyopearl Sulfate. 1gG purity at bead-level was calculated for each condition
according to Equation 5.4. (C) Recovery yields and purification factors relative to the total mass
adsorbed on the beads, after elution from (i) Capto™ MMC, (ii) MEP Hypercel™ and (iii) Toyopearl
Sulfate at different operating conditions. Adsorption conditions were as follows: Capto™ MMC — 50

mM phosphate pH 6.5 + 0 mM NaCl; MEP Hypercel™ —50 mM Tris pH 8.5 + 50 mM NaCl; Toyopearl
Sulfate — 50 mM phosphate pH 6.5 + 50 mM Nacl.
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The combination of the binding results for 1IgG and BSA allowed the calculation of the
purity at bead-level for a given operating condition according to Equation 5.4, in order
to obtain the contour plots shown in Figure 5.10-B.

kprot 1 (ngProt 1+ #L;;sin' 5_1) % 100 .
kProt 1 (ngProt 1- #L;e}sin' 5_1) + kProt 2 (ngProt 2+ #L;;sin' 5_1) Equatlon 54

Puritypeqas (%) =

Toyopearl Sulfate showed the most promising results in terms of the selective capture of
IgG, with values between 80 — 100% being achieved for a relatively broad range of
operating conditions (pH 6.0 — 8.5, conductivity up to 32 mS.cm™). Although obtained
with model solutions, these results anticipate the ability of this resin to efficiently capture
IgG in cell culture supernatants at their native pH and conductivity conditions (pH 6.5-
7.0; ~12 mS.cm™).

The purity contour plots combined with the binding kinetics measured for each molecule
provided information on potentially efficient and selective elution conditions with which
to proceed (i.e. minimum binding of IgG and maximum binding of BSA). Thus, for each
multimodal resin, four different elution conditions (pH 6.5 and 9.0 with 0 or 500 mM
NaCl) were tested under fixed adsorption conditions (Capto™ MMC: 50 mM phosphate
pH 6.5 + 0 mM NaCl; MEP Hypercel™: 50 mM Tris pH 8.5 + 50 mM NaCl; Toyopearl
Sulfate: 50 mM phosphate pH 6.5 + 50 mM NaCl). The results of the elution studies,
relative to the total mass of IgG and BSA adsorbed on the beads, are shown in Figure
5.10-C. Overall, the results in terms of yields and purification factors were similar for all
resins, which was expected considering that the elution conditions were selected from
regions of low adsorption purity (i.e. low amount of IgG and high amount of BSA
captured on the beads) combined with low binding of IgG. In all cases, it was possible to
significantly improve the purity in comparison to the initial purity of the model mixture
(~9%), with Toyopearl Sulfate showing the best performance with purification factors
above 7. It is interesting to note that purification using multimodal resins normally results
in a trade-off between yield and purity [102, 104], as the separation of molecules does not
rely on highly specific affinity interactions. This effect was clearly observed using MEP
Hypercel™ (Figure 5.10-C ii), where increasing recovery yields of the antibody resulted

in a progressive reduction in the final purification factor.
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5.5.2. Polishing studies

The multiplexed microfluidic device was also used for the optimization of the polishing
step. In this case, Capto™ adhere, HEA Hypercel™ and Toyopearl NH> resins were
packed in each chromatography chamber. Solutions of labeled IgG and BSA were
prepared in the four elution buffers evaluated in the capture studies and loaded on the
multi-chamber device. Figure 5.11-A shows the kinetic results for the binding of IgG and
BSA to the three multimodal polishing resins using the elution conditions of the previous
capture step for (i) Capto™ MMC, (ii) MEP Hypercel™ and (iii) Toyopearl Sulfate. The
goal of this study was to evaluate whether the elution conditions from the capture step
were suitable to maximize binding of BSA to the polishing resins, while allowing the IgG
to flow through the packed bed. The data shown in Figure 5.11-A result from assays on
solutions whose compositions of IgG and BSA were fixed in accordance to the respective
yield and purity results from Figure 5.10-C. Thus, it is important to highlight that the
results of the capture step will determine how challenging the subsequent polishing step
will be. For example, the amount of BSA that reaches the polishing step after a capture
step with Toyopearl Sulfate (Figure 5.11-A iii) is much lower than in the other cases, as
purities after this capture were the highest obtained. On the other hand, the amount of 1gG
recovered after the capture on MEP Hypercel™ (Figure 5.11-A ii) was the lowest of all
cases, since MEP Hypercel™ did not provide a significant binding of IgG in the first place

(as clearly showed by the contour plot in Figure 5.10-A ii).

Overall, a high selectivity in the binding of the two proteins was rare amongst the
conditions and resins evaluated, as most of the conditions studied promoted binding of
IgG at an equal or even higher extent than BSA. This observation was particularly evident
in the case of Capto™ adhere when performing the loading of the mixture at pH 6.5 and
9.5 with 500 mM or 1 M of NaCl. In these conditions, and considering that the global
surface charge of IgG is either the same or opposite to that of the positively charged
ligand, the results imply that binding was promoted significantly by hydrophobic
interactions, since higher NaCl concentrations in the buffer resulted in higher binding
kinetics. These observations are in accordance with previous reports of increasing NaCl
concentrations promoting hydrophobic interactions between mAbs and Capto™ adhere
[11]. Overall, Toyopearl NH2 showed the best performance in terms of selectively,

binding BSA regardless of the elution conditions in the preceding capture step.
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Figure 5.11 — Optimization studies of the polishing step by performing the loading of 1gG and BSA
solutions directly at the elution conditions used in the capture step. (A) Kinetic results for the binding of
IgG and BSA to the three multimodal polishing resins at elution conditions after the capture being
performed on (i) Capto™ MMC, (ii) MEP Hypercel™ and (iii) Toyopearl Sulfate. (B) Recovery yields
and purification factors of the polishing step, obtained with selected polishing conditions (highlighted in
A). Asterisks indicate that yield and purification factor could not be accurately determined due to the
fluorescence signals (of 1gG and/or BSA) being below the limit of detection of the analytical method.
According to the results obtained in Figure 5.11-A, only six conditions were considered
promising for the polishing of 1gG in flowthrough mode. These conditions (1-6 in Figure
5.11-A) were then individually evaluated in single-column microchannels to determine
the corresponding yield and purification factor after this step (Figure 5.11-B). Compared
to the results after the capture step (Figure 5.10-C), it is possible to observe that all the
polishing conditions led to a decrease in the recovery yield and a slight increase in the
purity in some cases, being the most promising result obtained for the polishing

performed on Toyopearl NH> after capture on Toyopear| Sulfate.

In addition to evaluating the polishing by loading 1gG and BSA solutions directly at the
elution conditions used in the capture step, an extended study at a wide range of pH and
conductivity conditions was also performed (Figure 5.12-A). The composition of 1gG
and BSA used in this study was fixed according to the previously optimized captured step
based on Toyopearl Sulfate (Purity = (66.7 + 1.5) %). The results confirmed that Capto™

adhere shows a high affinity for IgG under a wide range of conductivities, which is
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gradually reduced as the pH decreases. HEA Hypercel™ showed very low binding

kinetics towards BSA in all tested conditions, while Toyopearl NH> demonstrated
potential for binding BSA at pH values from 4.5 to 6.5.
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Figure 5.12 — Optimization studies of the polishing step by performing the loading of 1gG and BSA
solutions after adjusting the elution conditions used in a previously optimized capture step. (A) Contour
plots of the kinetic results for the binding of 1gG (i-iii) and BSA (iv-vi) on Capto™ adhere, HEA
Hypercel™ and Toyopearl NH- resins. (B) Contour plots of the purity in terms of BSA captured on (i)
Capto™ adhere, (ii) HEA Hypercel™ and (iii) Toyopearl NH,. BSA purity at bead-level was calculated
for each condition according to Equation 5.4. (C) Recovery yields and purification factors obtained with
selected polishing conditions, indicated in (D). Purification factors were determined considering the
average purity ((66.7 + 1.5) %) obtained after performing the capture using Toyopearl Sulfate, according

to Figure 5.10-C, iii.
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The BSA purity at bead-level provided by each type of multimodal polishing resin
(Figure 5.12-B) allowed the identification of potential operating windows to perform the
polishing step at conditions that do not necessarily match the optimal elution conditions
in the previous capture step. In a real purification scenario, this would require an

additional unit operation to buffer exchange the eluate pools from the capture step.

This alternative approach to perform the polishing revealed promising results in terms of
obtaining a purification scheme providing purities ranging from 80 — 86% while
minimizing the decrease in the recovery yield (Figure 5.12-C). Optimal conditions to
selectively remove BSA in the polishing step were consistently observed at a pH of 5.5
(Figure 5.12-D), significantly below the isoelectric point of the antibody, thus
minimizing the amount of 1gG that interacts with the positively charged multimodal resins

via electrostatic interactions.

5.6. Evaluation of optimized conditions using 1 mL columns

The optimization studies performed in the miniaturized devices allowed to gather a
considerable amount of information on promising purification sequences based on the
model separation of IgG and BSA. Some of these purification sequences were replicated
in conventional chromatography assays with pre-packed or in-house packed 1 mL
columns using (i) model mixtures of IgG and BSA as performed in microfluidic studies
or (ii) a serum-containing cell culture supernatant to validate the microfluidic screening

process.

5.6.1. Assays with artificial model mixtures

The purification sequences evaluated using model mixtures and conventional
chromatography assays (Figure 5.13-A) consisted of sequences in which the polishing
was (i) directly performed at the elution conditions of the previous capture step
(sequences [A] and [B]) or (ii) after adjusting the conditions following elution in the
previous capture step (sequences [C] and [D]). Figure 5.13-B shows the recovery yields
and purities determined for these purification sequences. The results obtained for the
different capture steps were in very good agreement with the values obtained in the
microfluidic experiments, namely Capto™ MMC performed the best in terms of recovery
yield (macro: (95 + 3)% vs micro: (98 + 5)%) and the worst in terms of purity (macro:

(15 £+ 1)% vs micro: (40 + 1)%). The capture performance of Toyopearl Sulfate was also
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consistent with that observed in microfluidics, both in terms of trend and magnitude of
the recovery yields (macro: (80 + 1)% and (82 + 5)% vs micro: (94 + 1)% and (95 + 2)%
for [A] and [C], respectively) and purities (macro: (66 + 0.3)% and (67 + 4)% vs micro:
(66 +0.2)% and (67 + 2)% for [A] and [C], respectively). This consistency in the observed
trends between macro and micro-scale had already been observed in the previous chapter,
in which the performance of the capture of IgG studied in microfluidic devices was

successfully validated in conventional chromatography assays.
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Ads: pH 9.5 + 500 mM NaCl
El: 0.5 M NaOH

[B] Toyopearl NHz

Ads: pH 6.5 + 0 mM NaCl
El: pH 9.5 + 500 mM NaCl

Ads: pH 9.5 + 500 mM NaCl
El: 0.5 M NaCH

[C] Capto adhere
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Figure 5.13 — Chromatography purification assays performed with artificial mixtures composed of 1gG
and BSA. (A) Capture + polishing sequences evaluated using standard column (1 mL) chromatography
assays. (B) Recovery yield and purity parameters determined for each purification sequence.

Regarding the polishing experiments, the performance parameters obtained in macroscale
showed significant deviations compared to those obtained in microfluidic experiments.
Recovery yields were in general ~20-60% lower in comparison to the microfluidic assays,
while purities were ~10-30% higher. This trend was consistent in all the sequences tested,
except in sequence [B], which can be attributed to the differences in purity delivered by
Capto™ MMC in the primary step. In fact, since Capto™ MMC provided lower purity in
the assay performed at macroscale, this implied that a higher concentration (~3.5-fold) of

BSA was loaded on the following polishing step, compared to the concentration of BSA
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that was used in the corresponding microfluidic experiment. The presence of a higher
concentration of BSA may justify the increased recovery yield relative to the microfluidic

experiments due to a competitive interaction with the resin binding sites [171].

