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Resumo

A seleccdo e optimizacao de ligandos cromatograficos para a purificag@dédmacos
constitui um desafioconsideravelpara osprofissionais de biotecnologidNo caso
particular dos anticorpos monoclonais (mAbs), ligandos sintéticos incluindo varios tipos
de interac¢des (multimodais) podem proporcionar vantagens processuais e econdémicas
comparativamente a ligandos de afinidadeehdss em proteinas. No entanto, a
optimizacdo das condicbes operatérias destes ligandos multimodais requer o
desenvolvimento de plataformae rastreio de alto rendimentpue sejam simples,
eficazes @le baixo custo

Nesta tese € apresentada uma novatégtasbaseada em microfluidica para realizar uma
seleccao rapida de condicGes operatdrias no contexto da purificacdo de mAbs a partir de
sobrenadantes de cultura celular usando cromatodfafiam desenvolvidos dispositivos
progressivamentiategradosvisando (i) a optimizacéo simultanea de multiplos ligandos
cromatogratos; (ii) a deteccdo multiplexada de diferentes moléeales em solucao;

(i) a insercacautomatica e sequencial de liquido no disposigv@v) o acoplamento de
fotossensores miniaturizados para a leitura do sil@ctamenteno dispositivo.Os
estudos de optimizagdo em microfluidica foram realizados com moléculas (IgG, BSA)
marcadas conum fluor6foro em solucbesampdoou em sobrenadantes de cultura
celular, permitido obter a tendéncia de parametros importantes (pureza, rendimento) em
conformidade com ensaios realizados a escala laboratorial convengiemaincipais
vantagens proporcionadas pelos dispositivos miniaturizados e as suas diferencas
intrinsecas relatamente a operacao cromatografica tradicionatasibémexploradas e

discutidamesta tese

Este trabalho fornece importantes contribui¢cdes para o desenvolvimento e melhoramento
de plataformas de optimizacdo que visam auxiliar nas fases iniciais do deiseento

de processos cromatograficétara além disso, embora o foco tenha sido colocado na
purificagdo de mAbs, esta abordagem pode ser aplecaddras biomoléculas de alto
valor comercial, sendo provavel que tenha um elevado impacto na purificacdo de

proteinas em geral.

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

Optimizagéo, 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 (mAbs), synthetic ligands comprising multiple types of
interactions (multimodal)can provide process and economic advantages compared to
proteinbased affinity ligands. However, optimizing the operating window of these
multimodal ligands requires the development of simple, effective and affordable high

throughput seening platforms.

In this thesis, a novel microfluidsébased strategy to perform rapid screening of
chromatography operating conditianghe context of the purification of mAbs from cell
culture supernants is presented. Increasingitegrated devicewere 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 deyiand (iv) coupling
miniaturized photosensors for-chip signal reagut. Microfluidic optimization studies
were performed using fluorescently labeled molecules (IgG, BSA) in plain buffer
solutions orspiked in real cell ctlire supernatantgnablingthe trending of important
parameters (purity and recovery yield)accordance t@onventional laboratory scale
assays.The main advantages provided by the miniaturized devices and their intrinsic
differences relative to a traditional chromatographic operatre also explored and

discussed.

This workprovides important contributions towards the developmemhpfovedhigh
throughput screeninglatforms for earlystage process development of chromatographic
separationdn addition, &hougha focus wasigen toantibody purification, the approach
can be applied to other higlalue biomolecules and is likely to have a high impact on

protein purification in general.

Keywords: Multimodal chromatography Monoclonal antibodies; Mrofluidics;

Optimization;Photodiodes
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I 200 mM NaCl) conditions usin@\) multimodal,(C) electrostatic, an(D) hydrophobic

beads. Only somef 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 surfaf®) Adsorption kinetic curves obtained using
Capod MMC multimodal beads at pH 6.5 for different salt concentrations in the binding

buffer. The asterisky () highlights the different scale in the case of the phenyl ligéiid.

Figure 4.71 Screening results based on the recovery yield paranie)eio( the elution

of the antilL8 mAb performed at different pH (7159.5) and condctivity conditions (O

M T 2 M NacCl) usingA) multimodal,(C) electrostatic, an(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 oetdlte scale range, in order to
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provide a uniform contour surfacéB) 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 asterisly § highlights the differet scale in the case of the phenyl

Figure 4.87 Chromatographic profiles obtained by loadingupof anttIL8 mAb at a
concentration of 2@y/mL onto a pregpacked 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 N&&), 1 M or 2 M NaClI(B). Dashed

lines correspond to conductivity and pH.............cccceeiiiiiieeeccce e eeeeeeeeeen L

Figure 5.17 Microfluidic structure used in the multiplexing experirnt®eA) Schematics

of the microchambers with three different types of chromatography beads packed in series
with the flow of the solution. An artificial mixture of IgBODIPY FL and BSA
BODIPY TMR was flowed through the three chambers at different opgregimditions.

(B) SU-8 mold of the microfluidic structuredqp) and bright field microscopy image of

the PDMS structure showing the beads packed inside the microchabdtess) ....80

Figure 5.27 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 chromatograpbgads (Cap& MMC) and a solution of fluorescently
labeled IgG (50rg/mL) was flowed at 1@i/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 et flow rate, implying reactichmited conditions.......81

Figure 5.3 7 Excitation/emission spectra of the BODIPY FL and BODIPY TMR
fluorophores overlapped with the intervals of excitation/emission provided g )tze

filter (bandpass excitation: 460490 nm; longpass emission: 520 nm) a8 G filter
(bandpass excitation: 48850 nm; longpass emission: 590 nm) in the fluoresmen
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 aHpags emission of 520 nm is a contribution of
both IgG and BSA molecules that can be corrected considering that the fluorescence

signal measured ithe green region corresponds uniquely to the labeled BSA motecule



Figure 5.471 Isoelectric focusing (IEF) gel performed with labeled and unlabeled I1gG and
BSA. Lanes ID: (1) pl broadstandards 30 (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 isoetec 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) =
OO EPPTSSRPPRRN 83

Figure 5.51 Calibration curves of initial solutions with known concentration@gfigG

and(B) BSA conjugates used for determinationéofO"Q'O anda 6 "YO in the

mass balance. Protein A and Q Sepharose beads w&sglpaanicrofluidic channels to

bind 1gG and BSA, respectively, at different concentrations. Maximum binding capacities

(BC) for the two ligands are indicated irethlots according to the information provided

by the manufacturer. The concentrations @ [@5ng/mL) and BSA (250rg/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 IgG
and 100 mg BSA captured per mL OSIM®............oooeiiiiiiiiiieeee e 84

Figure 5.61 Measurement dfA) 1IgG and(B) BSA conjugates naespecifically bound to

the PDMS wallls for fluorescence assays at increasing concentrationgugfates 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 isp@ifically bound to

the PDMS wallls, s& '0"Q'0 andd& 6 "YO were not taken into account for the

MASS DAlANCE EQUATTIONS..........uuiiiiiiiiiiii ettt erer e e e e e e e e e e e e e 85

Figure 5.71 Calibration curves obtained for the fluorescence intensity (Apmlue-
excitation andB) greenexcitation as a function of the mass of IgG and BSA conjugates
bound per volume of chromatography resin inside the microchamhel.mnimum
detectable mass values of labeled IgG and BSA were°0684 ng/nkesinand 1.86°
1.36 NG/Nkesin FESPECHIVEIY....coiiiiiiiiiiiie et 86

Figure 5.81 Separation of IgG and BSA using affinity and singlede electrostatic
ligands. (A) Kinetic profiles for the adsorption at pH 5.5 {i) Protein A; (ii)
Carboxymethyl Sepharose; afi) Q Sepharose resins. Microscopy imagfesv) of the

three microchambers imaged in the bright field (BF), and upon excitation in the blue
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region (Bexc) and in the green region-xc). (B) Contour plots of the adsption of
IgG (i-iii) and BSA(iv-vi) on protein A, Carboxymethyl Sepharose and Q Sepharose

(Y[ SRR 87

Figure 5.971 Strategy folbwed 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 stegf the optimization process is also indicated....................cceeeueees 89

Figure 5.107 Optimization of the capture step in terms of adsorption and elution of
labeled 1gG and BSA to the multimodal ligands CaptdMC, MEP Hypercei and
Toyopearl Sulfate(A) Contour plots of the adsorption of IgGiii)) and BSA(iv-vi) on
Captada MMC, MEP Hypercei and Toyopearl Sulfate resin®) Contour plots of the
purity in terms of IgG captured of)) Capt@@ MMC, (i) MEP Hypercei and (iii)
Toyopearl Sulfate. IgG purity at bedelvel was calculated for eacbraition according

to Equation 5.4(C) Recovery yields and purification factors relative to the total mass
adsorbed on the beads, after elution f{gn€apt@@ MMC, (ii) MEP Hypercel and(iii)
Toyopearl Sulfate at different operating conditions. Adsorption conditions were as
follows: Capt@ MMC i 50 mM phosphate pH 6.5 + 0 mM NaCl; MEP Hypedicél

50 mM Tris pH 8.5 + 50 mM NacCl; Toyopear! Sulfétes0 mM phosphate pH 6.5 + 50

Figure 5.117 Optimization studie®f the polishing step by performing the loading of
IgG and BSA solutions directly at the elution conditions used in theireaptep(A)
Kinetic results for the binding of IgG and BSA to the three multimodal polishing resins
at elution conditions after the capture being performed)oGapté&d MMC, (ii) MEP
Hyperce& and(iii) Toyopearl Sulfate(B) Recovery yields and purdation factors of

the polishing step, obtained with selected polishing conditions (highlighted).in
Asterisks indicate that yield and purification factor could not be accurately determined
due to the fluorescence signals (of IgG and/or BSA) being bélewnit of detection of

the analytical MEthO...........iii s 93

Figure 5.121 Optimization studie®f the polishing step by performing the dvag of
IgG and BSA solutions after adjusting the elution conditions used in a previously
optimized capture stepA) Contour plots of the kinetic results for the binding of IgG

iii) and BSA(iv-vi) on Capt@ adhere, HEA Hypercél and Toyopearl NEresins.(B)
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Contour plots of the purity in terms of BSA captured(dnCapta adhereii) HEA
Hypercel and (iii) Toyopearl NH. BSA purity at beadevel was calculated for each
condition according tdequation 5.4 (C) Recovery yields and purificatioradtors
obtained with selected polishing conditions, indicate@@h Purification factors were
determined considering the average purity ((66175)%) obtained after performing the

capture using Toyopearl Sulfate, accordingrigure 5.10C, iii. ......covvvvvrvvrrrnnnnnnnnn. 94

Figure 5.137 Chromatography purification assays performed with artificial mixtures
composed of IgG and BSAA) Capture + polishingequences evaluated using standard
column (1 mL) chromatography assayB) Recovery yield and purity parameters

determined for each purification SEQUENCE..............uuuiiiiiiceceiecer e 96

Figure 5.141 Chromatography purification assays performed using a seamaining

cell culture supernatantA) Capture step performed with a Toyopearl Sulfate column.
Adsorption: pH 6.5 + 50 mM NacCl; Elution: pH 9.5 + 5@ NaCl. (B) Polishing step
performed with a Toyopearl NHtolumn. Adsorption: pH 9.5 + 500 mM NacCl; Elution:
0.5 M NaOH. (C) Silver stained SD®AGE gel in reducing conditions. Lane 1:
feedstock; lanes 2: flowthrough fraction collected in the capturesi@nelution fraction
collected in the capture; lanes 4: flowthrough fraction collected in the polishing.
Duplicates from twandependenpurification sequences were included in the gel. Arrows

indicate the position of BSA () and IgG & ) heavy and lighthains...................... 929

Figure 6.1 - Regenerable microfluidic structure comprising a main channel for bead
packing and four fluidic channelerfsequential liquid insertion controlled by integrated
pneumatic valvegA) Agarose beads functionalized with a chromatography multimodal
ligand (Captd@ MMC) were packed in a microolumn 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 micraolumn. Liquid was flowed using pipette tips in the inlets and by

applying a negative pressure at the outlet.............ccooo i 108

Figure 6.2 17 Fluorescence detection using photodiodd@s. Micrograph and cross
sectional schematic view of the-SkH p-i-n photodiodes used in fluorescence
measurements. The @tation light is filtered by an-&iC:H thinfilm (1.6 nm thick)

deposited on top of the Silgassivation layer. The emission light enters the photodiode
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through an Indium Tin Oxide (ITO) transparent contdB) Transmission spectral
characteristics ofnie aSiC: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

measuremestperformed in different parts of the absorption filter..................... 110

Figure 6.317 Experiments using singiehannel microfluidic columngA) 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 anttIL8-Alexa430; pl = 9) at different pH valued) 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 Aorear functon based on a sigmoidal model

in order to derive kinetic response parametésssandKey). Experiments were performed
using a singlehannel microfluidic column and fluorescence was monitored using a

microscope. A flow rate of 15 pL/min was used............cceeeeeeviiiieeeiii e 112

Figure 6.4 1 Chromatographic cycles obtained using a microfluidic structure with
integrated pneumatic valves. A fadjusted cell ctlire supernatant (50 pg/mL of anti
IL8-Alexa430) was flowed to evaluate the mldmnd interaction over different
adsorption (A) and elution conditions(B). Fluorescence of packed beads was
continuously monitored using a microscope. In the end of eack, aggeneration of
beads was accomplished by flowing a solution of 1 M NaOH.r&deircles highlight

the end of the elution and beginning of the regeneration. A flow rate of 10 pL/min was

USEA TN Al TUNS . et e e aae e aaans 114

Figure 6.5 71 Fluorescence monitoring using photosens¢fy. Curve obtained by
measuring the current generated bygken 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 cycle¢B) Photoresponse of theS:H p-i-n photodiode during the
adsorption and elution assays. A flow rate of 10 uL/min was used in all.runs..116
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Figure 6.6 17 Standard column chromatography ass@$. Chromatographic profiles
obtained by loading 5 mL of cell culture supatant onto a prpacked Capt® 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 maneitl. (B) Performance parameters
(recovery yield and purity) of the mAb chromatographic purification from the cell culture
supernatantC) Silver stained SD®AGE analysis of collected elution fractions. Lanes
IDil: Precision Pl usandads2: Eeeds&nplb of sekreeCall o r
culture supernatant; 3: Elution fraction collected using pH 9.5 + 0 M NaCl; 4: Elution

fraction collected using pH 9.5 + 1 M NaCl. Position of IgG heavy chain (50 kDa) and

Figure 7.1 7 Reattime monitoring of BSA adsorption on Q Sepharose beads by
measuring UV absorbancirectly at beadevel. (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 transittance or absorbance values, the current corresponding to 100%
transmission (beads only) is the value measured before flowing the protein s¢Bition.
Two replicate(#1, #2)continuous absorbance measurements performed in two separate
chromatography cohans. 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.....coii e e e e e e e e e e e anan 124

Figure 7.27 Schematics of the microcolumn device used to perform UV transmission
measurements at bedalel and downstream of the packed column. ThSi:ld
photodiodes schematized on the top were aligned with the device regions highlighted in
red. For a proebf-coneept, the structure was packed with either cation exchange (CM

Sepharose) or anion exchange (Q Sepharose) beads.............cccccvvcvvvviiiiinnnns 125

Figure 7.3 1 Calibration of transmission measurements at increasing BSA or IgG
concentrations flowed through a microcolumn without chromatography béajs.