It is important to note that in the polishing studies the analyzed fraction is the one
collected in the flowthrough, meaning a fraction containing molecules that did not interact
with the resin, while in microfluidics all the analytical quantification is performed at bead-
level. The significant differences identified in the polishing steps are likely related to
differences in the residence time and linear velocity between the two approaches (macro:
1 min; ~2.5 cm.min vs micro: 0.048 s; ~50 cm.min™). As observed in the previous
chapter, the optimization of the capture steps in bind-elute mode does not seem to be
significantly affected by these differences, however the same may not happen when
studying a process in flowthrough mode, where the retention time has a higher impact in
the performance. For example, having a wider column and a lower linear velocity would
allow IgG molecules to be retained to a larger extent by the resin even at unfavorable
conditions for binding due to weaker secondary interactions, compared to the microfluidic
assays, which have a significantly higher linear velocity and shear rate. This difference
may explain the relative reduction of the recovery yields and relative increase of purities
measured at macroscale. Thus, the potential application of this microfluidic screening
approach to quantitatively predict the separation in flowthrough-based processes would
require the optimization of the residence time using appropriate scaling models, without

significantly compromising assay times.

Based on the results shown in Figure 5.13-B, it was possible to conclude that the
purification sequence [A] based on Toyopearl Sulfate followed by Toyopearl NH> was
the most promising, providing a purity of (90 + 0.2) % after the two chromatographic

steps. This sequence was then applied to a serum-containing cell culture supernatant.

5.6.2. Assays with a serum-containing cell culture supernatant

The chromatographic profiles shown in Figure 5.14-A and Figure 5.14-B correspond to
the capture and polishing assays, respectively, performed using a serum-containing CHO
cell culture supernatant directly at native conditions (no dilutions or adjustments to the
pH or conductivity were performed) loaded on a 1 mL chromatographic column. It was
possible to conclude that the yield of the capture was similar to the one obtained with the

model mixture in the corresponding step, however the purity was, as expected, lower,
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which is justified by the higher amount of uncharacterized protein impurities present in
this feedstock. Regarding the polishing step, the analytical quantification of the
flowthrough pool indicated that there were no significant losses of antibody in this step
and, as observed for the capture step, the increase in purity was not as significant as the
one obtained using the model mixture due to the high background of uncharacterized
proteins.

The SDS-PAGE gel in Figure 5.14-C confirms that the cell culture supernatant (lane 1)
is highly rich in proteins with a broad range of molecular weights, most of them derived
from the serum used to supplement the cell growth. As expected, one of the most abundant
impurities is BSA (MW ~ 66 kDa), justifying its selection as model impurity in the
artificial mixture. Lanes 2 show that the capture step was effective in removing a high
amount of impurities, particularly BSA, as can also be observed by the high flowthrough
peak (2) in the corresponding chromatogram. While the gain in purity was not very
prominent in the polishing step, some proteins with molecular weight between 50 —

25 kDa were successfully removed.

A final purity of 48% may fall short of the downstream purification standards for the
purification of monoclonal antibodies, however the difference between lanes 1 and 4 in
the gel is considerable in terms of the impurity clearance achieved in a two-step sequence
entirely based on multimodal chromatography, using a highly challenging supernatant
without any pretreatment step. As production processes are gradually shifting towards the
use of serum-free media [30, 172], it is also expected that multimodal chromatography
based sequences could provide enhanced performance when using less demanding
feedstocks. Furthermore, complementary studies would be required to optimize the
separation of other relevant contaminants, including other proteins or genomic DNA from
the host cells. In all these cases, the use of versatile multiplexed microfluidic devices such
as the one presented in this work holds great promise to rapidly address different needs

in terms of purification processes, at reduced cost and low molecule consumption.
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Figure 5.14 — Chromatography purification assays performed using a serum-containing cell culture
supernatant. (A) Capture step performed with a Toyopearl Sulfate column. Adsorption: pH 6.5 + 50 mM
NaCl; Elution: pH 9.5 + 500 mM NaCl. (B) Polishing step performed with a Toyopearl NH» column.
Adsorption: pH 9.5 + 500 mM NacCl; Elution: 0.5 M NaOH. (C) Silver stained SDS-PAGE gel in
reducing conditions. Lane 1: feedstock; lanes 2: flowthrough fraction collected in the capture; lanes 3:
elution fraction collected in the capture; lanes 4: flowthrough fraction collected in the polishing.
Duplicates from two independent purification sequences were included in the gel. Arrows indicate the
position of BSA (—) and 19G («) heavy and light chains.

5.7. Summary

This chapter demonstrates that microfluidics can be used as an analytical platform to

perform a fast and cost-effective high-throughput screening of multiple chromatography
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ligands, while providing quantitative information on capture/elution kinetics of different
proteins in solution at low reagent and molecule consumption levels. The concept of
multiplexing was introduced to increase the throughput of the screening methodology,
compared to the strategy presented in chapter 4, and an analytical method was developed

for the quantification of recovery yields and purities under different separation conditions.

The performance results of the microfluidic experiments were consistent with those
obtained in conventional chromatography assays performed in bind-elute mode (capture
studies). Validation of the polishing studies (flowthrough operation) relative to standard
mL-scale column operation proved to be more challenging, as in this case an
overestimation of recovery yields was observed, which was attributed to differences in
retention time and linear velocity between the two approaches. A dedicated optimization
of the flow rate conditions in both approaches would be required for separations in
flowthrough mode. Nevertheless, the use of a microfluidic platform (or a standard
microwell system) for optimization studies is not expected to exactly reproduce results in
larger scales of operation [15, 173], but rather to rapidly provide information on the
overall purification strategies that should be attempted and refined in standard

chromatography formats.
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"Somewhere, something incredible is waiting to be known."

Carl Sagan

Chapter 6
Sequential Liquid Insertion and
On-chip Optical Transduction

Current developments in the microfluidic technology allow the fabrication of the so-
called self-contained systems [128, 174], which are able to perform multiple
functions such as fluidic drive and control, sample preparation, purification of
biomolecules and on-chip signal detection coupled to data processing. These extended
functionalities contribute to the automation and nearly-user independent operation of
microfluidic devices, making them particularly attractive for application in clinical or

laboratory environments.

On-chip control of fluidic handling through the integration of microvalves and
micropumps allows the design of systems that can perform more complex or multiplexed
assays without increased user intervention by allowing automation and control.
Microvalves and micropumps can be achieved with low Young’s Moduli materials, such
as polydimethylsiloxane (PDMS), via membrane-based pneumatic [175-177],
thermopneumatic [178] or hydraulic actuators [179] fabricated by multilayer soft-
lithography [112]. The working principle of these valves is based on the reversible
deflection of a PDMS membrane by actuation of a “control channel” to interrupt the liquid
flow in a “fluidic channel”. These valves have been shown to be extremely effective and
leak-proof when applied in fluidic channels with a round cross section [112]. Membrane-
based valves can also withstand relatively high back pressures in the fluidic channels, are

durable over repeated actuations and are amenable for parallelization.

This chapter contains sections reproduced from the following publications:

fI.E. Pinto, D.R. Santos, R.R.G. Soares, M.R. Aires-Barros, V. Chu, A.M. Azevedo, J.P. Conde 2018 “A regenerable
microfluidic device with integrated valves and thin-film photodiodes for rapid optimization of chromatography
conditions” Sens Actuators B Chem 255 3636-3646.

fLF. Pinto, D.R. Santos, R.R.G. Soares, M.R. Aires-Barros, V. Chu, A.M. Azevedo, J.P. Conde 2016 “Integration of
photosensors in a nano-liter scale chromatography column for the online monitoring of adsorption/desorption Kinetics
of a fluorophore-labeled monoclonal antibody” Procedia Engineering 168 1426-1429.
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In addition to fluidic control, integration of accurate and sensitive modules for signal
acquisition and data analysis represents the ultimate step in the development of self-
contained microfluidic systems. Optical detection is still the dominant choice over other
methods, due to its robustness, high signal-to-noise ratio and high sensitivity [180]. In this
context, the incorporation of LEDs and photodiodes, either commercially
available [181, 182] or fabricated in-house [183], can be used for on-chip colorimetric
[114] or photoluminescent [132, 133] assays. In particular, miniaturized hydrogenated
amorphous silicon (a-Si:H) p-i-n photodiodes are attractive candidates for integrated
optical-to-electrical signal transduction in microfluidic devices, due to their low dark
current (~1x1023 A), high sensitivity to visible light, wide range of linear photoresponse,
and low temperature processing technology (< 250 °C) [184] that allow a more versatile
selection of substrates such as glass or polymers.

The combination of chromatographic techniques with microfluidics has been reported for
different purposes, including delivery of small quantities of pure proteins on demand [19],
HPLC analysis of metabolites and oligomers [185, 186], proteomic investigations and
detection of biomarkers [187], separation of nucleic acids and PCR amplification
products [131] and rapid optimization of separation conditions for biopharmaceuticals
[126].

In chapters 4 and 5, microfluidic-based approaches combined with fluorescence
microscopy measurements were reported, aiming at optimizing multimodal
chromatography operating conditions using target proteins (IgG and BSA) in plain buffer
solutions. These approaches provided working conditions based on the use of high linear
velocities and, consequently, low residence times (>200-fold difference from standard
chromatography), in order to dramatically reduce mass transport limitations within the

micro-columns and obtain a rapid output of results based on different kinetic profiles.

This chapter describes further improvements to the previous microfluidic devices, namely
by integrating sequential liquid insertion and on-chip signal transduction towards a
regenerable chromatography-on-chip device. Screening of chromatographic conditions
were performed directly using a cell culture supernatant spiked with fluorophore-labeled
antibody molecules. Sequential liquid flow was achieved by integrating pneumatically-
actuated valves and chromatography cycles — comprising equilibration, adsorption,
elution and regeneration — were repeatedly performed in the same device with high

robustness and reproducibility. Furthermore, binding and elution Kkinetic profiles were
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monitored in real-time by coupling the device with a-Si:H p-i-n photodiodes for on-chip
signal acquisition, showing results comparable to detection using a microscope or

conventional chromatography equipment.

6.1. Experimental section

6.1.1. Buffer solutions

Acetate buffer (50 mM) at pH 5.5 and 6.5 was prepared using sodium acetate from Merck
(Darmstadt, Germany) and acetic acid 100% (AnalaR Normapur) from VWR BDH
Prolabo (Radnor, PA, USA). Phosphate buffer (50 mM) at pH 7.5 was prepared using
dipotassium phosphate and potassium dihydrogen phosphate from Panreac Quimica Sau
(Barcelona, Spain). Tris buffer (50 mM) at pH 8.5 was prepared using Tris-
(hydroxymethyl)aminomethane from Sigma-Aldrich (St. Louis, MO, USA). Carbonate
buffer (50 mM) at pH 9.5 was prepared using sodium carbonate and sodium bicarbonate
also from Sigma-Aldrich. All other chemicals used in buffer preparation were of
analytical grade. Water used in all experiments was from a Milli-Q purification system
(Millipore, Bedford, MA, USA).

6.1.2. Production and processing of monoclonal antibodies

Chinese hamster ovary cells (CHO DP-12 clone#1934, ATCC CRL-12445), containing a
dihydrofolate reductase (DHFR) expression system, were grown in a serum-free medium,
ProCHO™ 5 (Lonza Group Ltd Belgium) in order to produce anti-interleukin 8 (anti-
IL8) monoclonal antibodies with an isoelectric point (pl) of 9 at a concentration of ~50

mg/L, according to the proceeding described in section 4.1.2.

Cell culture supernatants containing the target mAb were purified by protein A affinity
chromatography using an AKTA™ Purifier system from GE Healthcare (Uppsala,
Sweden). The supernatant depleted in antibody was collected in the flowthrough
fractions, while the purified antibody was recovered in the elution fractions. The elution
pool (volume 22.5 mL) was concentrated (90x) and diafiltered in PBS (Sigma-Aldrich)
using Amicon Ultra-15 centrifugal filter units (MWCO of 50 kDa) from Merck Millipore,
for 15 min at 5000 g in a fixed angle rotor centrifuge. The mAb solution was further
concentrated (~5.7x) in 0.1 M sodium bicarbonate buffer, using Amicon Ultra-0.5
centrifugal filter units (MWCO of 10 kDa) also from Merck Millipore, for 7 min at
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14000 g, to a final concentration of 15.5 mg/mL. The anti-1L8 mAbs were then conjugated
to the amine-reactive dye Alexa Fluor® 430 (A430) — excitation 430 nm, emission
545 nm — NHS ester, obtained from Thermo Fisher Scientific. The fluorescent conjugate
mAb-A430 was spiked in the mAb-depleted cell culture supernatant at a concentration of

50 ug/mL and used in the microfluidic experiments.