Transmission measurements over time while flowing 400 pg/mL IgG or 4 mg/mL BSA

St

solutions in PB&o1 at 1.5 pL/min The protein solutions wer

followed by PBSoi0 n 1 y a t (BtUV ghot@cOr@nt signal,e. difference of current
measured without (PB%10nly) and with (PB&o1 plus target protein) BSA or IgG
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molecules inside the microkconn. 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
concentration that results in a signal equal to 3.29 times the standard deviation of the

background signal. The emr bars are the standard deviation of two independent

Figure 7.4 7 UV transmission measurements over time performed at-legatl
(microcolumn) and downstream of the beads (outlet channel) while flowin¢Ag@&d

B) or BSA(C and D)through catiorfA and C) or anion(B and D) exchange beads. The
IgG and Gammanorm solutis were prepared in 186ld diluted PBS(PBS.01) with a
conductivity of 189 uS.crhand a pH of 7.28 and were flowed through the microcolumn
At L5 PL/MIN. e enn— 128
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"A journey of a thousand miles begins with a single.'step

Lao Tzu

Chapter 1
Introduction

The separation obiological compounds by chromatography is a veslablished
technique that plays an important rolesictors such as medical and healthcare,
chemical industry, environmental industry and even in food safety applicalibes.
biopharmaceuti industry, in particular, uses chromatographic separations as a standard
meansof achievingrobust and efficient purification processes, in order to comply with
the strict purity requirements enforced by regulatory ageftjeMonoclonal antibodies
(mAbs) 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-aataune disordersAccording to data

from 2016, six out of ten beselling drugs were either mAles mAb-derived molecules

with sales reaching ovét.S.$80 billion[2]. In fact, teatments usingnAb-based drugs

have an average monthly cgstr patientof U.S. $8,000- $12,000 €.g.for cancer
treatment) 3]. These higtprices are in part associated with the complex and expensive
purification processes of mAb products, which typically rely on affinity chromatographic
steps using proteibased ligands. The drawbacks of these bioaffinity ligaadsgroten

A, G or L) have been widely discussg#t7] and are amely due to their intrinsic
economical and performance limitations. In this context, novel synthetic ligands have
been receiving increasing attention as @jfdctive alternatives to be integrated in the

downstream processing of mAbs or other higluemoleculeq8, 9].

As an increasing number of novel chromatography ligands are being made available, the
use of highthroughput screening platforms becomes essential during the early stage
process development, when time and reagents are scarce resources. Most of the
approachks to perform a higthroughput optimization of operating conditions are based

on the use of microtiter plat¢40-14], miniature columng$15-17] or microtips [1§],
operated in robotic liquid handling stations. However, these approaches (i) rely on a
significant consumption of nhkecules and buffers (m@nd 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 fuhter 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 proteii$9], determination of adsorption isotherms
and breakthrough cursg20, 21], and rapid screening of chromatography operating

conditions[22].

Objectivesof the work

This thesis aims at addressing the challenging recovery of monoclonal antibodies by
developng innovative and cosgffective purification processes based on chromatography
ligandsalternative to protein A. In particular, multimodal ligands were evaluated with
respect to the capture apdlishing of an antinterleukin 8 (IL-8) mAb in model solubns

and directly from complex cell culture supernataimterleukin8 (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 fibf@8j24]. Multimodal
ligands comprise multiple interaction groups, such as hydrophobic, electrostatic and
hydrogen bonding, which capotentially 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 optization studies. In this contex@n innovative

screening platform was developasding a miniaturized approach based on microfluidics.

The work here presentagports thedesign and developmenf in-housefabricated
microfluidic devices for the rapid seening of chromatographic operating conditions
using multimodal ligands, by monitoring adsorption/elution events irtiraa) at bead

level. Optimization studies were performed by immobilizing chromatography beads in a
microchannel and flowing solutionsontaining fluorophor¢abeled 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 elutiooonditions of mAbgowards improved yields
and purities;

3) Development of progressively integrated microfluidic devices that enable (i) the
simultaneous optimization of multiple chromatography ligandi§; the
multiplexed detection of different targetotacules; (iii) the integration of
sequential liquid flow in the device; and (iv) the conogliof onchip signal

monitoring;

4) Validation of purification processes optimized in miniaturized assays using

conventional lakscale chromatographic assays.

This thess provides important contributions towardg tthevelopment of integrated high
throughput screeninqnicrofluidic platformsamenable to be scaledit for earlystage
process development in a biopharmaceutical setiligough this work was foaed on
antibaly separation, thepproachhere reported¢an easily be applied to different high
value biomoleculesadding significant knowledge to the current stt¢he-art towards

the improvemenof protein purification in general.

Thesis aitline

This thesis is @anized ineight chaptes, five of which containing thdescription of
experimental methods and the ma@sults achieved this work. The footnotes in the
title of the chapter refer to publications in scientific journals resulting therefrom. The
resultsobtained in the context of collaborative works are also properly referdaael.
chapter begins witla brief introduction of the statef-the-art corresponding to the
content of the chapter and is concluded witstummary of the main achievemeaisi

outlooks aiming also at introducing the subsequent chapter.

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

organization of the thesis.

Chapter 2discusseghe stateof-the-art on the purification of monoclonahtbodies,
namely the current standards employed in the industrial downstream processing of these
molecules and an overview of emerging chromatplgic options namely multimodal
chromatographyThe relevance of higthroughput screening for the developrmei

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 &naheatographic
separations is also reviewed ifstbhapter by exploringome of the feweports available

in the literatureThe last section of chaptereatablishes th&ansition into the novel
concept reported in this thesis, since applicatianbe context ofthe optimization of
chromatographic separationssing integrated microfluidic devicesre largely

unexplored

Chapter 3presents the detailed microfabrication processes of the devices used in the
chromatographic optimization studipgesentedn the subsequent chapters. The design
and functimalities included in the microfluidic structuresere aimed towards an
automated deviceThe fabrication processes of integrated pneumatic valves and
miniaturized aSi:H photodiodes usedn the optical detdon of the onrchip

chromatographic separations are also presented.

Chapter 4introduces the first optimization studies performed in a novel microfluidic
devicecomprisinga namliter column. Amultimodal ligand was thoroughly studied in
terms of adsorpbin and elution of a fluorophottabeled monoclonal antibodypikedin
several buffers. e results motivated subsequent optimization studies using more

complex sample solutions and improved microfluidic structures.

Chapter 5 presents the development of aultitchamber deviceto perform the
simultaneous screening of three different chromatography resinsaddition, a
guantitative analytical methodlas developed and optimized to allow Simultaneous
detection of IgG and BSA mixed in solution viluorescence measurements. The
throughput of the miniaturized assays was significantly improaed the concept of
multiplexing was presented for the first time in terms of multiplicity of chromatography

resins and target molecules analyzed in a singleraxent.

Chapter @reportsachievement®wardsan integrated anautomated microfluidic device,
capable otbeing operated in a highroughput manner for earstage optimization of
chromatographic operating conditions. The experiments were performegl aisiell

culture supernatant spiked with a fluorophtaleeled monoclonal antibody, the liquid
insertion in the device was controlled by integrated pneumatic valves and the fluorescence
signal was measured in real time at beae| using miniaturized-&:H photodiodes

coupled to the microfluidic device.



Chapter 7 includes preliminary studies involving the lalbede monitoring of
chromatographic separations usimgniaturizeda-Si:H photodiodes. Binding of native
BSA and IgG molecules to chromatographieads inside a microchannel was
successfully accomplished byeasuring the transmittanceld¥ (280 nm) light through

(i) a column packed with beads and (ii) a channel downstream of the columtypghis

of measurementmatch those used ioonventional ctomatography assayin which
binding/elution of molecules is performed under native conditioaisvthout a previous
labeling procedure) and the UV sensor is placed at the outlet stream of the

chromatography column.

Finally, chapter 8summarizes the aevements and main conclusions of this thesis and
presents an outlootor further developmentand possibleapplications of beatiased

microfluidic systems in different areas






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

Marie Curie

Chapter 2

Purification of Monoclonal Antibodies:
Overview and Miniaturization Strategies

his chaptercovers the concepts and stafeheart of the two major areas of
Tinvestigationthat bridged this worki chromatography and microfluidics. A
literature review of conventional and emerging chromatographic technologies for the
purification of monoclonal antibodies is firstly presefitefihen, the applicatiomf
microfluidics to performa rapidoptimization of chromatographic conditions and support
process development in this context is also covdmeportant theretical conceptare

introduced whenever necessary.

2.1.Antibody purification : a historical perspective

The dawn bantibodypurification particularly IgG started with the plasma fractionation
technique, in which ethanol was used to precipiteiteteins at their isoelectric points.
This relatively simple method was first applied to the extraction of albumin from blood
plasma[25], and years later foundhdomologous application in theupfication of IgG

for the first intravenous immunoglobulin (IVIG) formulati¢®6]. The large production
scale of intravenous IgG combined with the low manufacturing mastided by the
plasma fractionation procef37], raised the debatdboutborrowing this method for the
purification of recombinanmnonoclonal antibodies{(Abs). However new trends started

to be framed in a completely differatitection, with chromatographaperations 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 progdss knowledge and the rate

This chapter contains sections reprodlftem the following review article:

§.F. Pinto, M.R. AiresBarros, A. M. Azevedo, 2015 AMultimodal <chromat
processing of madPhantBiopracas8(3)263278 bodi es 0



for improved separation medighe employedorocessncludedmultiplefiltration media

for harvest, the combination of a wide range of different chromatographic steps for
protein separation (including protein Aropein G, ion exchange, size exclusiand
hydrophobic interaction chromatography), the implementation of ultrafiltration and
diafiltration at different poirg of the process, and the wgemethods involving solvents

or detergents to accomplish viral inactivat[@7].

At the time, sinceghe upstream cell culture titers were very ldlagere was no need to
have resingailored for high binding capacities and the focus was centerdteabtlity

to rapidly process large volumes of feedstfd@}. A change in paradigm took place when
increased expression levels and higher cafisities started to be reached upstré2éna

30], and also when mAb products evolved from pure murine to fully human protein
sequence$3l], which required the design of alternative and more vergatileesses.
Currently, almost all marketed mAbs are produced by mammaliecutielre using either
chinese hmster ovarfCHO) 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 &gr the CHO

expression systei27].

Thestringent requirements enforcley the regulatory agenciésSDA, EMA) fostered the

use of chemicalhdefined components in the production of the biopharmaceutical
producs, which ledo an increasingdopton of serurAfree media in upstream processes.

In the downstream procsss, these requirements led, for example, tdérelopment of
recombinant ptein A ligands to replace the native bacterial protein lig@#l The
engineering of protein A ligands was also motivated by the need of having improved
stability to gH and cleaning solutions, using milder elution pH and achiekigger
dynamic binding capacitig83, 34]. The investigation and knowledge gathered over the
years,allowed to improve thehromatographienatrices 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 organizatistandardized

platform formaf 35].



2.2.Downstream processingdf monoclonal antibodies

The introduction of biopharmaceuticabglucts in clinical trials mustope with different
challenges, being process development one of the limiting steps. The explosion in the
number ® mAbs entering clinical trials has created the need for employing a rather
standardized approachrfprocess development to reduce the timerasdurces required

for this task. It is known that a high degree of homology exists among mAbs, however
even dight variations in complementarigetermining regions and framework sequences
may represent a specific purification challenge, making unfeasible the processing of
different mAb products without changes to the operating conditibespite these
variations the advantages of employing a generic process with minimal optimization for
the different mAb candidates are undeniable and, in fact, this platform straedpeen
adoptedy mostcompanies working on épurification of mAbs. Thplatform 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 biokewlogy companies.

Harvest
Centrifugation / Filtration

Low pH hold for viral inactivation

Intermediate chromatography
(CEX, HIC)

o

Polishing chromatography
(AEX, SEC)

@ Ultrafiltration / Diafiltration

Figure 2.17 Sequencef unit operations comprisirtge platform approach employed in the downstre
processing of mAbs. CEX Cation exchange chromatography; HICHydrophobic interactin
chromatography; AEX Anion exchange chromatography; SESize exclusion chromatography.



The first step of the downstream processing is the initial removal of cells and cell debris
from the culture broth usingentrifugation, followed bydepth 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 amaly account for up to 12% of the
downstream processing cofB§).

After harvestprotein 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 alytiboregion

with the immobilized protein A, a cell wall protein of Staphylococcus aufeigsire

2.2). This chromatographic step is also effective in removing hdsp#eins (HCP),

host DNA, processelated impurities, and potential adventitious viral contaminants,
while providing a volume reduction of the mAb prody&8]. So, the excellent
perfaomance parameters that this capture step delivedcethe burden on the
subsequent polishing steps, white stillrequired to ensurénat the product complies

with the quality requirements.