6.1.3. Liquid handling and valve manipulation

Agarose beads functionalized with a multimodal chromatography ligand (Capto™ MMC)
were purchased from GE Healthcare as a slurry in 20% ethanol. The procedure for bead
preparation and packing in the micro-columns is described in detail in chapter 3, section
3.4. Briefly, the beads were suspended in a polyethylene glycol 8000 (PEG) solution and
flowed through the micro-column by applying a negative pressure at the outlet, using a
syringe pump (NE-1002X, New Era Pump System, Inc., NY, USA). The entrance of the
column was then sealed with a steel plug and the packed beads were washed by flowing
equilibration buffer in the fluidic channels connected to the main column (fabrication
process is described in detail in chapter 3, section 3.2). To perform the chromatography
cycles, all solutions were flowed towards the micro-column by pulling the liquid from the
outlet at 10 uL/min. The use of a negative pressure to continuously drive the liquid flow
greatly simplifies the operation of the device in this case, since it is not necessary to have
multiple tubing for the different solutions and replace them each time the solutions need
to be changed. Instead, the liquids are handled using only ubiquitous and easily

handled/discarded pipette tips.

Control channels were filled with DI water using capillary tubing (BTPE-90) from Instech
Solomon (PA, USA) connected to compressed air lines and subjected to a pressure of
100 kPa. According to Fernandes et al. [188], the actuation of pneumatic channels
previously filled with water prevents the generation and diffusion of air bubbles to the
fluidic channels and, subsequently, to the micro-column packed with beads. The
pneumatic valves were switched on or off via solenoid valves connected to compressed
air that were controlled through a printed circuit board (PCB) supplied by a 24 V power
source [188].

Adsorption and elution studies, in which different buffer conditions were sequentially
screened by actuating the pneumatic valves, were performed as follows: (i) flow of the
equilibration buffer for 40 s, (ii) flow of the pH-adjusted supernatant spiked with the
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mAb-A430 at a concentration of 50 pug/mL for 100 s, (iii) flow of the elution buffer for
40 s, and (iv) flow of the regeneration solution (1 M NaOH) for 20 s. The regeneration of
the chromatography column during this study was performed between 20-30 times in a
single microfluidic device, without detriment to the results. In the adsorption cycles, the
equilibration and adsorption conditions were varied (pH 5.5, 6.5 and 7.5), while the
elution was systematically performed using pH 9.5 in the absence of NaCl. On the other
hand, in the elution cycles the adsorption was systematically performed using pH 5.5,
while different pH and conductivities were tested as elution buffers, namely pH 7.5, 8.5

and 9.5 in the absence and presence of NaCl (1 M).

The adsorption and elution experimental curves were fitted using a non-linear function
based on a sigmoidal model (see Equation 4.2 in section 4.3.2 ), and the response
parameters to evaluate the adsorption (K,4s) and elution (K,;) Kinetics were calculated

using Equation 4.3.

6.1.4. Fluorescence monitoring and analysis

Monitoring of the fluorescence emission from the beads during adsorption/elution assays
was continuously performed using (i) an inverted fluorescence microscope and (ii)

amorphous silicon p-i-n photodiodes.

Microscopy-based measurements were performed using an Olympus CKX41 inverted
fluorescence microscope coupled to a CCD color camera (Olympus XC30) and equipped
with a filter cube with a band-pass excitation of 460-490 nm and a long-pass emission of
520 nm. Fluorescence emission of the packed beads was recorded at a frame rate of 2 f/s,
5x gain and 100x total magnification during the different stages of the chromatographic
cycles. Images were analyzed using ImageJ software (National Institutes of Health, USA)
and fluorescence was quantified by averaging the entire end-section of the micro-column,
as previously described in section 4.3.1. Microfluidic experiments comprising the

adsorption chromatography cycles were performed in duplicate.

Optical acquisition using a-Si:H p-i-n photodiodes was performed using low noise coaxial
and triaxial connections to a Keithley 237 picoammeter and a computer graphical user
interface for real-time monitoring of the current generated by the photosensor. The
photodiodes were addressed at 0 V bias and experimental data points were acquired with
an interval of 1.25 s. The measurements were performed initially in the dark, to monitor

the dark current of the photosensor, and then under illumination for the fluorescence
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detection of Alexa Fluor® 430. A semiconductor 405 nm laser was used as excitation
light source, impinging on the micro-column with a spot size of approximately 1 mm in
diameter and a photon flux of 1.08 x 10*® cm.s%. The laser light reached the photosensor
at normal incidence after passing through a 2.0 neutral density filter for 100-fold

attenuation of light intensity.

6.1.5. Standard column chromatography assays

Column chromatography assays were performed using a pre-packed (1 mL) HiTrap
Capto™ MMC column (GE Healthcare) in an AKTA™ Purifier System. The cell culture
supernatant containing the target mAb was loaded at a flow rate of 1 mL/min using a
5 mL injection loop. Equilibration was performed with 50 mM acetate buffer pH 5.5 and
elution was performed with 50 mM carbonate buffer pH 9.5 with 0 M or 1 M NaCl
addition. UV absorbance at 280 nm, conductivity and pH of the outlet stream were
continuously monitored. Flowthrough and eluate fractions were collected and further

analyzed with respect to antibody concentration.

6.1.6. Post-chromatography antibody and total protein quantification

The concentration of IgG in the flowthrough and elution fractions collected during the
standard chromatography (non-microfluidic) experiments was determined by analytical
protein A chromatography using a POROS PA ImmunoDetection sensor-cartridge
(Applied Biosystems) [155]. Recovery yields were then calculated by dividing the mass
of IgG in the elution fractions by the mass of IgG in the initial cell culture supernatant

feedstock and the trends were compared with the microfluidic results.

Total protein content in the collected fractions was determined by the Bradford method
using a Coomassie assay reagent and bovine gamma globulin (BGG) standard ampules
(2 mg/mL) from Pierce (Rockford, IL, USA). Samples were diluted five times in
phosphate buffer and analyzed in a 96-well plate by measuring the absorbance at 595 nm
using a microplate reader from Molecular Devices (Sunnyvale, CA, USA). The
absorbance signal for each sample was corrected considering the contribution of blank
samples containing the same buffer composition. Purity was calculated by the ratio
between the 1gG concentration determined by analytical protein A chromatography and

the total protein concentration derived from the Bradford method.
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6.1.7. Protein gel electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using a 12% acrylamide gel, prepared from a 40% acrylamide/bisacrylamide stock
solution (29:1) from Bio-Rad (Hercules, CA, USA), and ran at 90 mV using a running
buffer containing 192 mM glycine, 25 mM Tris-HCI and 0.1% SDS at pH 8.3. Before
being loaded in the gel, protein samples were diluted in a buffer containing 62.5 mM Tris-
HCI, pH 6.2, 2% SDS, 0.01% bromophenol blue and 10% glycerol, and denatured in
reducing conditions (100 mM dithiothreitol from Sigma-Aldrich) at 100°C for 5 minutes.
Gels were stained with silver nitrate according to the protocol described in [165] and
imaged using a GS-800 calibrated densitometer from Bio-Rad.

6.2. Sequential liquid flow in the microfluidic device

The microfluidic structures were designed to allow an integrated and automated screening
of operating conditions for chromatographic processes. The devices included a micro-
column for packing of beads and four individually-addressable fluidic channels connected
to the main column (Figure 6.1-A). In order to have a sequential liquid flow of different
solutions in an automated setup, pneumatically-actuated valves were integrated in the
PDMS device, fabricated beneath the fluidic channels each at single intersection regions
of 500 x 700 pm.

Chromatography beads (average size 75 um) functionalized with a multimodal ligand
(Capto™ MMC, GE Healthcare) were packed in the micro-column and efficient trapping
was achieved by the difference in height of the two channels composing the micro-
column. Similarly to the fabrication strategy described in chapter 3, a taller channel
(100 um) arrested the beads in place creating a packed bed, while a shallower channel
(30 um) prevented the movement of the beads downstream during the chromatographic
assay. After the packing step, the entrance of the micro-column was closed with a steel
plug and the flow of different solutions towards the micro-column was initiated by
actuation of the pneumatic valves. The working principle of the pneumatic valves is based
on the deflection of a PDMS membrane beneath the fluidic channels, caused by the
injection of compressed air in water-filled control channels. It is important to highlight
that the fluidic channels need to be fabricated with a round cross-section, in order to
ensure their complete closure by the valves. Figure 6.1-B shows the selective flow of a
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single solution contained inside a pipette tip towards the micro-column, achieved by
applying a constant negative pressure at the outlet of the micro-column, while the valves
of the other three channels remained closed. It is clear from Figure 6.1-B that while the
valves are closed the fluidic channels are fully interrupted and there is no mixing of the
different solutions in the micro-column. Furthermore, the response times of the pneumatic
valves are virtually instantaneous (<0.5 s), which allows a high degree of control of flow

times and volumes during the process.
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Figure 6.1 - Regenerable microfluidic structure comprising a main channel for bead packing and four
fluidic channels for sequential liquid insertion controlled by integrated pneumatic valves. (A) Agarose
beads functionalized with a chromatography multimodal ligand (Capto™ MMC) were packed in a micro-
column and evaluated in their ability to capture a target mAb labeled with Alexa 430 from a cell culture
supernatant. Different solutions were flowed sequentially in an automatic manner by actuating the
pneumatic valves. (B) PDMS structure showing the selective flow of four different colored solutions
towards the micro-column. Liquid was flowed using pipette tips in the inlets and by applying a negative
pressure at the outlet.
This approach allowed to significantly speed up the screening of chromatography
operating conditions through the miniaturization of a conventional mL-scale
chromatographic cycle. The sequence at which the different solution were flowed
comprised (1) equilibration of the beads with an appropriate buffer; (2) flow of a cell
culture supernatant spiked with a fluorophore-labeled mAb; (3) flow of the elution buffer;
and, finally, (4) regeneration of the beads with a 1 M NaOH solution. The complete
regeneration of the micro-column represents a very important step in this process, as it

allowed the reuse of the same microfluidic device, with the same packing bed, over
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repeated cycles. In fact, the integration of a regeneration step greatly reduces assay
variability, particularly in comparison to experiments performed using different micro-
columns each time with variable packings. Moreover, having a regenerable microfluidic
device is an added value in terms of cost-effectiveness, versatility and, especially, when

considering process scalability and assay parallelization.
6.3. Fluorescence detection using a-Si:H p-i-n photodiodes

The next step towards the development of a stand-alone and automated microfluidic
device for rapid screening of chromatography conditions was the integration of an optical
signal transduction module to perform the fluorescence measurements. The use of a-Si:H
thin-film p-i-n photodiodes (Figure 6.2-A) for this application was motivated by their
high efficiency in the visible spectrum, thus providing high sensitivity for fluorescence
measurements. In addition, the photocurrent at low intensity light levels is extremely
stable over time (coefficient of variation = 0.97%). Furthermore, the photodiodes can be
operated at zero bias voltage, which is an advantage in terms of simplifying future discrete

electronics designs to address the device.

Considering that the average diameter of the chromatography beads is around 75 um, the
size of a single photodiode (200 x 200 um) was adequate to provide an average signal to
monitor the increase/decrease of fluorescence at different stages of the chromatography
cycles. The validity of this approach is supported by the homogeneous distribution of
fluorescence along the micro-column, as previously demonstrated in chapter 4 (Figure
4.4), resulting in the current generated by the photosensor being proportional to the

fluorescence emitted by the beads.

The photographs in Figure 6.2-B show the alignment of the microfluidic structure with
the packed beads on top of the photodiodes and the spot of the laser impinging on the
end-part of the micro-column. In order to accurately measure the emitted light, the
a-SiC:H absorption filter was integrated between the micro-column and the photodiodes
in order to prevent the 405 nm excitation light from generating a considerable background
of non-specific photocurrent.