(A) (B)

Antigen
binding site .-

3 \ . \;\
Fab ;’;,s\,eg?s Y
e fragment L 4 P‘, _\7_ “3‘1 \

 Hinge /G S AV
XX /Q t ¥ ‘%m
0 PEERY ’ B N\
P7 1Y ah‘ A { o 4
ASHY] : N\ '.\’}”‘;t ..\ \ \.‘ 9
N Ca: Ry ,.),\ 1 2%“ '»6
Fe “o TR IgG Fe o
fragment Cay " "\l/ .L : fragment ’\"‘ .
QY Wiy | ,}6 Protein A
;‘]\*‘ “g'} J. y )/ fragment B

Figure 2.2 7 Schematic structure of a human immunoglobulin G (IgG) monoclonal antihaply -
shaped structure showing the four polypeptide chains (two heavy ¢hdinsCi1, Gz, Cuz T and two
light chainsi V., C)). Variable (V) and constan{C) domains are repsented in pink and yellow
respectively(B) Ribbon 3D representatiaof a human IgGwith b-sheets and-helices represented i
yellow and pink, respectively. Zoom inuBtrates the binding region ofgtein A fragment B (pink) tc
thelgG Fc fragmentThe carbohydrate moiety composing the Fc fragment is also repressttedure
data files (1HZH[39] and 1FC2[40]) were downloaded from the Protein Data Bank web
(http://lwww.rcsb.org/pdb)41].
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Despite all the advantages, a series of linotegican also be pointed out tm{@in A,
being he most significantelated tahe high cost of the resin, which can account for over
50% of the entire downstream processing c[@k In addition to the ecamic-related
constraints, mtein A also suffers from leaching problems dughtaction of proteases,
which may cause theo-elution of ligand fragments along with the target antibody, and
from a poor stability tahe harsh pH elution anithe sanitization conditiong38]. To
address this problenthere is a increasing effort from the manufacture companies in
improving the stability of the protein A ligance.§. GE Healthcaredeveloped a
recombinant mtein A ligandi MabSelect SUR i that carwithstand 0.10.5 M NaOH
during cleaning and sanitization protds). The loading capacity of thgotein Aresin is
often aratelimiting step[37] to cope with thénigh mAb titers coming from the upstream
feedstock$42].

The low pH applied during mAb elution from protein A is typically usét viral
inactivation, since most of the mAbs can be briefly maintained under low pH conditions
without detrimental effds. The virusegpresent in the purification procesan be of
endogenous origin, arising from the mammalcells used in the productiohmAbs, or

can be adventitiously introduced by occasional infection of the cells during processing.
In any case, theietics of virus inactivation should be carefully considd&4}, in order

to define the appropriate time hold fimeffective pH incubation step.

The subsequerthromatographic polishing stepsare aimed at reducing host cell protein
levels, host DNA high molecular weight aggretgs and leachedrgtein A thatmay

remain after the capture stgp7]. At least two orthogonal chromatographic steps are
typically emplged, most commonly anion exchange or cation exchange
chromatography, although hydrophobic interactioromatography can also be u$28,

37]. Thesequence 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 foatation to be usef#3, 44].

Forviral clearancepurposes, a filtration step is the most suitable choice to ensure the
log reductiondmposed by safety requirements, since this is a robust operhtbimst
relatively independent othe process parameters, and there is a wide variety of virus
filters available for the biotechnology indus{7]. 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 orthogonalpurification steps.The completion of the downstream purification
process occurs after buffer exchanging the product into the formulation buffer, which is
typically accomplished with anltrafiltration step in diafiltration mode. This final step

is of captal importance, since its optimization allows to handle high therapeutic doses in

a limited formulation volume.

The need for costffective processes seems to start outpagmtein Aasanindustry
standard, despite all its inherent advantages, andipgsred the demand for alternative
strategies for mAbs purificatiof45, 46]. However, hese should be capable of
successfully replace the affinity capture step and fit in a platform format. The alternatives
range from pn-chromatographic techniquesamely aqueous twgphase separation,
membrane filtration, precipitation or crystallization, to chromatographic $t&ged on
nonbiological ligands, such as traditional singh®de interaction chromatography or

emergent modaies as multimodal chromatography.

2.3. Multimodal chromatography

Multimodal or mixedmode chromatography (MMC)can be defined as a
chromatographienethodemploying 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 hydroepbic interaction groupf47], although others may be
included for speific purposes, and the magnitudeeach individual interaction can be

manipulated accordingly.

Selectivities and specificities that differ frotlhose of traditionakinglemodeligands
endow multimodal chromatography withhagh versatility to deal with challenging
purification problems compared its singlemode counterpart$iowever, considering
the multitude of interactions that can fienultaneously promoted within a multimodal
ligand and all the factors that govern the different seléetsy the optimization of
operating conditions is an extrematpmplex process, in which several studies are
required.Purification studies using these ligds canstart 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 simulatiom can also be of great importance in

improving the process performane]. In all these cases, process development relies
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on effective highthroughput screening platforms to rapidly predict the useful range of
operating conditions, before making a transition to laboratory or prepasaties.

Multimodal chromatography has been receiving consideratdatan over the last 15
years (20037 2017) with more than 100 publication@ncluding research articles,
reviews, patents and proceedipg) year since 2008 I1SI-index journals. Accaling to
Figure 2.3-A there has been a steadtgrease in the number of publications covering
generachromatographic procedurémalytical and preparativé)at expbit ligands with
multimodal properties for different applicationsigure 2.3-B shows the number of
publications covering chromatographic procedurespecifically focusd on the
purification of antibodybasednolecules, marked by two papeoom events in 2008 and
2013. These events may be explaibgdi) an increase in thavailability of automated
liquid handling platforms tperform highthroughput optimization of n@¥ ligands and
(if) a growing interest in making multimodal ligands commélgiavailable, facilitating
their potential application in the purification of emergent antibdelyved molecules
with biopharmaceutical interest, such as antibody fragmentsyHmh a standardized
purification platform is not yet availablds 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 publicationsaddressingnultimodal chromatography over the ld$ years.
(A) Publications covering chromatographic proceduregyeneralusing ligands with multimoda
properties. The search keywords were atoWa: ((multimodal AND chromatography) ORmfxed

mode AND chromatography))B) Publications covering chromatographic procedures using multim
ligands specifically applied to the purification of antibdehsed molecules. The search keywords w
as folbws: ((multimodal AND chromatography) OR (mixedode AND chromatography)) ANL
(antibodies OR antibody OR IgGJhe data was retrieved from I1SI Web of Science dhJlihe 2018.
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2.3.1.Designof ligandsand selection offunctional groups

The preparation ofmultimodal chromatography resinsan be accomplished using
different approaches. Typically, the ligand carries two or more interactions connected via
a chemical scaffold, and additional functionalities can be intedlugpon further
modifications orthe scaffoll. However, a simpler approach can also be used, in which
the different functionalities are equally, randomly and inddpsetly distributed on the
chromatographic suppoti this last approach, two ligands are effectively present in the
resin but in suclelose proximity that thenteraction with the sammolecule occurs in a
complete different manner @only one of the ligands wawesen{50]. Thus, instead of
having the different functionalities on the same scaffold, these can be provided on
separatdigands, which need to be sufficiently close to bind the target in a multimodal
fashion. These two different ways of creating nmudtdal ligands are schematically

shownin Figure 2.4.

o

(A) g@ (B) B

o]
5 S/Y Scaffold

OH
O

4

Figure 2.41 Multimodal ligand rational desigiA) Different interaction groups can be randomly plac
on the chromatographic suppore.q. bead). (B) Different moieties can beattached to the
chromatographic support via connection with a chemical scaffold. Additional groups can be intr
upon further chemical modification on the scaffold.

In multimodal ligands, théwydrophobic moiety is normallgiven by an aliphatic or
aromatic group, while the ionic moietan compriséoth weak and strong ion exchanger
groups, such as amino, carboxyl and sulfonic grgafk It shout be highlightedhat

weak and strong do not refer to binding strength, but rather to the charge behavior at
certain pH values. Strong ion exchangers are charged gbranfcal pH (20-10.0),
whereas the charge of weak ion exchangers depends on thalyd Weak cation
exchangersdg.g.carboxyl groups) carry a negative chargphtvalues greater thatb.0,

while weak anion exchangems.g.diethylaminoethyl DEAE) ate positively charge at

pH values lower thar9.0[52].
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In the achitecture of a multimoddigand, there isnormallya primary functionality that
governs the iteraction with target molecules, while additiohahctional groupsn the
ligand promote synergistic effectsnder certain operating conditions and depending on

their location relatively to the primary functional[ty3].

Heterocyclic groups represent good hydrophobic patches, which du#heto
hydrophobicity and dissociation properties, allow adsorption to be performed at moderate
or high ionic strength$§54-56]. In the case of ionic moietiecknowing the degree ©
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 oflidpend, 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 siidoyi for selectivity purposd$7].
Thiophilic interactions &n also be exploited fantegrationin multimodal ligandsind are

in fact particularly advantageous in the purification of immunoglobulfiigGs), since

these biologial molecules have a knovafffinity towards sulfurcontaining ligand$§58].

The thiophilic functionality is frequently introduced by means of a reactive site fodligan

coupling, where the mercapto groups contribute with sulfur atoms for bifs#hg

Regarding the supporting materidts multimodal chromatographythese frequently
comprise polysaccharide beads made of agarose or celllB@ses9], which are
biocompatible for protei purification purposesnd at the same timeare stable and
relatively inexpensive. In analogy to affinity chromatography, a spacer arm siisald

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 byrBartbceworkers

[60].

2.3.2.0verview of multimodal ligands

Since the establishment ofultimodal chromatographgs a promising choice for the
downstream processing of biological guats, there has been mtreasing interest in

developingand synthesizinghovel ligands for this purposdn the context ofthe

15



purification of mAbs focus has been put on creating ligatidg areable to work under
conditions milder tharhbse used in protein éhromatography. Furthermore, efforts are
also béng made in order to broaden the selectivity of these ligands tevdiffdrent
classes of immunoglobulins or antibelike molecules €.g. minibodies, antibody
fragments),since in these casesopein A lacks therequired specificity{61]. Some
multimodalligands that have been routinely reportethe literaturdor the purification

of mAbs or mAbrelated molecules arsummarizedni Table 2.1.

An important family of multimodal ligands is theydrocarbyl aminefamily, which
includesthe hexyl amine (HEA HyperC&l), the propyl amine (PPA HyperGe), and
the 2-aminomethylpyridindigands The chemistry of these ligands offers hydrophobic
and electrostatic interactiorad the site for ligand immobilization is provided by an
amine group, which constitutes the patch for electrostatic interactitiesbindingof
proteinsoccurs at physiologa conditions through a combinatiomf electrostatiand
hydrophobic interactions (either aliphatic or aromatic). The elutioonsallyachieved
through a charge repulsion mechanism, by decreasing-iué the elution buffebelow
the protein isoelectipoint and the ligand pKa, which causes both protein and ligand
become positively charged. This constituties basic principle of hydrophobic charge

induction chromatography (HCICHrstly reported by Burton and Hardif§2].

Another family of ligands importarib consider ishe Capté family, which includes the
N-benz/l-N-methyl ethanolamine (Capio adhere) and the -Benzamided-
mercaptobutanoic acid (Ca@toMMC), two of the mostwidely reported raltimodal
ligands.The development of these ligands derive fiiva finding that the introduction

of hydrogen bonding groups in the proximity of the charged groups would provide high
breakhrough capacities at high iongtrength condition$50, 63]. Capt@ adhere is a
strong anion xchanger with additional possibility of hydrophobic interactions in the
phenyl group, and a hydroxyl group for hydrogen bogd@n the other han@aptd

MMC is a weak cation exchanger with a phenyl group as hydrophobic moiety, an amide
group for hydrogerbonding, and a thioether group for thiophilic interaction. These
ligands are frequently referrado a st ol ®a latn[64h due ® sheimability to
maintain high dynamic binding capacitigsa range of ionic strengths from moderate to
high (€.9.15 mS.cm). This characteristic is particularly important for performing the
purification of biological products directly frorthe cell culture supernatantshich

normally have a conductivity higher than 5 mSm
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Table 2.1 7 Novel ligands synthesized to be employed in multimodal chromatography. The chemical
nomenclature, pKa and molecular structure of the ligawd indicated. The commercial name of some of
the ligands is indicated in bracketBall Life Science$SGE Healthcare.

Name pKa Structure
4-mercaptoethylpyridine 485 /\/@
(MEP HyperCéi 5) ' ~g
Phenylpropylamine >
yipropyiam! 6.0-7.0 ““/\/\’(J
(PPA HyperCei 3) x
Hexylamine 010 NP LN
(HEA HyperCe# 9) NH
9 Kay= 2.2 ™ N
2 2-Aminomethylpyridine[62] pK 1_ 8.5 NH/\f |
§) pKaz= 8. N
@, HO = |
T . .
< Aminophenylpropanedid62] 9.0 ~NH SN
% OH
=
B o . =
8 2-(pyridin-2 §lsulfanyl)ethanamine /Cj|
. NH
[63] AR
NH
3-(pyridin-2 glsulfanyl)propanamine ] A LN
[65] P
|
~ OH
N-benzytN-methylethanolamine N TN
(Captdi adheré) \\Q
=
8 - .
= 2—mercapt95—benz.|mldazole sulfonic N S SOH
o acid - - V,
5 (MBI HyperCe 5) S ONHTNF
S
I
<
© HOOC o]
i‘ 2-benzamide4-mercaptobutanoic acic 33 \S/\/LNH g
E (Captd MMC?®§) '
8’ =
Z

The mechanism of protein elution in these two ligand®mplex, ast usually requires

an increase in both salt concentration and pH Vi@dg in opposition to the elution by
charge repulsion that is simpllyiven by changem 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 gradientf56] and the evaluation of different mobile phasedrfiers [9,
67-71], such asrginine hydrochloride, ethylene glycol or urea.

The group of Hearet al.[65, 72] reports a novel class of multodal ligands, based on

the synthesis dfi-heterocyclic ligands comprising variati® in the type and extent of a
commonpyridyl ring substitution These ligands were explored for protein purification
purposes, particularly antibodies, and are baseal héerocyclic ring (typically a pyridyl

ring) from which pengfor examplealkylthiol, alkylamine or hydroxylalkyl nucleophilic
groups. The pending arm enables an efficient immobilization of the ligand on the support
material, while providing a spacer atrable to be modifiedot alter the hydrophobicity

of the ligand. These compounds are characterized by vagra@aromaticity
hydrophobicity and dissociatio properties, which lead t@amportant performance

advantages comparing to their aliphatic or aromatimtzrpartg73].

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
structureg65]. One of the most known and used member of the heterocyclic compounds
family is the mercato-ethylpyridine (MEP HyperCeél). MEP exhibits a binding
mechanism that includes a mild hydrophobic effect, an electrostatic effect caused by the
charge on the hetergdic ring, and also ¢hiophilic effect on the sulfugroup[74]. In a
physiological pH environment, the binding occurs through the uncharged pyrid@)

in a way similatto the traditional HIC resingnd desorption is achieved according to the
principles of HCIC[62]. Howeverthese new generation ligands do not suffer from the
main limitations of conventional HIC resins operated in #hde mode, which inade

(i) relatively low binding capacities and (ii) elution pools still containing fair amounts of
salt, as sufficient binding oproteirs in HIC can only be achieved with extremely high
salt concentration(g.1-1.5 M NaSQ, 1-2 M NaCl)[73]. It is also important to note

that the additional affinityawards immunoglobulinsn principle providedy the sulfur
atom,demonstratetdty MEPHyperCeé , makes it a good candidate to replace protein A

while not relying on extremely acidic pH values €lution of the protein/5, 76].

2.3.3.Application in the purification of monoclonal antibodies

Multimodal chromatography has beapplied to the separatioof a wide variety of

compounds, such as oligonucleotifiég 78], nucleic acid$79] including plasmid DNA
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[80], oligosaccharidel1], peptides, phosphopeptides and glycoprof@ds33], human
growth factor{84], andmonoclonal antibodiel85, 86].

The introduction of this type of chromatography into a purificatworkflow requires

some aspects to be considered, narttetydetermination of the functionalities that the
ligand should present, the optimal conditions that should be applied, the most suitable
mode of operationflowthroughor bind-elutg), and the viability of an eventual scalp.

In addition, for a multimodl step to be industrially implementedthe purification of
monoclonal antibodies, the type and extent of the interactions layatittbdy and ligand
impurities should be completely understood, and the multimodal ligand must be
thoroughly characterized iterms of toxicity and tendency to leach[dg].

Capture applications

The tailored selectivities combinedith the costeffectiveness and resistance to
sanitization proedures of multimodal ligands halesl to virtually allbeing evaluated as
potential alternatives to mtein A in the capture stepAccording to the supplietthe
protein A resinMabSelect SuRe (~$16,000/Lesin) is approximately5 times more
expensive than the multimodal resin C@pteMC (~$3,100/Lesi) and3.5timesmore
expensive than the multimodal restapt@ adherg~$4,500/Lyesin.

In this sectionthe application of multimodal chromatography as a first capture step in
the purification of mAbs or mAbbasedmolecules is discusseds 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,hé atibody-selective MEP Hypercél resin has been
extensively studied as an eventual alternatiyerédein A as it provides similar binding
capacities at appximately 25% of the costyithout suffering from ligand coamination
or instability. In astudy performed by Schwarét al.[87], the isolation of a mAb from a
proteinfree cell culture supernatant was accomplished with purity v&ligs9 and
yields ranging from ~83% to 98%. MoreovdrieMEP ligand proved to be effective in
reducing the levels of a model virus (MVMminute virus of mice), and also the DNA
content, with a large fraction of DNAeingremoved during adsorptioand washing
steps. The MEP ligand wagreferably operated at pH near neutrality and at
physiological iofc strength, while desorption wassily achieved by changing the pH,
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rather than by variations in the buffer ionic stren@#]. Promisingresults werealso
reported by Guerrieet al.[89], in which MEP was used to directbapture antibodies

from (i) mouse ascites fluid and (&) cell culture sugrnatant containing% fetal bovine
serum (FBS). The purity values reach&®P6 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 }4i® much milder tha that
typically employed with ptein A chromatography (pH-2), which reduces the
probability of product inactivation or aggregate format{@Q)]. 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 adidconditions is one of the most attractive characteristics transversal
to multimodal ligands, including thoseHEA Hyperce& and the PPAdypercel resins

[9]]. Toueilleet al.[48] explored the properties of the HHAyperce& ligand, which
performed better in terms of clearance of protein aggregates than protein A. In the case
of Pezziniet 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,
PPAHyperCeé was the one demonstrating the highest efficiency in removing HCPs and
the highest percentage of mAb recovery. In this study, the awthorged that despite
having some snilarities, the ligandsested also have specific particularities that should
be taken into account in the optimization of theiffzation process. For exampléhe
optimal conditionsfor the washing step were significantyariable in terms @
conductivity (7i 23 mScm?), but close in terms of pH (5%.5). Regarding the elution,

a pH ranging from 3.8 to 4.0 allowed electrostatic repulsion between the positive ligand
and the positive protein dace, at low conductivity (3 m&n?) to redice the
hydrophobic mteraction. 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 adegtatel capturestep, after

optimal conditions had begmeviouslyobtainedbased on aodel.

Synthetic ligands comprising heterocyclesve also been described for the capture of
monoclonal antibodiedn the case of the-ghercaptes-berzimidazole sulfonic acid
(MBI HyperCeld), a regatively charged group wastroduced in the ligand to repel

acidicproteinimpurities that would be negatively charged at the pH used for adsorption.
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On the other hand, the pH conditions @so be adjustedo hat the sulfonic group
contribue to IgG binding via electrostatic interactions, providing additional alternatives
for the binding mechanisif®2]. In the work ofGirot et al.[93], the MBI ligand was
successfully evaluatedorf 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 veakusted tslightly acidic (5.2 5.5) conditions,

to achieve compite binding of IgG while avoiding the @msorption of albumin. The
binding mechanism was$ound to result from a combinatioof electrostatic and
hydrophobic interactions, although the presence of a sulfur etdhe ligand maye
constdered for enhanceadteraction.

Capt@da MMC, a negatively charged hydrophobic multdal ligand, wapatented for

the capture of mAbs directly from cell culture supernatg®ss 95|. Joucla and co
workers[96] have conducted a comparative study involving this promising multimodal
ligand and aonventionakation exchanger (CaoS) with respect to the captuoéan
antibody secretelly 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 multimodl resin while using the traditional cation exchanger the retention was
expectedlyreduced. The rationale for thisehaviorin the multimodal ligands that a
decrease in the electrostatic interaction is counterbalanced by an increase in the
hydrophobic mteraction, whichiranslates into a satblerant binding

Kaleaset al.[97] performed a process comparison involvi@gpt@d MMC and potein

A affinity chromatography as the initial capture step for the purificatiotwo 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 pHgradient, a sodium chloride gradient with and withouapesnd an targinine HCI
gradient. Overall, the mAb desorption sesl to be mainly achieved by disruptiortiod

ionic interaction, although the disruption of other eventual interactions may enhance the
elution. The performance ol@d in terms of antibgdyield was comparable for all the
elution strategies employed and for the different feedstém&ded on both multimodal

and protein A resinsith values ranging from 90 to 100%ccording to the authorshé

majordrawback reported for Ca@oMMC was tte low level of HCPs clearancehich
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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 selectivitass
motivated the synthesis of multimodal ligaraida carte[65, 98, 99 to specifically
capture monoclonal antibodieghe pyridinebasedmultimodalligands reported in the
work of Mountfordet al.[72] were evaluated in both static and dynamic binding studies
using pure mAb sammewithrecoveries of 90% or higher being typically achieved. The
PSEA (pyridinylsulfanylethylamine) and PSPA (mmylsulfanylpropylamine) classes

of ligands which differ inthe length of the spacer arm between the exocyclic sulfur and
the terminal primary ama(se€Table 2.1), werefurther evaluated in the purification of
mAbs from crude cell culture supernatarasid whike the former showea bette

selectivity, the latter revealddgher capacity for protein binding.

Charged/hydrophobic multimodal ligandsith strang cation exchange functionalities
appear as feasible options to be usasda capture step, unlikeheir anion exchanger
counterparts, which strongly interact with phospholipids and DNA, thus redtleng
capacity for purifying 1gG in a bindlute modeFor this reasonpositively charged
multimodal ligands do ndlirectly represent an alternative to f@io A and have been
mostly evaluated as intermediate or polishing steps.

Polishing applications

In the downstream processing of monoclonal antibodies, the irpréteaffinity
chromatography is normalfgllowed by two addional polishing stepto fulfill the final
product specifications imposed by regulatory agenciesterms of host cell protein,
DNA, virus and aggregateontentsThe ineffective removal of these compounds during
purification can be detrimental for the safety of the therapeutic forimmaince multiple
side effects can be unpredictably triggered. The chragnaphy operations that are
typically employed as polishing steps camolve cation and anion exchange resins,

hydrophobic interaction resins, and ceramic hydroxyapatiserbers.

Considering the potential of multimodal ligands, attempéscarrently being mad
remove one of the intermediary/polishing steps that are currently used in the downstream
processing of monoclonal antibodies. Manufacturing dospgoduce mAkbaseddrugs

would be highly reduced if the purification processild combine highly selective first
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capture step pfotein Abased or not) and only one multimodal anion exchange
chromatography polishing step, for example.

Captad adherewas specificallydesigned fortie polishing of mAbs followingptein A
chromatography, and it is the mosidely reported ligandfor this purpose. The
application of this multimodal ligand has been however limited by poor understanding of
its behavior and attributeNeveatheless, several research sasdnave been performeml
evaluate its performance in flowthrough mode, paréidulfor aggregate removadt a
commercial manufacturing scgl20(q. Overall,Captd@ adhereis reported to perform
better than conventi@al anion exchange resins, exhibiting higher binding capémity
aggregates, whilendividual mAb molecules flowthrough the resinwithout being
retainel. Chenet al. [10]] described the advantage of loading the neutralized elution
fraction from protein Adirectly on Capt@ adhereto achieve aeduction of dimer
aggregatesSimilar finding was reported by Gaat al. [99], who were able to reach a
purity of 97.4% in terms of aggregate remowsing Captd adhere based on the
rationale thamAb dimers would bind more strongly to the multimodal ligand than the
monomeric forms. The authors discuss that the dpfbicity of mAb molecules
increases with the degree of aggregatiod 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 binditegs provided by the
aggregates would favor the interaction with the functional groups of the positively

charged multimodal ligand, compared to a conventional smglée ligand.

In another study, Erikssoet al. [102 proposed a purification step to follow protein A
also based on C#@@ adheremultimodal 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/aggregawas considerabhgduced (<0.1%), but
wasalsopossible to refa key contaminants, including host cell proteins, DNA, leached
protein Aand virusesRegardingviral clearancetwo model viruses (MVM' minute

virus of micei andMuLV i murine leukemia virus) were successfully remousihg
conditions of both high and low ionic strengths, which would not be expected to occur in

a conventional anion exchanger.

Although Capté@ adhereis usually operated in flowthrough e, there aresome

examples in which the operation in biatlite mo@& was advantageous as a polishing step.
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Voitl and coworkers[103 explared the possibility of usinGapt@ adhereto separate

an antibody (p¥ 8.3-8.6) from lysozyme (p+ 11.35), by binding the antibody at neutral

pH, while the weakly bound imypity flowed through the n. 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 challengingsk. Other studies mentiolevdoped processes comprising a
polishing step withCapt@ adherein bind-elute mode to consistently obtain a product
within the specifications limits in terms of HCP content, which faildn operateth
flowthrough modd104].

In summary, the application of multimddiégandsfor the polishing of mAbgan be
promisingfor shortening the number of steps reqdito achieve the finalpecifications
of the product Although the primary mode of interaction relies typically on anion
exchange groupadditionalgroups inclded in the multimodal liganallow the operation

in either flowthrough or binelute mods, depending on the intended purpose.

Table 2.2 summarizespurification conditions and the corresponding perfance
parameters reported in the literature riaultimodal ligands employeuh the capturer
polishingof mAbs from different feedstocks.

As the window of operatiois greatlyenlaiged with the multitude of interactismprovided

by multimodal ligandsrapid optimization of chromatographionditions idikely to be
required ora caseo-case basis for an effectipgocess development. The next satti
presents an overview of highroughput screening methodologies that have been used

for earlystage optimization of chromatographic processes.
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Table 2.2 i Benchmarking ofpurification conditions andperformance parameteigbtainedin the
purification of monoclonal antibodies using multimodal chromatography ligands. A: Adsorption; W: Wash;
E: Elution; PF: Pufication factor;PBS: Phosphate buffered saline; HCPs: Host cell proteins; MGSGP
Multicolumn countercurrent solvent gradienfrification.

: o " Performance
Ligand Feedstock Purification Conditions Ref
Parameters

A: 25 mM phosphate + 25 mM NaCl, pH 7.2 Yield = 76%
Cell culture supernatar

« - W: A + 25 mM sodium caprylate Purity = 69% [89
o 8 containingFBS
|.|§J 5 E: 50 mM acetate, pH 4.0 PF =40
o
e Proteinfree A: 50 mM TrisHCI, pH 8.0 Yield ~ 83%- 98%
(87]
cell culture supernatar E: 50 mM acetate, pH 4.0 Purity2 95%
- A: PBS Yield = 92%
©
E % Cell culture supernatai W: 5 mM sodium phosphate, pH 7.4 HCPs =730 ppm  [4§]
o
T E: 50 mM sodium acetate, pH 5.5 Aggregates < 0.5%
s A: pH 7.3; 13 mSnt!
3] Yield = 93%
E O CHO cell culture W: pH 5.5: 23 mnT! ) [11]
a 3 supernatant HCPs =430 ppm
T E: pH 3.8; 3 m&n?
s Yield: no antibodies
& & | Cell culture supernatar A: 50 mM acetate + 0.14 M NaCl, pH 5.2 were found in the 93
=3 containing FBS  E: 50 mM carbonate + 0.14 NaCl, pH @@  flowthroughfraction
I Purity > 90%
CHO cell culture A: 0.1 M sodium citrate, pH 5.0 Yield = 92%i 93%
[96]
supernatant . g 1 \ sodium phosphate, pH 7.5 Purity = 95/ 96%
S) A: Variable to match the pH of the feedstock
=
= E1: pH gradient from 7.0 to 10.0 Yield = 90%- 91%
:8 CHO cell cult : i Monomer =
g cell culture  E2: salt gradient from 0 to 0.3 M NaCl, pH 7 [97]
o supernatant 96.8%- 98.5%
E3: 2 M urea + gradient of 0.3 M NaCl, pH 7 HCPs =500 2600
E4: L-arginine HCI gradient from O to 0.3 M, ng/mg
pH 7.0
< A: 600 mM sodium sulfate + 25 mM Tris,
u pH 9.0 P, o
@ PuremAb sample Yield = 85%- 96% [72
& E: 25 mM HEPES, pH 7.0
< A: 600 mM sodium sulfate + 25 mM Tris,
o
% Pure mAb sample PH 90 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
2 protein A capture : HCPs = 14.5ppm 99
s E: 50 mM citrate, pH 2.6 Aggregates = 2.6%
o ] .
a% Elution pool from a A: 10 mM phosphate, pH 8.0 Purity > 99.7% (104
o MCSGP capture

E: 10 mM phosphate + 10 mM citrate, pH 4. HCPs < 3 ppm

25



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
conmpanies can lose several million U.S. dollars for each day a potential blockbuster drug

fails to be released to the mark&05.