The plot in Figure 6.2-B shows the transmission spectra of the thin-film a-SiC:H high-
pass absorption filter, deposited on a glass substrate, measured in four different regions
separated by 0.5 mm. The superimposition of the curves obtained in the different

measurements suggests that the filter absorption properties are homogeneous over the
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entire area covering the photodiode. The transmission of the filter was measured using a
spectrophotometer (PerkinElmer Lambda 950) in the wavelength range of 300-800 nm.
Observing Figure 6.2-B it is possible to conclude that the a-SiC:H filter is capable of
suppressing the excitation light (Aex = 405 nm) by at least five orders of magnitude relative

to the emission light emitted by the Alexa 430 label (Aem = 539 nm).
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Figure 6.2 — Fluorescence detection using photodiodes. (A) Micrograph and cross-sectional schematic
view of the a-Si:H p-i-n photodiodes used in fluorescence measurements. The excitation light is filtered
by an a-SiC:H thin-film (1.6 um thick) deposited on top of the SiNy passivation layer. The emission light
enters the photodiode through an Indium Tin Oxide (ITO) transparent contact. (B) Transmission spectral
characteristics of the a-SiC:H filter deposited on a glass substrate and alignment of the micro-column
with packed beads on top of the photodiode array. The active photodiode used for data acquisition is
highlighted. The different curves correspond to transmission measurements performed in different parts
of the absorption filter.

6.4. Antibody capture from cell culture supernatants using single-

channel microfluidic columns

The capture of monoclonal antibodies directly from CHO cell culture supernatants was
firstly evaluated using single-channel microfluidic columns comprising a single inlet and
outlet. In chapter 4, it was shown that a microfluidic approach based on real-time
fluorescence measurements at bead-level could be successfully used for analyzing
adsorption and elution kinetics of mAb-ligand interactions in plain buffer solutions.
However, to be useful for real applications, this microfluidic approach needs to be able
to work also in complex matrices (e.g. real cell culture supernatants), which include high
titers of different biomolecules such as proteins, lipids and nucleic acids.

Figure 6.3 shows the kinetic profiles and the response parameters for adsorption (A) and

elution (B) studies performed using a pH-adjusted serum-free cell culture supernatant
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spiked with the fluorescent conjugate anti-1L8-Alexa 430 at a concentration of 50 pug/mL.
Similarly to what was previously observed in buffer solutions, binding of the antibody to
the multimodal beads increases as the pH decreases to 5.5. Interestingly, at pH 4.5 this
tendency was inverted as binding of the mAb became less effective than at pH 5.5, which
suggests that binding capacity reaches an optimum at around pH 5.5 and then decreases
when the pH is further decreased. A similar observation has been reported by Kaleas et
al. [97] when using different non-purified feedstocks containing basic monoclonal
antibodies and the same multimodal chromatography resin. This decrease in biding
efficiency for more acidic pH values is probably related to the increased protonation of
the carboxylic acid group of the ligand (pKa of aliphatic and aromatic carboxylic acids
falls in the range between 4 and 5) [189] and, consequently, to the decreased number of
charged groups. Another possible explanation for this behavior is the fact that as the pH
of the supernatant decreases below 5.5, the host cell proteins contained in the feedstock
(mostly acidic [190]) become positively charged and compete with the mAb for binding
sites. Alternatively, the operation at low pH values may affect the integrity of the antibody
molecules, by inducing aggregation/precipitation or by altering their native conformation,
thus negatively impacting binding to the beads [191]. Considering these results, elution

studies were subsequently performed after accomplishing adsorption at pH 5.5.

The elution screening strategy (Figure 6.3-B) was based on the successive increase in the
pH at constant conductivity, based on previous evidence that binding of mAbs to Capto™
MMC occurs primarily through electrostatic interactions [97, 192]. The results showed
very similar behaviors obtained at pH 7.5, 8.5 and 9.5, although a more efficient elution
is clearly observed at pH 9.5, which is above the antibody isoelectric point. Comparing
these results with those obtained using plain buffer solutions (chapter 4), the major
difference that can be identified is related to the velocity at which the fluorescence
decreases and a plateau is reached. In fact, the elution kinetics were considerably slower
when a cell culture supernatant was used, taking approximately 20 seconds for the
fluorescence values to stabilize in all the conditions, while in model buffer solutions, a
plateau was reached 5 seconds after the beginning of the elution. The flow of a complex
feedstock can make the elution of mAbs more challenging, due to the presence of
adsorbed impurities that can create a buffering effect, thus hindering the increase in pH
and consequently reducing the elution kinetics of the antibody. Another aspect to take

into account when using complex feedstocks is the possibility of non-specific binding of
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the antibody due to electrostatic interaction with non-eluted impurities, which can
preclude a fast and effective elution of the target mAD in the absence of salt.

Although the Kkinetic response parameters for the elution at pH 7.5, 8.5 and 9.5 are fairly
similar, itis still possible to differentiate the performance of the elution at these conditions
by considering the antibody recovery yield after 40 s. While a complete recovery of
antibody is achieved at pH 9.5, a yield of 85% and 83% was obtained for elution at pH
7.5 and 8.5, respectively. The similar recovery yields obtained for both pH 7.5 and 8.5
may be due to the lower conductivity of Tris buffer at pH 8.5 relative to phosphate buffer
at pH 7.5, since it was expected that higher recoveries can be achieved by increasing the
pH value. This observation further reinforces the necessity of using high ionic strengths
in the elution when cell culture supernatants are used, as reported in the literature [97] for
the operation with this multimodal ligand. This subject will be further addressed ahead in

this chapter.
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Figure 6.3 — Experiments using single-channel microfluidic columns. (A) Adsorption kinetic curves
obtained by continuously monitoring the fluorescence emission of packed beads upon flowing a cell
culture supernatant with a fluorophore labeled antibody (50 pg/mL of anti-1L8-Alexa430; pl = 9) at
different pH values. (B) Elution kinetic curves obtained by flowing elution buffers at different pH values
after adsorption at pH 5.5. The fluorescence intensity was normalized to the maximum fluorescence
value (t = 0) for each pH condition. Curves were fitted using a non-linear function based on a sigmoidal
model in order to derive kinetic response parameters (Kags and Ker). Experiments were performed using
a single-channel microfluidic column and fluorescence was monitored using a microscope. A flow rate
of 15 pL/min was used.
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6.5. Chromatography cycles monitored using fluorescence microscopy

The signal acquisition of the chromatography cycles using the structure with integrated
pneumatic valves was first performed by fluorescence microscopy. The studies were
divided into (i) adsorption studies, in which the elution was fixed and only the
equilibration and adsorption solutions were changed, and (ii) elution studies, in which
equilibration and adsorption conditions were fixed and only the elution solution was

changed.

Figure 6.4-A shows adsorption cycles performed at three different conditions, namely
pH 5.5, 6.5 and 7.5. Elution was performed with a fixed pH of 9.5. The difference
observed in the extent of elution is related to the different maximum fluorescence
intensities achieved for different adsorption conditions. It is possible to see that
regeneration of the beads is successfully accomplished in a few seconds by flowing a
concentrated NaOH solution (1 M). The residual fluorescence is completely removed
from the beads in the end of each cycle, which ensures that the subsequent cycles are
always initiated from the same baseline. Thus, regeneration of the micro-column revealed
to be effective in ensuring reproducible results for each condition under analysis. In
addition, the adsorption kinetic profiles obtained using this regenerable device were in
good agreement with those discussed in section 6.4, showing decreased binding of the

mAb-Alexa 430 conjugate as the pH increased.

In the elution studies (Figure 6.4-B) the impact of increasing pH (7.5, 8.5 and 9.5) and
salt concentration (1 M NaCl) was evaluated in terms of the recovery yield of antibody,
after performing the adsorption at pH 5.5. As expected, according to the results obtained
using single-channel microfluidic columns, the elution of the antibody is more effective
as the pH increases and crosses the isoelectric point of the mAb, with all the obtained
yields being above 85%. Interestingly, the addition of NaCl in the elution buffer allowed
the increase of the recovery yields to more than 96%, regardless of the pH value. In
particular, it was possible to recover 99.5% of the captured antibody using an elution
buffer at pH 9.5 containing 1 M NaCl. This result is in line with several references that
report the elution from Capto™ MMC as a multimodal procedure [67, 68], typically
requiring an increase in both pH and conductivity to promote antibody detachment from
the beads.
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Although a different flow rate was used in the experiments using single-channel
microfluidic columns (15 ulL/min) and the valve-integrated device (10 uL/min), the
overall trend for the performance of the elution was maintained in both approaches. The
use of a lower flow rate to operate the structure with pneumatic valves allowed the
prevention of spontaneous air bubble formation in the micro-column, more prone to occur
upon application of a higher negative pressure to drive the liquid flow in this design

configuration.
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Figure 6.4 — Chromatographic cycles obtained using a microfluidic structure with integrated pneumatic
valves. A pH-adjusted cell culture supernatant (50 ug/mL of anti-1L8-Alexa430) was flowed to evaluate
the mAb-ligand interaction over different adsorption (A) and elution conditions (B). Fluorescence of
packed beads was continuously monitored using a microscope. In the end of each cycle, regeneration of
beads was accomplished by flowing a solution of 1 M NaOH. The red circles highlight the end of the
elution and beginning of the regeneration. A flow rate of 10 pL/min was used in all runs.
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6.6. Chromatography cycles monitored using a-Si:H photodiodes

After validating the operation of the microfluidic structure with integrated micro-valves
using a fluorescence microscope, additional integration of a signal acquisition module for

on-chip monitoring of fluorescence was addressed. Figure 6.5-A shows a characteristic
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curve of a chromatographic cycle measured using an amorphous silicon p-i-n photodiode.
Initially, the dark current of the photosensor was measured without applied bias (0 V).
Then, the background signal, defined as the response of the photodiode under laser
illumination at Aex, 1aser = 405 nm and in the absence of liquid flowing through the
microfluidic device, was measured. It is possible to observe that the photoresponse of the
device at the excitation wavelength is higher than the dark current, indicating that the a-
SiC:H filter did not cut off 100% of the excitation light at the conditions the excitation
was performed. However, in this case, this does not affect the fluorescence measurements
since the maximum fluorescence signal emitted by the beads was still approximately 70x
higher than three times the standard deviation (3c) of the laser illumination background.
Thus, the high signal-to-noise ratio in the measurements allowed clearly differentiating
and quantifying adsorption/elution Kkinetics at different conditions with high
reproducibility and sensitivity. It is important to highlight that during the regeneration of
the beads the photoresponse of the device drops almost instantaneously to the background
levels, thus confirming the effectiveness of the regeneration step. In addition, after turning
off the laser the signal rapidly returns to the dark response and remains stable thereafter,
confirming that the photodiode response does not drift with time.

Chromatography cycles at different adsorption and elution conditions were then
performed using a-Si:H photodiodes for fluorescence detection (Figure 6.5-B) and the
kinetic profiles were in excellent agreement with those obtained using fluorescence
microscopy for the same evaluated conditions. Considering the particular case of the
antibody adsorption at pH 7.5, an important remark is the increased sensitivity that was
obtained with the photosensors in comparison to the microscope experiments. While
Figure 6.4-A suggests that antibody adsorption at pH 7.5 is almost negligible, the results
in Figure 6.5-B show that there is still a small but significant amount of antibody
molecules that bind to the beads at this condition. Regarding the results of the elution
assays, the measurements with the photosensors also allowed to discern minor differences
in antibody recovery yields at pH 9.5, with and without NaCl addition, providing results
consistent with the ones previously calculated after image processing of data acquisition

by fluorescence microscopy.
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Figure 6.5 — Fluorescence monitoring using photosensors. (A) Curve obtained by measuring the current
generated by the p-i-n photodiodes at 0 V bias at different stages of the fluorescence assay. Dark current
acquisition was performed in the absence of excitation light. The baseline for the fluorescence
measurements is the current generated by the excitation light. During the interval for liquid flow (Pump
ON), four solutions were flowed in sequence by actuating the pneumatic valves in order to perform
complete chromatographic cycles. (B) Photoresponse of the a-Si:H p-i-n photodiode during the
adsorption and elution assays. A flow rate of 10 uL/min was used in all runs.