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 andautomation. Thus, the challenge lies in developing
effective highthroughput screening platforms that can work with reduced sample

materials and deliver results within a short time frame.

One of the firstechniqus attempting ahigh-throughput screening in chromatograpbry
isolation of biological product&as reported by Mazzzt al.[106 anddid not yet rely

on an automated setufhis techniqueaimed at screening 33 displacer molecutas
protein displacement in ie@xchange chromatograplfliyigure 2.5). Two different ion
exchange resins were evaluated with respect to the displacement of either lysozyme or
cytochrome CThe process was initiated by equilibrating the stationary phase witt. 36

of protein solution and the incubation timesttain complete equilibrium rangé&@m 5

and 7 hous, depending on thesin.The stationary phase with the protein bound under
equilibrium conditions was then distributed in1#5 aliquots andhe 33 dsplacers 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 thoensuming, as the analytics involved in determining the
amount of protein displaced in each case requamdlibrium conditions to be reached
(incubation times of several hourdi addition, the starting material also required a
significant amount of protein to analyzehich is often a limitation iearly-stage process
development.
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Figure 2.5 7 Schematic representation of the hifjinoughput screening technique for displas
screeningl 7 Equilibration of stationary phase in buffér;i Load of protein soltion; Il 7 Stationary

phase equilibrated in protein solutid¥, i Equilibrated stationary phase distributed into aliquot:

enable parallel screening of different displac&}% ¥ i Amount of protein displaced] in each batck
determined using aappropria¢ analytical technique.dapted from Mazzat al.[10€6].
As robotic platforms and automated liquid handling stations became widely available,
both in irdustry and a@demic laboratoriesnovel strategies for performing a high
throughput screening of chromatoghéc processes emerged. Tewerentminiaturized
techniques for the development of chromatographic processes are often considerably
different from laboratorscde fixed-bed chromatographyaoth in format andntrinsic
operation In this context, the most commonly used HF&npatible formats for initial
screening of chromatography resins or process conditions are based on (i) microtiter
plates, (i) micropipettetips and (iii) miniature columnsThese are subsequently

discussed in detalil.

2.4.1.Microtiter plates

The use of 9avell microtiter plates allows a high degree of experimental parallelization
and is amenable for integration with automated liquid handditagions. However,
optimization studies in this format differ significantly from a standard chtragnaphic
operation in terms of hydrodynamics, as the different steps are performed in a batch mode
instead of a continuous liquid flow through the stationgphase.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 (oeer#tical plate)Neverthelessthe steps
performed in a microtiter plate are the same as those in a conventional chromatographic
separation, comprising (i) equilibration of the resin; (ii) sample loadingiaish of non

specifically bound molecules; and (iv) elution.

The schematics of the batch operation using microtiter plates is shéigurme 2.6. This
approach can be used (9§ perform equilibrium isotherm studiesnder diffeent

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

The isotherm studies aim at correlating the concentratiatiasget molecule in solution

(6 ) with the corresponding concentration in the stationary ph@geaf equilibrium
conditions.The concentratioft ) can be determined by analyzing the liquid supernatant
after reaching equilibrium, whilg can be indirectlcalculated byknowing6é and the
initial concentration of the target molecul&)(or by elding the target molecule and
determining the concentration in the eluate ( The different concentrations can be
related byEquation 2.1, wherew andw correspond to the initial volume and volume of

resin in the well, respectively
6 o n 0w 0 Equation 2.1

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

dissociation constant.

0 5 Equation 2.2

In the case of using the microtiter plates for the screening of different operating
conditions, it become relevant to evaluate the performance of the separation by
calculating the recovery yiel@» ) according toEquation 2.3. It is important to

highlight that during the different steps some of the target protein may be lost in the

flowthrough ¢ @) or in the wash ste@( ), before elution is accorfiphed.

60
5 ® p T Equation 2.3
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Figure 2.6 1 Schematicof the batchoperation using microtiter plates faotherm studies ohnigh-
throughput screening of chromatographic conditions. Liquid manipulation in the different steps
achieved manually or by integration wahautomated liquid handlingation.& 71 mass of stationan
phase (resin)p i volume of stationary phase (resif);i initial concentration of target molecui® 1
initial volume of moleculesolution; | i concentration of target molecule in the stationary phas
equilibrium;® 1 concentration of target malale in ®lution at equilibriuma 17 volumeof flowthrough
solution 6 T concentration of target molecuie the wash;w 1 volume of washsolution ¢ 1
concentration of target molecule in the eluateji volume of eluatesolution

Several worksreport the use of 9@ell plates to devise purification strategies with
different chromatography resingl3, 48, 107. Pezziniet al. [11] investigated four
multimodal resins for the direct capture of an @otly from a CHO cell culture
supernatant and characterized the contaminating host cell proteins (HCPs). Although the
use ofa 96-well plate format allowed the simultaneous exploratiomahyconditions,
the biological material was firstly incubated forah and multiple washing steps (5 min
each) were employed before elutidimese lengthy incubation steps limit the number of
conditions that can be evaluated withirslaort time frame, therefore, mathematical
modelling allowed the authors to predict tienbavior of the resins at any conditions inside
the tested rang€huet al.[10] employed a similar approach to optimize the separat
of human serum albumin (HSA) using membraiétomed 96wvell microtiter filter

plates operated in a vacuum manifold apparatus.

It is important to consider th#ttereare severafactors influencing the performance of
the highthroughput technique basen 96well plates, namelyi) the reproducibility of
the aliquoted resin voluméij) the contact time of the solution and resin during mixing,
and (iif) the volume of liquid carried through the ireafter the liquid phase is removed
by centrifugatioror vacuum filtration Along these lines, Coffmaet al.[12] performed

a study centered on the manipulation of a miniaturized Hatating system for protein
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purification and quantification of error dmonidealities associated with such system.
As a conclusion, the authors highlighat the results of the miniaturized platform are not
necessarily identical to those obtained in conventional chromatography columns,
howeverthey enable the trendingd ionportant 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 resat the bottom of a pipette tip (volume of resin can range from
107 160niL). Unlike the operation in a chromatographic colurhe,dample and different
buffers are pipetted fdirectionally (back and forth) through the stationary plthseng

each disperesaspiration cycle(Figure 2.7). Therefore each aspiration operation
corresponds to a single stage of equilibrium, similarly to the batch operation using
microtiterplates. However, in the case of micropipette tifgse is a dynamic flow of the
solutions through the chromatographic bed, which improves the efficiency of mass

transfer and decreases processing time@mvectivemixing is required).

7 Screens

| Trapped
resin

XX X X I XCXeXeXeXe
(X X XeXeXeXeXe

I ~"
t .
Target Washing Elution
sample steps buffer

Figure 2.77 Schematic diagram of the micropipette tip format. The chromatography resin is enci
the end of the pipette tip and capture, wash and elution steps are performed in parallel for
samples simltaneously from a 96vell microtiter plate. The photograph inset shows the affil
purification of a fluorescentiabeled antibody sample using protein A beads trapped in the microp
tip: 1 7 Low concentration Alexa48kbded antibody showing loluorescencentensity, 11 i Protein
A micropipette tip column after processing the antibody sanijjie Alexa488labeled antibody wa:
successfully captured and the sample was purified by washing the column. Adapted from PF
webpage.
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It is importantto 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 crucialin the development of a micropipette tigased purification process, as
reported by Wengesat al. [108). The authors were able to successfully sdalen 1000

fold the purification of virudike particles (VLPs) from a yeast cell lysate by operating
micropipette tips (40 80 i resin) in a robotiavorkstation equipped with a microtiter

plate gripping arm rad an eighithannel pipetting arm with disposable tip adapters
(Figure 2.7). The linear velocities used in the assays were optimized to be within the
range of typicalaboratory 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 perfanaitiple aspirationrdispense cycleswhich
allowed tre binding of287% of the VLPs.The throughput of the experiments was
improved by 16fold and, overall, the results obtained in the miniaturized platform were

concordant with the labcale method in terms of VLP recovery and purity.

Chhatreet 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
anderror proceedings. One is the distance of the tips to the bottom of the wellstplates,
ensure that the resin remaitveredwith liquid at full aspiratiorand avoid the risk of
aspirating air during the operation. The other is the delay time betwee&atiasp
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 hitiiroughput screeninfprmats (96well filter plates,
micropipette tips and miniature columns) by Feliciahal.[15], the quality and procs
performance attributes ahAb monomer purity, host cell protelavels and yield were
evaluated for a protein A capture step. From all the formhes,nticropipette tips
underperformed in terms of recovery yie(d5% lower than other formats) and
reprodicibility (2.5% RSDvs0.51.5% 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

expermental trends.
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2.4.3.Miniature columns

The miniaturization othromatographic operations haoveddifficult to establish on
automated liquid handling stations mainly due to the need for a continuous, positive
pressuredriven flow through the column. Thetfer 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 pawé@dormat.

Still, the packing densities are notngparable 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 egd¥(hm).

Miniature columns can be provided in a-86ay format organized in a series of blocks,
each contaiing 8 columns arranged sidg-side,whichare compatible with both manual
operation (standard pipettes or centrifuges) or with robotic platfofing. work of
Wiendahlet al.[109 reports the use of 206 Media Scout RoboColuméas(Repligen)
operdaed in a robotic liquid handling station to study dynamic chromatographic
operations, such as frontal analysis (breakthrough) and elution experinidre
miniaturecolumnsconsiste of a conical duct couplintpe pipetting nedd of the robotic
workstation to the inlet of the columrsealed by an @ng. 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
pressuredriven flow through the columnF{gure 2.8-A). Fraction collection was
performed directly beneath the matirecolumn using 9évell plates, and the smallest
fraction size amenable to be collected was determined t@%elL (approximately the

size of the droplets leaving the columnespresenting 12.5% of the resin volymEhis
volume represents a limitation inrmes of analytical quantificatignsince a sufficient
liquid height inside the wells isequired for an appropriate signe¢ad out in a
spectrophotometerhe difficulty of measuring with accuracy the volume of the collected
fractions is another limitation of this methdkh overview of the experiments performed

by the authors ishown inFigure 2.8-B for breakthrough and elution studies. Major
challenges were related to wéttwell deviations caused by variations in the number of
droplets collected per fractioma the difficulty in performing a linear gradient for the
elution. Since each column is connect to a single pump via the pipettadie, a linear

gradient haso be mimicked by a series of small steps, as illustratdeigiare 2.8-B.
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Nevertheless, the methodology toleot fractions during the chromatographic operation
and the application of a quédsiear gradient allowed to obtain consistent results between

the miniaturized and labcale approaches.

While this screeninfprmat isstill unlikely to provide a bseline separation of molecules,
its application has been successful repidly providing information on promising
chromatographic systems to test at lab or pilot scale prodd$;43].
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Figure 2.8 1 Automation of parallel chromatography on a liquid handling station (Lt
(A) Components on a Tecan Evo Freedom 200 LHSEp#petting tip of the LHS; B 96-column aray;
C 1 column array carrie 1 Te-link module; Ei microtiter plate in collect positior{B) Schematic
overview of chromatography expements erformed using the LHS. daptedfrom Wiendahlet al.

[109.

2.5.Chromatographic separationsusing microfluidics

Liquid chromatography is one of the most extensively studied method for analytical and
preparative agplication in the separation of biological compounds, so there is a
particularly high demand for its miniaturizatiphi (. In fact, over thedst 18 years there

has been a significamcrease in the number of publicatia@mnbiningchromatographic
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operations and microfluidic devicgfigure 2.9). It is interesting to note that this
increasing trend starteth 2000 alongsidehe introduction of new technologies in
microfluidic chip fabrication, namely the sdithography technique for

polydimethylsiloxandPDMS) replica molding 111].
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Figure 2.9 1 Number of publicationgovering chromatographic applications in microfluidic devit
over the lastl8 years.The search keywords were as follows: (frhatography) AND(microfluidics
OR microfluidic)). The data was retrieved from ISI Web of Science dhduihe 2018.

Microfluidic devices offer the possibility of constructirdhiromatographic columns
containingdifferent types of stationary phases, such as functionalization of the channel
walls, in situgeneration of monoliths or partielased packing3.he latter, in prticular,
presers 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 orde to achieve comparable versatility to their colubased counterparts,
microfluidic devices for chromatographic separations are being integnatiedlow
control functionalitied112 (e.g.valves and pumps) and various types of miniaturized
sensorgor on-chip signal monitoring113 114).

2.5.1.Concept and critical variables

The flow in microfluidic channels is typically characterized by a laminar reghr&<€

1), meaning that mixing only occurs through molecular diffu§id. In the particular

case of chromatographic separations, this characteristic can be a limitation if one
considers the integration of a gradient generfidq for performing an elution in

gradient mode or for testing different buffer compositions in{igbughput sreening
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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 Zold, assuming a bed void fraction of 0.5517]. Nevertheless, the

laminar regime conditions are maintained.

Considering a typicalectangular microchannel, with 1@@n width and 20m height, a
surfaceto-volume ratio of~10° m*m?3is obtainedIn this scenario, theaximumdegree

of interaction of the molecules in solution with the surfafdde channetan be evaluated
by the Fclet number{ 9 which measures the ratio of convective to diffusive forces
according toEquation 2.4, where Y is the characteristic flow velocity) is the
chamcteristic channel dimension, ar@ is the diffusion coefficient. In this case,
considering a flow rate of 0/./min (Y~ 103 m/s), the characteristic Péclet number is
about 10 for a typical antibody® ~ 102 m?s[118]). This means that the molecules at

the center of thenicrochannel have a very limited interaction with the channel walls.