6.7. Assays in 1-mL chromatography columns

According to the work previously presented in chapter 4, results obtained using a similar
microfluidics-based approach for the evaluation of different chromatographic operating
conditions show a very good correlation with results from standard chromatography
assays, despite differences in residence time, detection and quantification methodologies.
For this reason, an elution pH of 9.5, which was observed to provide the highest antibody
recovery, was further analyzed on a standard 1 mL pre-packed chromatography column

using salt concentrations of 0 or 1 M NaCl.
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Figure 6.6-A shows the chromatographic profiles that were obtained by loading 5 mL of
cell culture supernatant previously adjusted to pH 5.5 to match the adsorption buffer pH.
It is possible to observe differences in the antibody elution peaks, both in terms of area
and retention time. The presence of a high salt concentration promoted a rapid and
complete antibody elution, considering that the recovery yield was determined to be
approximately 100%, thus matching the trend observed using the microfluidic device. It
is important to highlight that the presence of NaCl in the elution buffer when using a real
cell culture supernatant as feedstock gave an opposite trend in terms of recovery yield
compared to that obtained when plain buffer solutions were used. This observation
suggests the occurrence of ionic interactions between the antibody and other impurities
retained in the column, which required the addition of a neutral salt in solution, in order

to promote an effective elution of the antibody.
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Figure 6.6 — Standard column chromatography assays. (A) Chromatographic profiles obtained by
loading 5 mL of cell culture supernatant onto a pre-packed Capto™ MMC 1 mL-column. Adsorption
was performed at pH 5.5 and elution was accomplished at pH 9.5 with 0 M or 1 M NaCl. Absorbance at
280 nm (full lines) and conductivity (dashed lines) of the outlet stream were continuously monitored.
(B) Performance parameters (recovery yield and purity) of the mAb chromatographic purification from
the cell culture supernatant. (C) Silver stained SDS-PAGE analysis of collected elution fractions. Lanes
ID — 1: Precision Plus Protein™ Dual Color Standards; 2: Feed sample of serum-free cell culture
supernatant; 3: Elution fraction collected using pH 9.5 + 0 M NaCl; 4: Elution fraction collected using
pH 9.5 + 1 M NacCl. Position of IgG heavy chain (50 kDa) and light chain (25 kDa) is indicated on the
molecular weight ladder.
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The purity of the eluted fractions was also quantitatively (Figure 6.6-B) and qualitatively
(Figure 6.6-C) evaluated. The protein composition of the cell culture supernatant is
displayed in lane 2 from Figure 6.6-C, where the most noticeable bands correspond to
the heavy and light chains of the antibody. This was already expected, considering that
the initial purity of the antibody in the serum-free cell culture supernatant was determined
to be higher than 40%. The purification procedure using pH 9.5 with 0 and 1 M NaCl as
elution buffers allowed to improve the final purity to (81.98 + 0.58)% and (95.33 +
8.03)%, respectively. This improvement is also illustrated in Figure 6.6-C, lanes 3 and
4, where it is possible to see a great clearance in the impurity bands comparing to the
feedstock lane. As is desirable, the elution condition giving the highest recovery yield
was also the one that provided the best impurity clearance, thus reinforcing the
importance of adding NaCl to the elution buffer when performing the antibody separation

from complex cell culture media.

6.8. Summary

In this chapter the integration of valves and photosensors in a microfluidic platform for
optimization of chromatography conditions was presented. Pneumatic valves allowed the
performance of chromatography cycles by sequentially flowing equilibration, adsorption,
elution and regeneration solutions in a controlled and automated manner. The coupling
of the device with amorphous silicon photodiodes enabled continuous on-chip monitoring
of adsorption and elution kinetics without the need of complex instrumentation and
external software for data analysis. It is important to highlight that the photosensors could
be reused with several PDMS structures, since they were not placed in direct contact with

the flowing solution when performing the measurements.

The possibility to completely regenerate and reuse the microfluidic device provided
enormous advantages allowing for a series of experiments to be performed sequentially
in the same micro-column, which not only reduced the time needed for optimization but
also resulted in more reliable and robust results. The architecture of the device is
amenable to parallelization of assays, which would further increase the output of results

that can be achieved within a short time frame.

This analytical approach was compatible with the use of a complex matrix without any
pre-treatment. In fact, the performance of the adsorption and elution obtained in the

microfluidic experiments was successfully validated in conventional chromatography
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assays, even though intrinsic differences, such as the method of sample injection and the

detection, can be found in micro and macro-scale approaches.

Fluorescence-based measurements proved to be effective for quantification of adsorption
and elution Kkinetics, however this may not always be the preferable procedure when
addressing a purification challenge since it relies on previous modification of the target
molecule with a fluorophore. To overcome this potential limitation, future efforts may be
focused on the integration of other types of sensors, such as pH, conductivity, UV or

refractive index transducers.
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"The good thing about science is that it’s true whether or not you believe in it"

Neil deGrasse Tyson

Chapter 7
L_abel-free Monitoring of
Chromatography in Microfluidics?

reviously mentioned approaches to screen molecular binding kinetics at bead-level
P relied strictly on a labeling process with an adequate fluorophore. While this strategy
proved robust and provided minimal interference under a wide range of conditions, three
main disadvantages can be highlighted, namely (i) a relatively time-consuming labeling
step of the target molecule/impurity is required, preceded by an appropriate purification
procedure or commercial acquisition of the pure molecule; (ii) the signal transduction
step is only sensitive to each labeled molecule, meaning that it is not possible to
determine, for example, the total concentration of protein bound to the resin and;
(iii) while in this thesis the tested fluorophores were not observed to significantly affect
molecular binding relative to the native protein for IgG and BSA, possible interference
effects cannot be discarded without a previous investigation and may be particularly
significant for target molecules with molecular weights comparable to those of the
fluorophores. Therefore, this chapter aims at establishing a proof-of-concept for the
integration of a label-free detection module in a nL-scale chromatography column,
similarly to the standard detection employed in bench-scale chromatographers. This
label-free detection was achieved both at bead-level and downstream of the microcolumn
by aligning a-Si:H photodiodes below the microfluidic device. The signal transduction
strategy was similar to that used in chapter 6 with two major differences: (i) the
photodiodes did not contain an integrated a-SiC:H filter and were optimized to maximize
the photoresponse in the UV region and (ii) the incident light had a wavelength of

280 nm in order to monitor total protein concentration by variations in absorptivity.

This chapter contains experimental results obtained within a collaborative work that is currently submitted to Sensors
and Actuators A: Physical. My contribution to this work was on planning the chromatography assays as well as
discussing the results obtained and revising the manuscript. The text and figures presented in this chapter were not
reproduced from the submitted manuscript.

8D.R. Santos, R.R.G. Soares, I.F. Pinto, C.R.F. Caneira, R.M.R. Pinto, V. Chu, J.P. Conde, “Label-free detection of
biomolecules in bead-based microfluidics using on-chip UV and impedance sensors” (submitted).
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7.1. Experimental section

7.1.1. Fabrication of thin-film a-Si:H photodiodes optimized for UV detection

The photodiodes were fabricated using the same process described in detail in section 3.3
with a couple of differences in fabrication, optimized for UV detection. Namely, the ITO
top contact thickness was reduced from 1000 A to 500 A and the a-SiC:H absorption filter
was not deposited on top of the devices. The reduced ITO thickness allowed a reasonable
UV transmission of 45% at A=280 nm. For the measurements performed in this chapter,
all PDMS devices aligned on top of the sensors had a thickness of 5.17 + 0.15 mm to
minimize UV absorption while still providing a tight sealing against the fluidic

connectors.

7.1.2. UV transmission measurements on the microcolumns

For UV measurements, the light from a deuterium UV lamp (30 W High Irradiance,
Ozone Free, Model 70621, Newport), coupled to a monochromator (Oriel Instruments
77250) for wavelength selection, was focused on the photosensors at normal incidence.
The photon flux at A = 280 nm was approximately 2.6 x 10 cm2.s7?, calibrated with a
crystalline silicon photosensor with known responsivity R(A) (Hamamatsu c-Si S1226-
5BQ). The external quantum efficiency (EQE) at this wavelength was 16.6%. The
photocurrent was acquired with a Keithley 237 picoammeter. The measurements from the
picoammeter were then acquired through General Purpose Interface Bus (GPIB) by a
computer software programmed in Python and PyQT4, allowing to read and process the
data. Unless stated otherwise, all experiments were performed by diluting the target
proteins (BSA and IgG) in 100-fold diluted PBS, i.e. 0.1 mM phosphate and 1.4 mM
NaCl at pH 7.28 with a conductivity of 189 puS.cm™, hereafter referred as PBSo 1. For the
calibrations performed with a microcolumn without beads, the 700 um wide microfluidic
device was first aligned on top of the 200 um square photodiode. Then, two syringe
pumps (NE-1000, New Era Pump System, Inc.) connected to a “Y”-shaped connector
were used to alternate between the solution containing the protein of interest and the
PBSo.01 buffer solution without stopping the photocurrent acquisition. The flow rate was
kept at 1.5 pL/min in all experiments and all the measurements were started with the
microchannels filled with PBSo0:. Each protein concentration was tested in a different
microchannel. For the chromatography experiments, the photocurrent was acquired both
at bead-level and at the outlet of the column. These measurements were performed in two
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different steps after regenerating the column in between. For the first measurement, the
proteins at a specific concentration were flowed inside the microchannel and the sensor
located under the microbeads was addressed (microcolumn sensor). After each
measurement, the column was regenerated by flowing, in sequence, a 1 M NaOH solution
for I min at 10 uL/min, DI water for 1 min at 20 pL/min and finally PBS for 2 min at
10 uL/min. For the second measurement, the photosensor was aligned to the outlet of the
column and the same concentration of proteins was flowed. BSA was purchased from
Sigma-Aldrich and a mixture of human antibodies (Gammanorm®) was acquired from
Octapharma. According to the product information sheet, Gammanorm® is composed of
IgGs in the following mass fractions: 59% of 1gG1 (pl = 8.6 + 0.4), 36% of 1gG2 (pl =
7.4 +0.6),4.9% of IgG3 (pl =8.3 £0.7) and 0.5% of IgG4 (pl = 7.2 £ 0.8). The isoelectric
points of the different IgGs were obtained from the literature [193, 194]. Spherical
agarose beads (average size ~90 um) functionalized with a carboxymethyl group (CM
Sepharose Fast Flow) or a quaternary amine (Q Sepharose Fast Flow) were purchased
from GE Healthcare.

7.2. Proof-of-concept of UV absorbance measurements performed at

bead-level

The first model experiment to access the feasibility of performing UV absorbance
measurements directly at bead-level was based on flowing unlabeled BSA through a
microcolumn packed with anion exchange (Q Sepharose) beads. The microcolumn
structure was the same as that reported in chapter 4 and the BSA solution was flowed at
a concentration typically found in serum containing cell culture supernatants
(250 pg/mL), prepared in a neutral (pH ~7.5), low conductivity buffer (189 pS.cm™) to
promote binding. The raw current measurements of the photodiode aligned below the
packed microcolumn are shown in Figure 7.1-A. It could be observed that the agarose
beads alone are sufficiently transparent to UV light to provide a current signal
approximately 30-fold above the dark current value. Then, while flowing the BSA
solution at 15 pL/min, the current value was observed to steadily decrease for
approximately 4 min, until a new baseline was reached. By computing two of these
replicate experiments in terms of absorbance over time, as shown in Figure 7.1-B, the
Kinetic adsorption profiles are comparable to those obtained using labeled molecules in

the previous chapters 4 to 6.
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These results showed significant promise for the integration of UV sensing in
miniaturized chromatography as an alternative or complementary technique to
fluorescence monitoring. On the other hand, neither all bead materials are sufficiently
optically transparent (e.g. Toyopearl polyacrylate beads) nor all functionalized ligands
are non-absorbing in the UV range (e.g. protein A). Therefore, the subsequent step was
to explore the versatility of the label-free UV absorbance detection by not only
performing the detection at bead-level, but also downstream of the packed column, as is

the standard in bench scale chromatographers.
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Figure 7.1 — Real-time monitoring of BSA adsorption on Q Sepharose beads by measuring UV
absorbance directly at bead-level. (A) Raw current measurements before and after impinging UV light
(280 nm) on top of the photodiode aligned below the packed beads. The current value was observed to
steadily decrease while flowing a BSA solution. To calculate transmittance or absorbance values, the
current corresponding to 100% transmission (beads only) is the value measured before flowing the
protein solution. (B) Two replicate (#1, #2) continuous absorbance measurements performed in two
separate chromatography columns. In all experiments the BSA solution had a concentration of
250 pg/mL, prepared in low conductivity phosphate buffer at pH 7.5 and flowed through the column at
15 pL/min.
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7.3. UV absorbance measurements at bead-level and downstream of the

packed beads

The first step towards the integration of UV absorbance monitoring at bead-level and
downstream of the packed microcolumn was to redesign the microfluidic device to
include a taller microchannel with H = 100 um at the outlet. This device and respective
regions to align each of the photodiodes is schematized in Figure 7.2. The main purpose
of measuring the absorbance in a 100 pm tall microchannel, instead of in the thinner
20 um bead barrier, was to increase the sensitivity of the measurement 5-fold due to the

longer optical path.
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Figure 7.2 — Schematics of the microcolumn device used to perform UV transmission measurements at
bead-level and downstream of the packed column. The a-Si:H photodiodes schematized on the top were
aligned with the device regions highlighted in red. For a proof-of-concept, the structure was packed with
either cation exchange (CM Sepharose) or anion exchange (Q Sepharose) beads.

Considering that only the molecules in solution are being measured downstream of the
column, i.e. there are no beads to provide a molecular concentration effect, it was first
necessary to calibrate the measured absorbance at increasing protein concentrations to
validate the method at the target concentrations of interest. BSA and IgG were selected
as model proteins and were flowed through microcolumns without packed beads. The
results are shown in Figure 7.3. The curves of UV transmission vs time (Figure 7.3-A)
show one measurement cycle of each protein at a specific concentration. The pump

transitions (between PBSo0: and protein solutions and vice-versa) are visible in the figure
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as short noise bursts at ~60 and ~660 s. Figure 7.3-B shows the UV photocurrent signal

for all measured concentrations of IgG and BSA.
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Figure 7.3 — Calibration of transmission measurements at increasing BSA or 1gG concentrations flowed
through a microcolumn without chromatography beads. (A) Transmission measurements over time while
flowing 400 pg/mL 1gG or 4 mg/mL BSA solutions in PBSg 1 at 1.5 pL/min. The protein solutions were
flowed at a t = 200 s, followed by PBSo.01 only at t = 700 s. (B) UV photocurrent signal, i.e. difference
of current measured without (PBSo.01 0nly) and with (PBSg01 plus target protein) BSA or IgG molecules
inside the microcolumn. The horizontal lines indicate the limit of detection for each protein (38.0 pug/mL
for BSA and 11.8 pg/mL for IgG), meaning the protein concentration that results in a signal equal to
3.29 times the standard deviation of the background signal. The error bars are the standard deviation of
two independent measurements performed on the same microcolumn.

Each experimental point of Figure 7.3-B was calculated as the difference between the
average stable photocurrent (after waiting at least 20 s from the start of flow)
corresponding to the minimum of UV transmission (maximum absorption) and the
photocurrent plateau resulting from the maximum transmission of the PBSo.01 (Ipeso.o1 -

IsoL, Where Ipgso.o1 is the photocurrent measured when flowing PBSo.01 and IsoL is the
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photocurrent measured when flowing the solution with the protein of interest). A linear
correlation could be observed between the absorbed UV light and the concentration for
both proteins. As the protein concentration decreases to the tens of pug/mL, the optical
signal is limited by noise intrinsic to the electronics, material and photodetection. The
limits of detection (LoDs) were calculated as 3.29c (shown as horizontal lines in Figure
7.3-B), where o represents the noise amplitude of the transmitted photocurrent of the
PBSo.01 buffer.

The LoDs for each protein (38 pg/mL for BSA and 11.8 pg/mL for IgG) were below the
typical concentrations of interest for the optimization of I1gG capture from cell culture
supernatants. Nevertheless, to accurately characterize the breakthrough of the column
down to trace amounts of proteins, the device would need to be further optimized to
provide a longer optical path. This could be achieved either using a taller outlet channel

or a planar waveguide configuration as previously reported [195, 196].

To make a proof-of-concept without the possible sensitivity limitations discussed above,
relatively high concentrations of 1gG (400 pg/mL) and BSA (4 mg/mL) were flowed
through columns packed either with cation (CM Sepharose) or anion (Q Sepharose)
exchange beads. In this case, a 10-fold lower flow rate was also used relative to the
previous chapters, since the goal was to monitor the time-dependent retention and
breakthrough of the proteins. The results of UV transmission monitored over time while
continuously flowing 19gG or BSA in PBSo.: at 1.5 pL/min through each type of beads
are compiled in Figure 7.4. Focusing on the results provided by the photodiode aligned
below the microcolumn for the IgG mixture, whose fractions have isoelectric points
mostly above the working pH (7.28), the molecules were strongly adsorbed on the CM
Sepharose beads, resulting in a decrease in transmission of almost 70% after 50 min
(Figure 7.4-A). On the other hand, the Q Sepharose beads also captured a fraction of 1I9G
molecules, resulting in a decrease in transmission of 5% after ~4 min (Figure 7.4-B).
This is due to a fraction of the IgG mixture, namely 36% of 1gG2 (pl = 7.4 + 0.6) and
0.5% of 1gG4 (pl = 7.2 £ 0.8) having a pl very close (~0.1 units above or below,
respectively) to the buffer pH, meaning that there are still some molecules with a net
negative charge. Regarding the results from the photodiode aligned with the outlet of the
column, these can be evaluated in terms of break-point time (t10) that was defined as the
time when the measured transmission (Tuv) in the outlet microchannel decreases by an

amount equal to 10% x (Tuv-peso.o1 - Tuv-soL). In the case of 1gG, the ty10 was 54 s for CM
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Sepharose and 52 s for Q Sepharose. Again, this minimal difference in tpiois due to the
simultaneous presence of IgG molecules with both charges at the working pH, resulting

in a sub-optimal molecular capture using each type of beads.
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Figure 7.4 — UV transmission measurements over time performed at bead-level (microcolumn) and
downstream of the beads (outlet channel) while flowing 1gG (A and B) or BSA (C and D) through
cation (A and C) or anion (B and D) exchange beads. The IgG and Gammanorm solutions were prepared
in 100-fold diluted PBS (PBSo.01) with a conductivity of 189 puS.cm™ and a pH of 7.28 and were flowed
through the microcolumn at 1.5 pL/min.

The results obtained for BSA, both at bead-level and downstream of the column, were
significantly more expressive when comparing the cation and anion exchangers. In the
case of CM Sepharose, no detectable interaction of BSA with the beads occurred, due to
the pl of BSA (4.6) being significantly below the pH of the solution. Therefore, the lag
in the decrease of the UV transmission between the microcolumn and outlet channels
shown in Figure 7.4-C is simply due to the linear velocity of the solution combined with
longitudinal diffusion effects. Differently, a considerable degree of BSA capture by the
Q Sepharose beads was observed, resulting in a 55% decrease in transmission after only
12 min of flowing the solution. Such rapid decrease in transmission relative to 1gG is due
to the 10-fold higher concentration of BSA, inducing a proportionally faster molecular
binding rate [119]. Finally, in this case the calculated ty0 for BSA was 60 s for Q

Sepharose, significantly longer than that measured for the CM Sepharose (toi0 = 37 S).
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7.4. Summary

In this chapter the optical signal transduction strategies combined with miniaturized
chromatography were extended to label-free UV absorption measurements. In particular,
a proof-of-concept for the measurement of IgG and BSA both at bead-level and
downstream of the column was established. While the measurements at bead-level were
performed using agarose beads and ligands that do not absorb light in the UV region, it is
reasonable to assume that, by appropriately optimizing the incident light intensity to
provide a measurable signal above the dark current background, such measurements may
also be feasible in mildly absorbing beads and ligands. Otherwise, focusing on the UV

measurement at the outlet of the column is an adequate alternative.

Overall, the integration of an effective UV monitoring module in the microfluidic high-
throughput screening approach explored in this thesis is of critical importance to extract
information regarding total protein binding and overall purity, without relying on
fluorophore labels. Nevertheless, it is possible to envision the simultaneous integration of
a fluorescence and UV detection in the microcolumn, to simultaneously measure the
adsorption of the labeled target protein in a complex mixture (as discussed in chapter 6)
and total protein as a means of easily extracting information about protein purity.
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"Not everything that counts can be counted, and not everything that can be counted counts™
Albert Einstein

Chapter 8
Conclusions

his thesis described the development of a microfluidic-based strategy envisioning a
Thigh-throughput optimization of chromatographic separations. In particular, the
purification of monoclonal antibodies (mAbs) from cell culture supernatants using
multimodal chromatographic ligands was addressed. The project required a
multidisciplinary approach combining knowledge in (i) biochemistry and engineering of
chromatographic processes, (ii) microfabrication technologies and (iii) electronics and

signal acquisition.

The first microfluidic structure developed to miniaturize the chromatographic operation
allowed to successfully predict the binding of a mAb to a multimodal ligand in model
buffer solutions. The amount of resin and mass of mAb used per assay was decreased by
a factor of 10* and 10, respectively, compared to the operation using conventional 1 mL
chromatography columns. Although the microfluidic optimization was based on
fluorescence measurements at bead-level, the results in terms of recovery yield of the
target mAb were successfully validated in conventional chromatography assays, in which

the unlabeled analyte is detected in the outlet stream of the column by a UV sensor.

The throughput of the miniaturized assay was improved by introducing multiple
chromatography chambers in series within a single device. In addition, the performance
of the separation was simultaneously evaluated in terms of recovery yield and purity,
using an artificial mixture of a mAb and BSA. The main challenge was to develop an
appropriate analytical method that allowed to discriminate the fluorescence signal of the
two proteins in solution and calibrate the fluorescence signal with respect to the mass of
protein bound to the beads. In this part of the work, the chromatographic operation in
flowthrough mode was also evaluated. In such conditions, the antibody is expected not to
interact with the stationary phase while the BSA is captured by the beads. This study

allowed to understand that the high linear velocity and low residence time of the liquid in
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the microfluidic experiments may preclude an optimal correlation with results at

macroscale, which was not observed when a bind-elute mode was employed.

Ultimately, the concept of chromatography-on-a-chip was demonstrated by integrating
pneumatic valves in the device and coupling miniaturized photosensors for the
fluorescence measurements of the target molecule. The integrated device showed promise
in providing a scalable, parallelizable, rapid (3 min for a complete chromatographic cycle)
and potentially low-cost high-throughput screening strategy. Compared with a
conventional methodology based on 96-well plates operated in automated liquid handling
stations, this microfluidic device allowed a reduction in resin consumption of ~700-fold
[197] and a reduction in the mass of monoclonal antibody of ~100-fold [16, 197]. Also
dramatic was the reduction in the assay time, since in 96-well plates the settling times of
the resin are normally very lengthy [16], ranging from several minutes to hours, and
during the process there are multiple incubation times that take as long as 30 minutes each
[14].

It is important to highlight that a critical and innovative advantage of the microfluidic
devices here presented is the possibility of extracting information about the
association/dissociation kinetics from the adsorption/elution events at bead-level, which
is impracticable in conventional batch experiments performed in 96-well plates and other

batch adsorption microfluidic devices published in the literature [21, 126].