0 Q Yo Equation 2.4

Therefore, in microchannels there is a compromise between a high rate of molecular
capture and a higéfficiency of capture. This implies that if a rapid supply of molecules

is required (high flow rates), a larger fraction of molecules (>90%) will bg14$§. In

the case of orhip chromatography, the insertion of nanoporous microbeads in a
microchannel leads to a pronounced enhancement of the stofaskime ratio by a

factor of 50 [120 consideringfor example4% crosdinked agarose bead¥he short
analyte transport length, reductedthe distance between adjacent beads and bead pore
sizes, results in a simultaneous enhancement in both the rate and efficiency of capture of
biomoleculeg121, 127.

Oneof the main performance parameters of a chromatographic separation system is the
number of theoretical plates, that can be accommodated &ycolumn of a certain
length, 0, and resolved by an appropriate detecgoheme. The number of theoretical

plates can be determined Eyguation 2.5, whereOis the column plate height.

6 0ro Equation 2.5
The plate heighis also related to peak broadening of a sample eluted from the golumn
as expressed by the Van Deemter equakguétion 2.6), whereo, 6 ando are variables
asso@ted to various characteristics of the column ang the mobile phase linear

velocity through the column. In the case of conventional packed colénssfluenced

35



by the packing qualityo is a function of longitudinal diffusion in the column aéd
accounts for the resistance to mass transfer in both the stationary and mobil¢l@#hses
Band dispersion in microfluidic chromatography columns can be improved using beads
with increasingly reduced and monodisperse dimensidns=(2i5 mm), to avoid

irregularities between spherical particles and the presenagyefstagnant spaces.

0 o ) 00 Equation 2.6
Therefore,according toEquation 2.5, it becomes clear that scaling down the column
length (0) results in a decreased number of theoretical pl@tgsssuminga constant

plate height"©, which adversely impacts theerformance of the separatiqd23. This

is particularly redvant 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 performancesdkebanalysis).

Modelling appoaches applied to microfluidic chromatographic systems can be used to
describe and further understand binding of biological moleculggetohromatographic
resinsat beadevel. Theanalyticalmethods currently used at macrosdalkat capturing
thecorcentration variations of the biomolecules through the column, which are dominant
in microscale systems. In this context, W@k of Geronta®t al.[117] reports a model

to describe the hydrodynamics, mass transfer and adsorption/desorption kinetics of
chromatographic processes at béadl. The main concepts shown inFigure 2.10-A,

in which chromatography beads were trapped inside a microfluidic channel by fabricating
two channels at different heights and fluaes#ly labeled lysoyme was used as a model
protein to study the breakthrough profile through the coluimportant assumptions
reported byhe authors includ@) the mass transfer within the beads beaumtrolled by
diffusion and (ii) thetarget protein not significantlinding to the walls of the
microfluidic column[117).

As chromatograpy 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 frequby obtained in these systemdiel'simulation results of
Gerontaset al.[117] show thathe higher void fraction occurs in the vidinof the walls

of the channel, aspherical beads cannot be propextgommodated close to the walls
which causes a gher level of protein concentratiom these areashis can be seen in

Figure 2.10-B (crosssectional view of the channelwhere deep red areas (high

36



concentréion of lysozyme) are located ngae walls of the channel and deep blue areas

(low concentration of lysozymejealocated insidéhe beads.

(B) lysozyme
concentration
(mg ml)
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:. - \“
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view
cross-sectional
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column width ~
- 150 pum column depth é H
75um )| | “Tdirectionof flow || 2= 0
columnentrance | CEEE A 5°

Sepharose 6 FF
(6% cross-linked agarose)

Figure 2.107 Example of chromatogragtmodelling to describe proteadsorption at bead level usir
a microfluidic channel with packed bead8) Threedimensional schematic view of the microfluid
column. According to the simulations performed by the authbi3], the number of beads in tt
microfluidic column is~4700 and their diameter is normally distributed between 40 andrh@@verage
bead diameter: 76m). The bed void fraction was estimated to be O(B%.Lysozyme concentratiol
profiles at the liquid phase of the column 250 s after loaffingteininitial concentration 1 mg.mt).
The left-hand side image givestai r-eyed\sew ofthe lysozyme concentration profile on a pla
oriented parallel to the dicdon of the flow The righthand side image provides lysozyme concentra
crosssectional profiles, oriented perpendicularly to the direction of the #aapted from Gerontaet
al. [117]. (C) Scanning electron microscopy images of chromatography resins showing Sepharc
(6% crosdinked agarose) and MabSelect (pioteA ligand, 6% highly crostinked agarose)
Micrographs were taken pestitical point drying Adapted from Nweket al.[124].

In terms of fluid flow across the columnhetliquid velocity inside theporesis
approximatelyzero (deadend pores)andthe hydraulic resistance through the pores is
much higher than in the bulk of the interfigle 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 beafl25. Depending on the percentage of agarose and extent of the
crosslinking process, different magnitude of pore sizes can be achieved. The

micrographs in Figure 2.10-C show examples of commercially available
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chromatography bead424 where pores of approximately 100 nm can be visedliz
1000Gfold smaller than the typical height oh@crofluidic channel.

2.5.2.Applications in the context of biomolecule purification

Microfluidic-based approacheare well suited as a miniaturized and automated
technology for preparing small quantities of pure molecules on demand, which has been
increasingly explored for personalized healthre diagnostics and poiat-use
production treatment§l9]. In addition, the development of miniaturized processes
consuming small amounts of sampled offering a continuous liquid flow through a
chromatographic column is nesary foroptimizing chromatographic separations in
early stags of process developme[i0, 21, 12¢.

The work of Shapiroet 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 b@d/ = 0.15 mm; L = 10 mm; H = 1 mmisingfluorescence
microscopy The device was operatedfat r flogv oate conditiongi.e. comparable to

those typically used at bench sca@ay the results in terms of breakthrough and elution
studies showed good quantitative agreement between the microfluidic columsmdnd 2
and 30mL conventional columnsAlong the same lines, Rhet al. [21] developed a
valve-integratedmicrofluidic device for determining the adsorption characteristica of
molecule {6 ng per experiment) to commercial beadfe devicecould automat¢he
process of (i) trapping the beads, (ii) loading the beads and reagent solutions into a
readion chamber, (iii) mixing the solutions, (iv) circulating the beads in the solution and

(v) determining the concentratiarf the target molecules bound to fherticles.

The versatility of microfluidic devices enablagative approaches for addressingcsic
purification challenges, as demonstrated by Mideal.[19] in adevicethat combines
different chromatography modules for peoftcare protein purificationgFigure 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 col(s 7 mm;

L=1.2 cm; H=380nmm) (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
colum (Figure 2.11-B ii). The performance of the chromatographic module was

evalated by monitoring the fluorescence emissabeGFP during loading, saturation
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andelution Figure 2.11-B iii-v). Although the fabrication of the device was relatively
complex, it was possible to customize differesqueences of chromatography ofienas

by manually interconnectinthe microfluidic modulesusing casin-place 3D fluidic
bridges(Figure 2.11-B vi-vii). This approach eliminates the need for fahticg new
devices for different fluidic configurationsiowever, itintroduces a significant dead
volume in the fluiet path compared to a structure with banltmicrofluidic connections.

Microscope
attached to image
analysis softw are

§ Outlet

L Bead su i re
vHarrigr’.<

Inlet 2

Sample Recovery
Chamber

Inlet | A
Column

s \ <
D Switching Valve
“\ Y
S
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—_—

Hydroxyapatite
Particles

100 pm =

Figure 2.117 Examples of chromatographic separations combined with microfluighgsSchematic
diagram of an experimental setup used for microfluidic elution chromatography. Start buffer and
buffer were pumped through a nanomixer into the microfluidic colgomtaining Q Sepharose F
beads. Fluorescently labeled proteins were injected into the microfluidic column and me
downstream of the column using a fluorescence microscope. Adapted from Sitagirf20, 126.
(B) Modular microfluidics for poinbf-care protein purificationgi) Modular design for ion exchang
chromatography (1l bed volume)(ii) Beads were retained in the separation chamber using a li
rectangular microporous barriers in the flowttpat both ends of the columfiii-v) Capture, column
saturation and elution of@FP using a microfluidic chamber packed with DEAE Sephai@seii)
Module customization with fluid paths through 3D fluidic bridges. Red or blue dyes were injecte
the two independent paths. Adapted from Midetal.[19]. (C) Microfluidic chip for purification and
enrichment of/irus using hydroxyapatitehcomatographySelective elution of impurities (proteins) at
viruses was accomplished using two different elution buffers. Reproduced frometiamj127).

For a differentapplication, Niimiet al. [127] repored a microfluidic chip for virus
purification and enrichmentybhydroxyapatite chromatography, aiming at detecting an
early-stage virus infection at the poiof-care.The authors propose a novel and simple
valve mechanism that allow valve switching by hakthre 2.11-C), which is an
attractive feature for a portable device that can be used bypemmalized personnel. The

results showed that viruses were successfsiilated from a suspension containing FBS
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proteins as model impurities, argbod enrichment efficiencies were obtained upon

optimization of the design of the mic@umn (W =1 mm; L =20 mm; H = 10@n).

2.5.3.Integration of miniaturized valves and photocktectors

The use of enventionalmicrofluidic systems often reliesn bulky offchip equipment,
such as pumps, centrifugasd microscopes for flow driving, sample preparation and
monitoring, respectively, which limit tiremplementationin clinical, labgatory a field
environments. Recenedelopments in microfabrication technolognese been allowing

to obtaind&elfc o n t amieradluddic systems, which are able to perform multiple
functions, including driving and control of fluid flow, sample pretiara purification,

concentration and detection of targets, and quantitativeinealanalysis of resul{d2§.

For chromatographic applications, the plotities offered by microfluidic devices in
terms of integration allow to create autonomous systems that can closely resemble the
operation in traditional chromatography equipméwiniaturized valvesare the most

often reportedcomponent integrated ihromatographic microfluidic devicesas
metering and sequential addition of reagents is fundamental for chromatographic
separations. The introduction of multilayer siitftography techniquegl12] allowedto

exploit the elastomeric propertiesPDMS to ceate pumps and valves offdrent types

within a single device. The classical pughshutoff configuration of a valve consists of

two PDMS layerd a top fluidic layer and a bottom control layer. By pressurizing the
control layer, the PDMS membrane ween the two layers deflects upwards and
completely blocksthe crosssectional area of a rounded fluidic chanreffectively
preventing liquid from flowing[112. Inspired by this mechanism, Rtat al. [129
developed aovel +type valve for cell angarticle manipulation in microfluidic devices.

The vtype valve was designed to trap particles of predetermined sizes without completely
blocking the fluid flow in the channeFigure 2.12-A i). By optimizing the pressure
applied in the control channel, the authors were able tsplagricaparticles with 7mim

and 15mm andcells with a larger diameteFigure 2.12-A ii). Furthermore, the san
strategy was used to packpack chromatography columns ins@eniciochannel by

simply actuatingleactivatinghe valve(Figure 2.12-A iii ).

In a continuous trend of complexity, Hat al. [130, 131] combined parallel separati
columns with orchip pumpingto achieve a fully integrated system for-dmp

chromatography. The device was able to autonomously performniple loading, (ii)
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gradient generatioriii) moleculeseparation, (iv) fluorescence detection &idsample
recovery Figure 2.12-B), by using long valves for cail and pressure alleviation of

tightly packed channels.

The cleamajority of the chromatographic microfluidic systems reported in the literature
are based on fluorescence measurements to monitor the adsorption/elution of the target
molecules, which inelves 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 detectoesg. UV), thus explaining the widespread use of
fluorescence miascopy. 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 deviceslhe integration of miniaturized photosensors with microfluidic devices has
been reported113 114, 132134 for fluorescent, chemiluminescent and colorimetric
detection of biomolecules, although their application tecloip chromatography in

particular has not yet been explored.

There is currently a large varietyfaforescent 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 adsorpti. 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 heeeported that some labels affect the physicochemical properties
of labeled proteins, such as charge and|[4i3§], and that the way fluorescenibeled
proteins interact wih chromatography resins while adsorbing can significantly change,
even though the structure of the protein may remain undist{tBéd All the limitations

that may arise from the use of fluorescence to mooltovmatography events, motivate

the investigation of alternative labieke detection methods amenable to be intedriate
miniaturized chromatography devices, such as improved strategies to electrokinetic
detection[137, 13§. 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 2.1271 Integrationof miniaturized valves for chromatographic operations in microfluidic devi
(A) (i) Design (top view) and actuation (cressctional views at locations |, Il, lll, and V) oftype

valves.(ii) Single particle captured by aypevalveby applying 0.7 bar, 1.0 bar, and 1.2 bar&ot5

mm particlesA 7 mm particles and PC3 cells, respectivélij) Flexible particle packing and releasin
Adapted from Rheet al. [129 (B) (i) Micrograph of a microfluidic device having four separati
channels for the packing of bead colum(ii} Front of onemicrocolumn after packing (black channe
(iif) Back of a packed microcolumn with the resin inlet closed by a long microvalve ([kddBypass
channels along a section of an unpacked microcolvisection shown in (iv) after column packin
(vi) Resh inlet showing that resin is supplied through an interlayer connection and an inlet chan
connects to a common port. Scale bars are 5 mm for panel (i) ann2@8 the remaining panels
Reproduced from Huft al.[13(.
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"Thereds plenty "of room at the bot

Richard Feynman

Chapter 3
Microfabrication and
Handling of Microfluidic Devices

icrofluidic channels packed with nanoporous microbeads were systematically
M used throughout this thesiso 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 mherofluidic
structuresevolved as different applications and functionalities were pursiesl main
consideration for the design of the structures was the need to efficiently trap microbeads
inside a chamel, so all the structures were composed of two channels with different
heightsi a taller channel (heighti) for bead packing and a shallower charaigned
beneath(height H> << Hj) for liquid flow. The height of the channels was defined
consideringhe average diameter of the chromatography beadisrwtudy, so that the
beads coulaasily flow inside the taller channel, creating a packed bed in the interface

region between the two channels.