Future inroads are expected to focus on complementing the microfluidic studies with
model-based approaches, to provide further insights on the structural basis of protein
interactions with the multimodal ligands. A more profound understanding of the
predominant molecular regions involved in protein binding and the identification of
synergic interactions would be of critical importance to demonstrate the competitiveness
of multimodal chromatography over conventional techniques. Furthermore, the
generality of the developed technique, beyond the scope of multimodal chromatography
ligands and monoclonal antibodies in particular, may contribute to the fields of separation
sciences and analytical chemistry and inspire new developments within the downstream

processing of biopharmaceuticals or other molecules.
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Future work: Towards fully integrated and miniaturized high-throughput screening
platforms to optimize chromatographic conditions

The microfluidic strategy developed in this thesis paves the way for further developments
and implementations envisioning an autonomous high-throughput screening tool for
applications beyond the optimization of multimodal chromatography. An outlook for

potential future projects is presented below:

1) Considering that buffer preparation for testing multiple pH and conductivity conditions
is a time-consuming task, the operation of the microfluidic system would greatly
benefit from the integration of an on-chip buffer generator to feed the microcolumn.
The successful implementation of a buffer generator is not straightforward, as mixing
in microfluidics is difficult to achieve due to the laminar flow inside microchannels.
Thus, the integration of microvalves for precise control of fluid flow, metering and
mixing of solutions (as discussed in chapter 6) would be necessary to generate stable
gradients of different buffer compositions. There are some reports in the literature of
chemical [116], conductivity [198] and pH [199] gradient generators, which involve
progressively branched channels to generate the desired composition by manipulating

the volume ratio of two initial solutions.

2) In line with the fluorescence detection performed using a-Si:H photodiodes, reported
in chapter 6, it would be interesting to couple an array of photodiodes in which each
sensor would be specific for detecting a single type of molecule in solution
(multiplexed detection). This would require that the molecules of interest were
previously labeled with different fluorophores and that each sensor would be
fabricated with an appropriate absorption filter, to match the excitation/emission
wavelength fingerprints of the selected fluorophores. The fabrication of absorbing
hydrogenated silicon-carbon alloy filters (a-SiC:H) with different carbon compositions
has been reported [134], providing a broad selection of filtering characteristics to

obtain the optimal sensitivity of the fluorescence detection system.

3) Alternative or complementary to the previous point is the development of label-free
sensors, to monitor the chromatographic separation at bead-level and/or downstream
of the column. A proof-of-concept integration of UV sensors has been presented in
chapter 7, highlighting the potential of continuously monitoring total protein titers at
bead-level and downstream of the packed column. On the other hand, impedimetric
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4)

5)

and electrokinetic detection, based on the electrical properties of the molecules in
solution, would also be amenable for miniaturization and coupling with the
microfluidic device. The optical label-free detection appears to be preferable over
charge-based methods, as in the latter it is still not clear how to deconvolute the
measured signal in terms of the contribution of (i) charged molecules in solution, (ii)
conductive buffer solutions, and (iii) chromatography beads functionalized with
charged ligands. In addition, optical detection does not require the sensors to be in
direct contact with the solution, avoiding regeneration or the disposal of the sensor
after each measurement. Overall, a significant potential and low-risk is envisioned for
a research project aiming at combining integrated fluorescence and UV optical
detection to monitor the binding of the labeled target molecule, while simultaneously

estimating protein purity for a range of operating conditions.

In an attempt to mimic the setup of a conventional chromatographic operation and
perform a systematic optimization of buffer conditions, the real-time measurement of
different operating parameters in the outlet of the microcolumn holds great promise.
The integration of a multifunctional sensor to measure pH, conductivity and UV in an
outlet channel, with appropriate dimensions to ensure an adequate optical pathlength,
could be used not only to follow the chromatographic separation, but also to combine
with a gradient generator module (mentioned in point 1), for iterative adjustments of
the flow rate of the initial buffer solutions until the desired buffer composition is

obtained and directed to the microcolumn.

Finally, towards the full automation of such microfluidic devices and aiming at
capturing the interest and funding from the pharma industry, another critical step
would be the combination of the microcolumns with widely established liquid
handling platforms. This concept has been demonstrated by Waldbaur et al. [200]
through the fabrication of a microfluidic chip format for interfacing of a microfluidic
structure to a standard liquid handling station (LHS). This implementation would
overcome some of the limitations of 96-well plates (as discussed in section 2.4.1) in
the context of high-throughput screening of chromatographic conditions and would
facilitate the migration of microfluidic devices from academia to an industry

environment.
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Appendix A

Conductivity and pH conditions tested in Chapter 4

Table A2 — Conductivity and pH conditions tested in the adsorption and elution assays performed in
microfluidics using Capto™ MMC beads. The concentration of NaCl corresponding to the conductivity
values is also indicated. The response parameters for the adsorption (ki) and elution (Y\) represent the
experimental values used to obtain the contour plot analysis.

Capto™ MMC - Adsorption Capto™ MMC - Elution

[NaCl] Conductivity ki [NaCl] Conductivity Yr
pH (mM) (mS.cm) (AUsy | PH M) (mS.cm?) (%)
0 0.9 0.731 0 72 68.0
125 2.2 0.625 05 473 40.0
o 25 36 0.531 o 1 84.3 722
Lo 50 6.1 0.749 ~ 15 117.4 63.3
100 111 0.455 2 145.7 66.5

200 20.2 0.693 - - -
0 15 0.66 0 76 81.8
125 27 0.457 05 455 73.4
" 25 3.9 0.551 o 1 835 716
© 50 6.5 0.468 © 15 11538 73.8
100 113 0.276 2 143.9 72.4

200 207 0.13 - - -
0 21 0.66 0 6.1 823
125 3.2 0.113 05 49.1 747
" 25 46 0.03 o 1 84.3 727
~ 50 7.2 0.015 © 15 1161 615
100 122 0.027 2 144.2 74.1

200 212 0.004 - - -
0 0.7 0.032 0 6.5 89.9
125 17 0.004 05 484 86.2
o 25 3.0 0.001 o 1 83.7 78.6
© 50 5.6 0.015 o 15 117.4 67.0
100 105 0.044 2 145.9 65.4

200 19.7 0.073 - - -
0 15 0.002 0 6.5 95.3
125 24 0.006 05 49.9 91.2
o 25 3.7 0.011 o 1 86.2 833
o 50 6.2 0.003 o 15 119.1 80.7
100 111 0.004 2 147.2 742

200 20.2 0.008 - - -

151



Table A3 — Conductivity and pH conditions tested in the adsorption and elution assays performed in
microfluidics using CM Sepharose™ beads. The concentration of NaCl corresponding to the conductivity
values is also indicated. The response parameters for the adsorption (ki) and elution (Y,) represent the
experimental values used to obtain the contour plot analysis.

CM Sepharose™ - Adsorption CM Sepharose™ - Elution

[NaCl] Conductivity K2 [NaCl] Conductivity Yr
pH (mM) (mS.cm't) (AU.sh PH (M) (mS.cm™) (%)
0 0.9 0.909 0 7.2 40.5
125 2.2 0.649 0.5 47.3 734
o 25 36 0.726 o 1 84.3 67.9
L0 50 6.1 0.193 r~ 15 117.4 72.6
100 111 0.030 2 145.7 64.5

200 20.2 0.020 - - -
0 15 0.542 0 7.6 28.5
125 2.7 0.183 0.5 455 717
o 25 3.9 0.168 o 1 83.5 72.3
© 50 6.5 0.039 o 15 115.8 71.7
100 11.3 0.008 2 143.9 62.4

200 20.7 0.018 - - -
0 2.1 0.025 0 6.1 485
125 3.2 0.001 0.5 49.1 84.8
Lo 25 4.6 0.001 o 1 84.3 82.9
~ 50 7.2 0.003 o 15 116.1 82.1
100 12.2 0.004 2 144.2 74.7

200 21.2 0.003 - - -
0 0.7 0.002 0 6.5 81.6
125 1.7 0.008 0.5 48.4 83.8
o 25 3.0 0.007 o 1 83.7 87.4
o 50 5.6 0.003 o 15 117.4 87.0
100 105 0.002 2 145.9 66.1

200 19.7 0.002 - - -
0 15 0.033 0 6.5 95.7
125 2.4 0.049 0.5 499 89.5
Lo 25 3.7 0.004 o 1 86.2 89.6
° 50 6.2 0.008 = 15 119.1 84.3
100 111 0.002 2 147.2 78.0

200 20.2 0.003 - - -
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Table A4 — Conductivity and pH conditions tested in the adsorption and elution assays performed in
microfluidics using Phenyl Sepharose™ beads. The concentration of NaCl corresponding to the
conductivity values is also indicated. The response parameters for the adsorption (ki) and elution (Y/)

represent the experimental values used to obtain the contour plot analysis.

Phenyl Sepharose™ - Adsorption Phenyl Sepharose™ - Elution
[NaCl] Conductivity ka2 [NaCl] Conductivity Yr
pH (mM) (mS.cm?) (AU.sY PH (M) (mS.cm™) (%)
0 0.9 0.092 0 7.2 72.8
12.5 2.2 0.084 0.5 47.3 74.2
0 25 3.6 0.105 0 1 84.3 46.4
L0 50 6.1 0.109 ~ 15 117.4 125
100 111 0.090 2 145.7 12
200 20.2 0.070 - - -
0 15 0.087 0 7.6 79.3
125 2.7 0.061 0.5 455 51.7
o 25 3.9 0.076 o 1 835 40.4
© 50 6.5 0.081 o0 15 115.8 17.2
100 11.3 0.057 2 143.9 17.2
200 20.7 0.068 - - -
0 2.1 0.041 0 6.1 85
125 3.2 0.008 0.5 49.1 50.2
Lo 25 4.6 0.011 ) 1 84.3 20.8
r~ 50 7.2 0.046 o 15 116.1 15.8
100 12.2 0.015 2 144.2 13.8
200 21.2 0.033 - - -
0 0.7 6.00E-04 0 6.5 81.1
125 1.7 1.60E-03 0.5 48.4 67.7
o 25 3.0 1.70E-03 o 1 83.7 26.5
o 50 5.6 3.80E-03 o 15 1174 395
100 10.5 4.60E-03 2 145.9 12.7
200 19.7 3.30E-02 - - -
0 15 1.25E-03 0 6.5 98.1
125 24 2.11E-03 0.5 49.9 66.4
Lo 25 3.7 1.00E-03 o 1 86.2 59.9
= 50 6.2 1.20E-03 = 15 119.1 20.1
100 111 1.30E-03 2 147.2 28.8
200 20.2 2.40E-02 - - -

153



154



Curriculum vitae

Nationality: Portuguese
Date of birth: 1990/08/24

+351 962482183

B ines.f.pinto@tecnico.ulishoa.pt

ﬁ[m https://pt.linkedin.com/in/inés-pinto-4632b94b
g' https://goo.gl/UhChJS
Inés Fernandes Pinto @ https://www.researchgate.net/profile/Ines_Pinto7

Education

February 2014 - present

PhD in Biotechnology and Biosciences
Instituto Superior Técnico - Universidade de Lisboa, Portugal

September 2011 - November 2013

Master of Science (MSc) degree in Biological Engineering (18/20), ECTS Grade A
Instituto Superior Técnico - Universidade de Lisboa, Portugal

September 2008 - July 2011

Bachelor of Science (BSc) degree in Biological Engineering (16/20), ECTS Grade A
Instituto Superior Técnico - Universidade de Lisboa, Portugal

Presentations in Scientific Meetings

1. Poster Presentation, “Quantitative analysis of optical transduction in microfluidic
biosensing platforms: nanoporous microbeads coupled with thin-film photodiodes”, 31st
IEEE International Conference on Micro Electro Mechanical Systems (MEMS2018),
Belfast, Northern Ireland, January 2018.

2. Oral Presentation, “Miniaturization of chromatography for rapid screening of operating
conditions: a microfluidic approach for multiplexed optimization of different ligands and
target molecules”, ABC? - Anything But Conventional Chromatography, Lisbon,
Portugal, November 2017.

3. Oral Presentation, “A microfluidic approach for rapid screening of chromatography
operating conditions: multiplexed optimization of different target molecules”, HTPD -
High-throughput Process Development, Toledo, Spain, October 2017.