In this chapte the microfabrication processes of th#erent microfluidic structures and
miniaturized photodiodes are presented, as well as the general methodologies employed
in the handling b the devices. This chaptercontains sections reproduced from
publicationsin which | was the leading authtnat will be appropately referenced as
footnotes.

3.1.Fabrication of microcolumns®

Microcolumnswere fabricated through three main steps: (i) fabrication of an aluminum

(Al) hard mask by direct write optical lithography (DWL); (ii) fabrication of an-&U

This section is partiallyeproduced from the following publication:

8.F. Pinto, C.R.F. Caneira, R.R.G. Soares, N. Madaboosi, M.R.-Biae®s, J.P. Conde, A.M. Azevedo, V. Chu 2017
fiThe application of microbeads to mio f | ui di ¢ systems for enhanced detectic
Methodsl116112-124
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mold with ataller channel (10@m height) aligned on top of a shallower channelr@0
height) and (iii) fabrication ofpolydimethylsiloxandPDMS) structures and sealing. A
detailed description of each of these steps is provided in the following subsacttbns

shown in Figure 3.1.

3.1.1. Hard mask fabrication

ThealuminummaskgFigure 3.1-A) weredesignedising AutoCAD software (Autoc
Inc., Mill Valley, CA/USA). Since the design required two different miasiels, all the

following stepsdescribed in this sectiomereperformed in duplicate.

A glass(CorningN 1737 substratewas cleaned by sequentially rinsing with acetone,
deionizel (DI) water, immersion in Alcon@k solution(White Plains, NY, USAJor 15
min at 65 °C, and thoroughly rinsing withistilled [DI) water followed by drying with
compressed air. Subsequently, a 200Alnlayer was depositedusinga Nordiko 7000
magnetron sputtering systew.positive plotoresist (PFR 7790G) layer of le5nmwas
spincoated onto thaleposited Al layer.The AutoCAD file was transferredto the
photoresist by direct write lithographp\Lii, Heidelberginstruments Inc.using a
diode laser at 405 nrthe resist wathen developed exposiparts of the Al layemwhich
was later removed by wet etching with standardaluminum etchantFindly, the
remaining photoresist wastripped away resulting in a patterned Al maskhenglass
substrateThe previousnicrofabricationstepswereall performed undeclass 10@lean
room conditionsexcept for the photolithography steghieh was performed in class 10

conditions

3.1.2, Master moldfabrication

The master moldFigure 3.1-B) was fabricated usingU-8, a negative photoresist.
Firstly, a silicon (Si) substrate §55 cm) was cleaned by sequential rinsivith acetone
isopropyl alcohol(IPA) and DI water to remove organic contaminants on the surface.
Then, the substrate wasimersd in a heatedAlconox™ bath (63C) for 15 min,
followed by a thorough rinsing with DI water and drying wdbmpressed air. The
substratevas then placedh a UVO cleanef1444AX-220, Jetlight Company, Inctyr

15 min to degradany remaining organic contaminanks.order to fabricate the mold,
SU-8 2015(Microchem Corp.was spinrcoatedonto the cleaed silicon substratdor

10 s at 500 nm with an acceleration of 100 rpsnfollowed by 34 s at 170pmwith an
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acceleration of 300 rpmsy/ resulting in 2 0  thick layer After a 4 min preexposure
bakeat 95°C usingahot plate, the substrateasallowed to cool down fot minand the
hardmask with thedesign forth2 0 & m cwesaptaced dver the S8 layer with

the Al sidefacing down in order to prevent a loss in resolution due to scattering effects
The stackvas exposedo a 400 W UV lightith an energy per unit area b78 mJ/a?,
baked for 5 minat 95 °C, and cooled down to room temperature for 2.niihe
development of the neexposed photoresigtas achieved by immersion a propylene
glycol monomethyl ether acetate (PGMEA) soluti@igmaAldrich) for 2 min with
manual orbital agitation. Aftethe development, the substrateswiased with IPAand
dried with compressed air

The second | ay e wasdefinecby spi@dating arSB 50 (Migrochem
Corp.)film on top of the previous layet 10s at 500 rpm with an acceleration &00
rpm/s, followed by 30 at 1000rpm with an acceleration of 300 rpm/A pre-exposure
bakeprocess wa then performedly bakingthe substratat 65 °C for 10 minfollowed
by a gradual rampingp of the temperature @b °C, at which the substratgas baked
for 30 min. Thentheseconchard maskor thel 0 0 feamtaresvasmanually aligneen
top ofthe previous layer usingstereomicroscopnd exposd again taJV light with an
energyper unit area of16 mJ/cr. A postexposure bakeas performedat 65°C for 1
min, followed by 10 min at 95C and 2 min of cooling down. The second photoresist
layerwas developeih PGMEA for 10 min with manuarbital agitation rinsed with IPA
anddried Finally, the moldvas hardbaked for 15 min at 1580C and left to slowly cool
down on top of the hot plate until the temperatingpedbelow50 °C.

3.1.3. Fabrication of PDMS microcdumns and sealing

To prepare the PDMS elaston{8ylgard 184 elastomer kit, Dow Corning, Midlamdi,

USA), a 10:1 weight ratio of PDM® curing agentvas mixed, degassdeor 30 min and

poured into &Petri dishcontainingthe SU8 mold (Figure 3.1-C). The Petri distwas

thenleft to cure a70 °C for 90 min.The cured PDMS$vascut using a scak and peeled

off from the mold Access holesvere punched with blunt 20 and 1Baugeneedledor

the outletsand inlets, respectively A P DMS s | a bwagpbepabded Igyrspint hi ¢ k
coatingthe PDMS mixture on top of a silicon wafer at 250 rpm for 25 s with an
acceleration of 108om/s. This membranevas thenbakedaspreviously describednd

cut into pieces with at least tlstze ofthe PDMSstructuresFinally, the PDMS structures
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were sealed against the PDMS slabdibst oxidizing both sides usingnoxygenplasma
cleaner(Harrick Plasma, Ithaca, NY, USAl the medium powesettingfor 60 s. The
membraneavas placed in contact witthe PDMS structuremmediately aftethe plasma
treatment. After the sealinthe PDMS becomeelatively hydrophilic for a few hours
due to the plasma treatment. To allow hydrophobic recovery and stiailiza diffusion

of the unreacted siloxane oligomers to the surfaePDMS structurewerestored for
at least24 hbefore being used
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Figure 3.11 Sequencef steps involved in the fabrication of t{®&) aluminum hard maskB) SU-8

mold; and(C) PDMS structures used for trapping beads. The photoresists 1 and 2 corresporl
2015 and S8 50, respectively.
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3.2.Fabrication of valve-integrated microcolumns®

Microfluidic devicescomprising amicrocolumn andntegrated pneumatic valves were
fabricated using polydimethydiloxane (PDMS) multilayer scfithography (MLSL)
(Figure 3.2). While the fabrication bthe hard masks for these structures was performed
exactlyas described in sectidhl.l1, the fabrication of the molds and PDMS structures
was based on a sigraéintly differentand more complegrocess 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-&b60 on top of a clean Si substrate
for 10 s at 500 rpm with an accelecatiof 100 rpm/s, followed by 30 s at 1000 rpm with
an acceleration of 300 rpm/s, in order to obtain channels witimh(teight Eigure 3.2-

A). The SU8 was baked for 10 min at 6& and the temperature was then ramped up to
95°C for 30 min. After this, the Al hard mashkntaining the features of the microcolumn
was placed on topf the SU8 film and the stack was exposed to UV light (365 nm,
~416 mJ/cr, 70 s). A posexposure bake was performed ar65for 1 min followed by

10 min at 95°C, after which the mold was developed by immersion in propylene glycol
monomethyl ether atate (PGMEA) for 10 min,imsed with IPAand hard baked at
150°C for 15 min.

AZ features were then defined by spin coating®AZ0 XT (MicroChemicals GmbH,
Ulm, Germany) positive photoresist on top of the-&t¢aturesKigure 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 atQ,2%y ramping

up the temperature from 10Q to 125°C. The Al hard mask corresponding to the valve
structures was aligned with the first 8Uayer and the stack was exposed to UV light
(365 nm,~1.25 J/cm, 3 min 30 s), followed by a peskposure baketd05°C for 2 min.

The mold was then developed by immersion for 10 min il®AK0 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 rgmypnthe

This sectionis partiallyreproducedrom the following publication:

A|F. Pinto, D.R. Santos, R.R.G. Soares, M.R. ABasros, V. Chu, A.M. Azevedo, J.P. Conde 2018 A regenerable
microfluidic device with integrated valves and tfilm photodiodes for rapidptimization of chromatography
conditions Sens ActuaterBChem2553636-3646
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temperature from 100C to 125°C and then baking for 5 min. After this process,
microchannels with a round cressction and a height 630 mm were obtained. It is
important to note that the S8features were defined first since the PGMEA @mave
the AZ photoresist. On the contrary, the @400 K developer does not affect the

previously patterned Si8 features.

3.2.2.Mold fabrication for the control layer

For the controlayer comprising pneumatic valves, a separate83hbld Figure 3.2-A)

was fabricated by spin coating S8J50 (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 nm height. The substrate was baked for 3 min &tGand the temperature was then
ramped up to 9% for an 8 min bake. After this, the Al hard mask containing thegtes

for the pneumatic channels was placed on top of the substrate and the stack was exposed
to UV light (365 nm~300 mJ/crh, 25 s). A posexposure bake was performed at’65

for 1 min followed by 7 min at 9%C, after which the mold was developed by iarsion

in PGMEA for 6 min, rinsed with IPA and hard baked at 16Gor 15 min.

3.2.3.Fabrication of valve-integrated PDMS structures and sealing

The replication of the mold patins using PDMS multilayer seithography is
represented iigure 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. Tocreate a thin PDMS layer to be pneumatically actuated assy&dMS was
prepared with a 20:1 ratio of base to curing agent, degassed and spin coated on top of the
mold of thecontrollayer for 25 s at 300 rpm,selting in a PDMS layer of 40@m thick

The spinning conditions for theontrol valve layer were thoroughly optimized in order

to ensure leakproofnesise( leakage occurs through the actuated valvédsimembrane

is too thick), reversible deflectiong. menbrane is permanently actuatedt iis too thin)

and millisecond response times. The PDMS was then baked at 70 °C for 4dgune (

3.2-B 1)). After cuing, the PDMS was peeled off tfie mold andaccess holes were
punched using blunt syringe tips with diameters of 0.84 mm for inlets and 0.61 mm for
the outlet of the micr@olumn. The fluidic layer was then alignadd placed on top of

the controlayer on the corresponding mold and baked togeth& &C for 1.5 hFigure
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3.2-B ii)). After completing the curing process, the structures were cut and jpéetéd
the mold with the contrathannels irreversibly séed beneath the fluidic channels. The
inlets of thecontrol 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 sppating 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 contrahd fluidic layers Figure 3.2-B iii)). Thestack was sealed
against a 10@m coverglass, in which PDMS was previously spin coated, resulting in a
PDMS-PDMS sealing after inal bake at 70 °C for 1.5 lr{gure 3.2-B iv)).

(A) (B)

Fluidic layer mold i) 50 min bake

40 min bake

SJ substrate 1

- 1400 Em
Srsubstrate 1 Si substrate 2
Half-cure bonding ||i) Wetting in non-cured PDMS layer
after a 9¢ min bake

1100 Hm $ 30 ym
Sisubstrate 1 I 100 pm $ 30 pm ‘

400 ym
Control layer mold 400 um {50 pm b

\ |
Sisubstrate 2 Glass substrate 1
Cured PDMS
Il Non-cured PDMS
100 Bm
+ 30 p
Sisubstrate 2 [ 50 um |400um Bonding on a cured PDMS layer
after a subsequent 20 min bake

I AZ® 40 XT | |
I su-8 50 Glass substrate 2

Figure 3.271 Fabrication of valventegratedmicrofluidic structures(A) Fluidic andcontrollayer molds.
(B) Replication of mold pa¢trns using PDMS multilayer seffthography and sealing using an adhes
layer.
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3.3.Fabrication of a-Si:H p-i-n photodioded

Hydrogenated amorphous silicon%aH) p-i-n photodiodes (200 200 mm of active
area) were fabricated with an integrate8i@:H layer as an excitation absorption filter
for fluorescence measurement$ie Al back contact (200 nm) was fabricated with the
same proess as described in secti®d.1for the hard mask fabrication. TheSaH p-i-
njunction was deposited by radio frequency plasma enhanced chemical vapor deposition
(rf-PECVD) at a deposition pressuof 0.1 Torr and a substrate temperature of 220
The photodiode compridea 100A layer ofn*-a-Si:H (phosphine dopedi 50004 layer

of undoped-a-Si:H and a 10 layer of p*-a-Si:H (diborane doped)Mesa junctions
with dimensions of 208 200 nm were then defined by photolithography and reactive
ion etching (Lam Research Rainbow Plasma Etcher). A passivation layer A) Q@0
amorphous silicon nitride (SiNwas deposited by4RPECVD at 100°C and 0.1 Torr to
passivate the sidewalls of the jupcis. A via was opened in the passivation layer, by lift
off, to allow electrical contact between ghea-Si:H layer and the indium tin oxide (ITO)
transparent top contact (10#Q, which was deposited by magnetron sputtering and
defined by photolithogrdyy and liftoff. Aluminum lines, to connect the ITO to the
contact pads, were deposited and defined as previously described. A secend SiN
passivation layer (2008 was deposited by4PECVD and vias were opened by-liftf

at the contact pads to allowneibonding. An hydrogenated amorphous silicon carbide
(aSIC:H) filter with a thickness of 1.8m for fluorescence detection was deposited by
rf-PECVD at 100C and 0.1 Torr and optimized to reduce the intensity of excitation light
reaching the photodiodehile passing the maximum level of emission light according to

previous work by Lipogeket al.[134].

3.4.Bead packing in microcolumn$

The pocedure to pack the PDMS micaumns is described iigure 3.3 and the most
common problems that may arise from this operation are summariZeabla 3.1.