4. Oral Presentation, “Rapid optimization of chromatography operating conditions using a
nano-liter scale column on a microfluidic chip with integrated pneumatic valves and optical
sensors”, ECI - Separations Technology IX: New Frontiers in Media, Techniques, and
Technologies, Albufeira, Portugal, March 2017.

5. Oral Presentation, “Miniaturization of chromatography for rapid optimization of antibody
separations: multiplexed screening of different ligands and target molecules”,
Hydrophobic Bioprocessing Conference (HIC-RPC), Scottsdale, Arizona, USA,
February 2017.

155



6. Poster Presentation, “On-chip chromatography for rapid screening of multimodal ligand-
target interactions”, International Symposium on the Separation of Proteins, Peptides
and Polynucleotides (ISPPP), Salzburg, Austria, November 2016.

7. Poster Presentation, “Development of a microfluidic device with integrated pneumatic
valves and a-Si:H photodiodes for rapid optimization of chromatographic separations
using a fluorophore-labeled monoclonal antibody”, 20" International Conference on
Miniaturized Systems for Chemistry and Life Sciences (MicroTAS), Dublin, Ireland,
October 2016.

8. Poster Presentation, “Integration of photosensors in a nano-liter scale chromatography
column for the online monitoring of adsorption/desorption kinetics of a fluorophore-labeled
monoclonal antibody”, Eurosensors XXX, Budapest, Hungary, September 2016.

9. Oral Presentation, “Multimodal chromatography for the purification of monoclonal
antibodies: towards a high-throughput optimization using micro-columns on a chip”,
XVICOLACRO & 9ENC, Lisboa, Portugal, January 2016.

10. Poster Presentation, “A microfluidic approach for high-throughput screening of
chromatography operating conditions for the purification of monoclonal antibodies”,
Congress of Microbiology and Biotechnology (MicroBiotec), Evora, Portugal,
December 2015.

11. Oral Presentation, “Novel strategies for capturing monoclonal antibodies using
alternative multimodal and electrostatic ligands”, Biopartitioning & Purification
Conference (BPP), Vienna, Austria, June 2015.

12. Poster Presentation, “A multimodal alternative for antibody capture from cell culture
supernatants”, International Symposium on the Separation of Proteins, Peptides and
Polynucleotides (ISPPP), Wirzburg, Germany, November 2014.

13. Poster Presentation, “Exploring the use of heparin as a first capture step in the
purification of monoclonal antibodies from cell culture supernatants”, 12"
International Chemical and Biological Engineering Conference (ChemPor2014),
Porto, Portugal, September 2014.

Publications in international peer-reviewed journals

1. Pinto, I.F., Soares, R.R.G., Aires-Barros, M.R., Chu, V., Conde, J.P., Azevedo, A.M.,
“Optimizing the performance of chromatographic separations using microfluidics:
multiplexed and quantitative screening of ligands and target molecules” (Submitted).

2. Santos, D.R., Soares, R.R.G., Pinto, I.F., Caneira, C.R.F., Pinto, R.M.R., Chu, V., Conde,
J.P., “Label-free detection of biomolecules in bead-based microfluidics using on-chip UV
and impedimetric sensors” (submitted).

3. Pinto, I.F., Santos, D.R., Caneira, C.R.F., Soares, R.R.G., Chu, V., Conde, J.P,,
“Quantitative analysis of optical transduction in microfluidic biosensing platforms:
nanoporous microbeads coupled with thin-film photodiodes”, 2018 IEEE Micro Electro
Mechanical Systems (MEMS), Belfast (2018), 278-281.

4. Soares, R.R.G., Santos, D.R., Pinto, I.F., Azevedo, A.M., Aires-Barros, M.R., Chu, V.,
Conde, J.P., “Multiplexed microfluidic platform coupled with photodetector array for
point-of-need and sub-minute detection of food contaminants”, 2018 IEEE Micro Electro
Mechanical Systems (MEMS), Belfast (2018), 6-9.

156



10

11.

12.

13.

14.

15.

16.

. Soares, R.R.G., Santos, D.R., Pinto, I.F., Azevedo, A.M., Aires-Barros, M.R., Chu, V.,

Conde, J.P., “Point-of-need and sub-minute detection of food contaminants: A multiplexed

microfluidic fluorescence immunoassay addressed by a photodetector array”, Lab-on-a-
chip (2018) 18, 1569-1580.

. Pinto, I.F., Santos, D.R., Caneira, C.R.F., Soares, R.R.G., Azevedo, A.M., Chu, V., Conde,

J.P., “Optical biosensing in microfluidics using nanoporous microbeads and amorphous
silicon thin-film photodiodes: quantitative analysis of molecular recognition and signal
transduction”, Journal of Micromechanics and Microengineering (2018) 28, 094004
(15pp).

. Epifania, R., Soares, R.R.G., Pinto, I.F., Chu, V., Conde, J.P., “Capillary-driven microfluidic

device with integrated nanoporous microbeads for ultrarapid and single-step biosensing
assays”, Sensors and Actuators B: Chemical (2018) 265, 452-458.

. Pinto, I.F., Santos, D.R., Soares, R.R.G., Aires-Barros, M.R., Chu, V., Azevedo, A.M.,

Conde, J.P., “4 regenerable microfluidic device with integrated valves and thin-film
photodiodes for rapid optimization of chromatography conditions”, Sensors and Actuators
B: Chemical (2018) 255, 3636-3646.

. Nascimento, A., Pinto, I.F., Chu, V., Aires-Barros, M.R., Conde, J.P., Azevedo, A.M.,

“Studies on the purification of antibody fragments”, Separation and Purification
Technology (2018) 195, 388-397.

. Pinto, L.F., Santos, D.R., Soares, R.R.G., Aires-Barros, M.R., Chu, V., Azevedo, A.M.,
Conde, J.P., “Integration of photosensors in a nano-liter scale chromatography column for
the online monitoring of adsorption/desorption Kinetics of a fluorophore-labeled
monoclonal antibody”, Procedia Engineering (2016) 168, 1426-1429.

Soares, R.R.G., Santos, D.R., Pinto, I.F., Azevedo, A.M., Chu, V., Aires-Barros, M.R.,
Conde, J.P., “Point-of-use ultrafast single-step detection of food contaminants: a novel
microfluidic fluorescence-based immunoassay with integrated photodetection”, Procedia
Engineering (2016) 168, 329-332.

Pinto, I.F., Caneira, C.R.F., Soares, R.R.G., Madaboosi N., Aires-Barros, M.R., Conde,
J.P., Azevedo, A.M., Chu, V., “The application of microbeads to microfluidic systems for
enhanced detection and purification of biomolecules”’, Methods (2016) 116(1), 112-124.

Pinto, I.F., Soares, R.R.G., Rosa, S.A.S.L., Aires-Barros, M.R., Chu, V., Conde, J.P.,
Azevedo, A.M., “High-throughput nanoliter-scale analysis and optimization of

multimodal chromatography for the capture of monoclonal antibodies”, Analytical
Chemistry (2016) 88(16), 7959-7967.

Pinto, I.F., Aires-Barros, M.R., Azevedo, A.M., “Multimodal chromatography:

debottlenecking the downstream processing of monoclonal antibodies”, Pharmaceutical
Bioprocessing (2015) 3(3), 263-279.

Pinto, I.F., Rosa, S.A.S.L., Aires-Barros, M.R., Azevedo, A.M., “Exploring the use of
heparin as a first capture step in the purification of monoclonal antibodies from cell
culture supernatants”, Biochemical Engineering Journal (2015) 104, 27-33.

Taipa, M.A, Azevedo, A.M., Grilo, A.L., Couto, P.T., Ferreira, F.A.G., Fortuna, A.R.M.,
Pinto, I.F., Santos, R.M., Santos, S.B., “Student collaboration in a series of integrated
experiments to study enzyme reactor modeling with immobilized cell-based inverzase”,
Journal of Chemical Education (2015) 92, 1238-1243.

157



Experience in orientation

- Co-supervision of summer intern student Carlos Lopes in INESC-MN Laboratory, July -
September 2017; Project title: “Streaming current measurements as a label-free method for
monitoring adsorption/elution of biomolecules on chromatography beads inside a
microchannel”.

- Co-supervision of MSc student Catarina Bombaca in INESC-MN Laboratory, September
2016 - September 2017; Project title: “Grape-chip: a microfluidic device for monitoring
metabolites during grape maturation”.

- Supervision of summer intern student Inés Peixoto in INESC-MN Laboratory, July —
September 2016; Project title: “Optimization of BSA adsorption conditions on Capto adhere
beads in microfluidic chromatography channels”.

- Co-supervision of MSc student Yin Zhai (ERASMUS student from Karlsruhe Institute of
Technology, Germany) in the Bioseparations Laboratory at Institute for Bioengineering and
Biosciences (IBB), Instituto Superior Técnico, February - August 2015; Project title:
“Multimodal chromatography for the capture of monoclonal antibodies .

- Co-supervision of summer intern student Carolina Fernandes in the Bioseparations
Laboratory at Institute for Bioengineering and Biosciences (IBB), Instituto Superior Técnico,
June - September 2013; Project title: “Assessment of 2-benzamido-4-mercaptobutanoic acid
as a multimodal ligand for the capture of monoclonal antibodies”.

- Orientation of several MSc students and summer intern students in experimental activities
involving (i) operation of AKTA chromatography equipment; (ii) protein gel electrophoresis;
(iii) microfabrication of microfluidic structures, in particular SU-8 mold fabrication and
polydimethylsiloxane (PDMS) soft-lithography; and (iv) fluorescence microscopy.

Participation in other scientific activities

- Peer-review of manuscripts submitted to the following journals: Separation and Purification
Technology, Elsevier (#6); Journal of Chemical Technology & Biotechnology, Wiley Online
Library (#1). Publons profile URL: https://publons.com/a/1213906/

- Innovate, Connect, Transform (ICT), MAGNETRODES Exhibition Stand (October
2015): participation in an exhibition within the MAGNETRODES EU FP7 project, aiming at
presenting the research fields and services provided at INESC Microsystems and
Nanotechnologies to the general public and potential clients/collaborators.

- NANODEM Workshop on Fluorescence for Biosensing (September 2015): attendance of
the NANODEM (NANOphotonic DEvice for Multiple therapeutic drug monitoring) EU FP7
project workshop held in the Complutense University of Madrid, Spain. The workshop was
aimed at providing insights on different fluorescence spectroscopy methods and probes for
biosensing applications.

Honors & Awards

1. Poster Presentation Award - First Prize, awarded by the International Symposium on the
Separation of Proteins, Peptides and Polynucleotides - ISPPP, November 2016.
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2. CHEMINAS Young Researcher Poster Award, awarded by the 20" International
Conference on Miniaturized Systems for Chemistry and Life Sciences - MicroTAS, October
2016.

3. Student Travel Grant awarded by the Chemical and Biological Microsystems Society
(CBMS) to MicroTAS 2016 presenting authors, October 2016.

4. Best Poster Award, awarded by the Eurosensors XXX, September 2016.

5. Honorable Mention Poster Communication, awarded by the 12" International Chemical
and Biological Engineering Conference - ChemPor, September 2014.

6. Individual PhD Student Fellowship Grant, Fundacdo para a Ciéncia e Tecnologia
(September 2014). PhD Fellowship awarded to the top 14% (18/128) of candidates in the
field of Biotechnology and Bioengineering. The evaluation was based on (1) academic merit
of the candidate, (2) impact, feasibility and novelty of the project, and (3) merit of the
supervisors and institutions hosting the candidate.

7. Academic Merit Diploma, Instituto Superior Técnico (2009/2010). Awarded to students
with an average ECTS grade A in the corresponding year.

Competences & Skills

Column chromatography QO O®@®@® Thin film photodetectors Q0000
AKTA purification systems Q@@ @@@  Fluorescence microscopy Q0000

Monoclonal antibodies QO O®@®O Bioanalytical assays Q0000
Microfabrication Q@@ @®@®O Molecular biology Q0000
Languages

Portuguese (Native) English French

Writng O@@@@  Writing Q0000 |\Wiiting @O0O0O
Reading @@ @@@  Reading Q00®0®@® Reading @@OOO
Ol O@@@®@® Oral e000® Onl @O0000
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