Commercally available beads weprovided as a slurry in a storage buffehéatol 20%),

These sections were patrtially reproduced from the following publications:

Y I.LF. Pinto, D.R. Santos, R.R.G. Soares, M.R. AiBasros, V. Chu, A.M. Azevedo, J.P. Conde 2018e4enerable
microfluidic device with integrated valves and tifilm photodiodes for rapid optimization of chromatography
conditions Sens Actuat@rBChem2553636-3646

§|.F.Pinto, C.R.F. Caneira, R.R.G. Soares, N. Madaboosi, M.R.-Bae®s, J.PConde, A.M. Azevedo, V. Chu 2017
The application of microbeads to modluidic systems for enhanced detection and purification of biomolecules
Methodsl116112-124.
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so the first step wa® 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 wit2% bead volume. The use

of a viscous solution allowed the beads to remain suspended and homogeneously
dispersed without significant settlinthusavoidingproblems ofclogging when flowing

the keads inside the microcolumn$aple 3.1). The pipette tipcontainhg the bead
suspension wasserted roughly halfvay (Table 3.1) into theinlet access holes punched
using the 18 Gageblunt syringe and ayringe pumpwvassubsequently turnedn with

the appropriate flow ratgulling the liquid from the outlet of the microcolumithin
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 thicroscope 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 duthe 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
torage buffer solution with 1-2%\
s oo bead bed height

Pipette bead solution and insert
tip into PDMS structure inlet

Inverted —>
\! / Wash vi fluorescence
v p, B2 VISCOUS microscope

solution and: ;
Syringe
pump

EE——
(1) perform specific
sequential steps

(2) measure under
the microscope or

Negative
pressure

using a-Si:H p-i-n
photosensors
Py ;{i}/\‘ * ),1
LI 019 0e .‘1 "‘,
—> 7 FAFE ¢ M )\

Flow direction j g \'g; e ),

; PR J ¥ ,

o4 J O \A.
t=0s t=10s t=20s t=30s t 405

Figure 3.37 General protocol for preparing the chromatography beads before insertion into the
microcolumns. The bead solution was pulled from the microcolumn outlet using a syringe pump €
a negative pressure. The time lapse of mwwps bright field images shows the accumulation of be
in the interface region of the two channels with different heights within a few seconds. The measu
were performed either using an inverted fluorescence microscopehousefabricated &Si:H p-i-n
photodiodes.
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Table 3.17 Troubleshooting tabléor the most frequent problems encountered during bead pack
and liquid handing in the microcolumns. Possible causes and solutions for each problem are pr

Step

Problem

Cause

Solution

Bead solution
preparation

Clogging of the channel
due to theacking
occurring too rapidly

Inhomogeneity of the
bead solution or bead
concentration too high

Homogenize the viscous solutio
with a 1:2% bead bedheight
immediately before the packing

Liquid handling

Low quantity of beads
packed inside the
microchannel

Bead solution
concentration is too
low

Repeat the insertion step, addin
more 0.3 eL of

Air bubbles trapped or
appearing inside the
channel

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

build-up

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

Always purge the syringe when
inserting the metal coupler.

Always release the metal adapt
before inserting a new tip if

negative pressure accumulated

theprevious stp

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
(< halfway through)

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

The inlet hole has a
tear (> halway
through)

Make sure the larggrart of the
pipette tip does not tear the inle
hole

Metal coupler
insertion

Liquid not flowing and
negative pressure builap

Metal coupler
contacting the bottom

PDMS sealing slab

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

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 thelatively straighfiorward softlithography based
fabrication process make this method a versatile technology that is compatible with
various bead sizes arsthapes. In particular, the stithography process aresimpler

and faster than other microfabrication processes involving, for exanipten sulk
micromachining and etching techniquds9-147. In addition, even though the soft
lithographyprocesses described in this thesis preadéoiver resolutin than the referred

methods, they allovio pattern complex 3D structures using a ldygtayer strategy

[143.
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Due to the simplicity of the desigand smaller dimensions, it was possildecteate a

large number ofpatterned channels in a singlé 55 mold, thus allowing parallel
fabrication of many devices for rapid and inexpensive prototyping. Considering the
sealing of the PDMS structures, the use of an eryglasmis a simpler and more robust
technique when compared to other standard techniques, such as lamination and adhesive
layers. However, bonding using an adhesive layer was also successfully performed in
valveiintegrated structures, showing a good tolerancaust and particles and a high

strength of bonding, despite being a more tooasuming process.

The bead packing process took on average less than 1 minute, which is considerably faster
than gravity or capillargriven packing strategig421, 144. The irterface egion for

bead trapping providemhedanical robustness, allowing the devioewithstand higher
pressureghan, for example, traps made of hydrogé&k5 or membranegl44.

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. Thkausegative
pressure provided gradulincrease in liquid flow velocity with minor distortion of the
PDMS channel or deformation of the beadghe interface region, contrary to what is
observed when a positive pressure is used. In fact, the use of positive pressure results in
faster andess reproducible packing velocities, bulging of the microchannel andherhig
likelihood of trappingair bubbles. Another advantage of using a negative pressure is the
simplified operation and solution handling, since the solutions of ineresequerdlly

inserted usingipette tis and the liquid is pulled into the miarolumn, after which the

tips arediscarded, thus reducing issues due to mixing of reagents.

53



54



"In theory, theory and practice are the same. In practice, they aré not.
Albert Einstén

Chapter 4
Nano-liter Scale Aalysis of
Multimodal C hromatography?

ultimodal chromatography has beemrtensively reported for the purification of
M monoclonal antibodies in both dape and polishing applicationdowever, the
implementation othis type of technique depends on th# understanding of all the
interactionsenabled by the ligands, as well astba ability to rapidly predict the optimal

operating conditions to address a specific purification problem.

In this contextthedevelgpment of highthroughput platforms has been gaining increasing
attention for early stage evaluation of chromatography conditions. Most of these
approaches are based onv@éll microtiter filter plated12, 16] (resin volume 2€00

mL), but, more recently, miniature colump$09, 147 (resin volume~200 nL) and
micropipette tips (10 160nl) operated in automated ligg 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 asdayshese 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 reShkse technologieslso

lack the resemblance with conventional coluchnomatography operation, in the sense

of having a continuous flow @mobile phase throughstationary phase.

Microfluidic platforms comprising chromatography beads inside mgotamns
represent a versatile solution to address this problem, whilgingffeadditional
advantages such as the very low reagent consumption and the extremely rapid output of

results. Infact, the confinement obeads inside microchannels has been previously

This chapter contains sections reproduced from the following publication:

8.F. Pinto, R.RG. Soares, S.A.S.L. Rosa, M.R. AiBarros, V.Ch u , J. P. Conde, HighM. Azeve
throughput nanolitescale analysis and optimization of multimodal chromatography for the capture of monoclonal
antibodies Anal Chem88(16) 79597967
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reported forother applications, such as DNA hybridization onto prao&jugated
microbeadq148), catalytic reactions using enzymes immobilized on microbgb4ig,
and biosensing applicatiof$50]. Additionally, the concept of packing chromatography
beads within a microfluidiglasscolumn for evaluation ahe separation conditions and
determination of thelynamicbinding capacitynasbeenreported12q. In this case,he
amount of resin used in the microfluidic columns was considerably loWBrn{)
compared tothe highthroughput approaches previously mentianetbweve, the
fabrication ofwholeglass structurequired complex and expensive methodologied,

the packing of the beads inside the microchannels also relieldlooratehandling.

This chapter focuses dhe development of a microfluidic platform fitre optimization

of multimodal chromatography using the ligand Capt¢MC (2-benzamides-
mercaptobutanoic acgidowards the capture of a monoclonal antibladheled with Alexa
FluorN 430 Captd 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 $85fh or as an intermediate stgp5]] in

mADb purification from cell culture supernatants. Research studies are being performed
targeting not only the identification of preferential binding sjtes?] and mechanisms

of interaction[153, but also the understanding of the driving forces controlling the
adsorption/desorption of target molecu[d$4 in Capt@ MMC. With the goal of
screening the behavior of this ligand in a higloughput manner, microolumn arrays

(resin volume~70 nL) were fabricated usingolydimethylsiloxane (PDMS)koft
lithography techniques, in order to measure binding kinetics in real time aleesin
using fluorescencenicroscopy. This approach aimed providing information about
adsorption and elution behaviors in a few seconds/minutes to expedite thezajuimi

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, NacCl, 2T&z; and NaHCQ were obtained from
SigmaAldrich (St. Louis, MO/USA). KHPQ; and KHPQOQ: were purchased from
Panreac Quimica Sau (Barcelona, Spa8gdium acetate was obtained from Merck
(Darmstadt, Germany). Acetic acid 100% (AnalaR Norm@pwwas purchased from
VWR BDH Prolabo (Radnor, &#USA). All other chemicals were of analytical grade.
Water used in all experiments was obtained from a {@illipurification system
(Millipore, Bedford, MAIUSA).

Chromatography resins were obtained from GE Healthcare (Uppsala, Swedeng i
and as prgacked 1 mL columns, namely HiTrap Capt®MC (multimodal), HiTrap
CM Sepharose FFétionexchange) and HiTrap Phenyl FF High Sub (hydrophobic).

4.1.2.Production, purification and labeling of mAbs

Productioni Anti-human interleukif8 (anttIL8) monoclonal antibodies (mAbs) were
produced by Chinese Hamster Ovary cells (CHO-12Pclone#1934, ATCC CRL
12445), containing a dihydrofolate reductase (DHFR) expression system, obtained from
the American Type Culture Collection (LGC Standards, MiddleSés).

CHO cells were grown in a serdiree medium, ProCH®5 (Lonza Group Ltd,
Belgium), supplemented with 4 mM-glutamine (Gibco, Life Technologies), 200 nM
methotrexate (Sigmaldrich), 2.1 g/L sodum bicarbonate (SigmaAldrich), 10 mg/L
recombinanhuman insulinl(onzg, 0.07% (v/v) lipids (Lonza), and 1% (v/v) antibiotics
(100U/mL penicillin and100 ng/mL streptomycin, from Gibco). The initial cell density
was 2.&10* cells/cnt and the cultures were carried out if7% or T-175 flasks (BD
Falcon, Fanklin Lakes, NJ, USA) at 3C and 5% CQ@ Cell passages were performed
every 6 days, in which cells were detached from the flasks upon addition of a BrypLE
Select solution (Gibco), for-8 min at 37C. CHO cell suspensions were then centrifuged
at 1250rpm (12C, 8 min) for medium clarificationThe produced ariiL8 mAb was
characterized by an isoelectric point (ply8fand aconcentration in the serufmee cell

culture supernatants 660 mg/L.
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PurificationT The antIL8 mAbs werepurified using preein Aaffinity chromatography.
The purification assay was performed inan AKFA Pur i fi er syst em,
Frac950 fraction collector from GE Healthcare. Data acquisition and analysis was made

using Unicorn 5.11 software.

The feedstock was diregtloaded 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 buffet pH 3.6, respectiveljElutionfractions were immediately
neutralized using 1 M TrBICI at pH 8.0, to prevent antibody denaturation caused by the
acidic elution conditions pooled together (final volume of 22.5 mL) and390
concentratefdiafilteredin PBS using Amicon Ultrd5 centrifugal filter units (MWCO

of 50kDa) from Merck Millipore, for 15min at 5000y in a fixed angt rotor centrifuge.
The anttlL8 mAb solution was further concentrated (?) and buffer exchanged into
0.1M sodium bicarbonta buffer using Amicon Ultr®.5 centrifugal filter units (MWCO

of 10 kDa) also from Merck Millipore, for ihin at 1400@). After these steps, the final
concentration of the mAb solution was 15.48 mg/mL.

Labelingi The an#lL8 mAbs were then conjugated the aminereactive dye Alexa
Fluor® 430 (A430) NHS ester, obtath&om Thermo Fisher Scientific (Excitation = 430
nm; Emission = 545 nmYhe purified and concentrated a8 mAb solution was added
to the reactive dye solution in a 4:1 volume ratia #re reaction was incubated in the
dark for 1 hour at room temperature. The degree of labéingpwas estimated to be
9.2 dye moleculessrmAb moleculeonsideringthe absorbance of the protaige
conjugate at 280 nnd( ) and 430hm (6 ), and he extinction coefficient of the dye
at430nm- , according tcEquation 4.1, whered w is the molecular weight of 19G
ando "Gs a correlation factor for the contribution of the Aleéxaor® 430dye in the
absorbance of the protetye conjugate at 280 nm. The ctarg 1.4 is used to correlate
the absorbance values with the protein concentration in mgfrdlit is only correct for
IgG antibodies. The values éf "Gand-  were considered to be 0.28 and 16,000,
respectively, according to information providedtbg supplier of the amireactive dye
(Life Technologies)The nonconjugated dye was removed in a series of 10 diafiltration
steps with PBS using Amicon Ult@5 centrifugal filter units (MWCO of 10 kDa), until

a clear permeate was obtained.
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4.1.3.Micro -column packing and liquid handling

The procedure for bead preparation and packing in the fo@duonns is described in
detailin chapter3, section3.4. Briefly, chromatographygarose beadsere suspended
(1-2% (v/v))in a33% (w/w)polyethyeneglycol (PEG) 800Gsolution (SigmaAldrich,
St. Louis, MO/USA). Suspended beads were then packed inside theauiarons by
pulling the liquid from the outlet, using a syringe pump (ModelMNIB2X, New Era
Pump System, Inc.). All solutions were flowed through the meolamns by applying a
negative presure at the outlet.

After the packing step, the micomlumns were washed with 5@ of the corresponding
adsorption buffer, to completely remove the PEG solution. Adsorption was performed
with 30niL of an antilL8-A430 solution (50rg/mL), and elution weiaccomplished with

30 L of the corresponding elution buffer. Screening conditions for adsorption studies
included different buffers with pH values ranging fromi5%5, and conductivity values
ranging from I 21 mScm! upon addition of NaCl (D 200mM). For the elution studies,

the screened conditions comprised buffers with pH values in the ran§e97%5 and
conductivity values from 0.6 147 mScm® upon addition of NaCIl0 i 2 M).
Conductivities were measured using an ECTestr Low conductistgrt¢d 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 band pasgxcitationof 460490 nmand a

long passemission 0f520 nm.Fluorescence signal from the beads inside the micro
columns was acquired with an exposure time of 500 rhisgdn and 00° total
magnification. Images were analyzed using ImageJ software (National Institutes of
Health, USA), and the fluorescence emission values were obtained by averaging the entire

endsection of the micr@olumns.
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4.1.5.Standard column chromatography assays

The micrdluidic results were validated and compared to results obtaisgd) a pre

packed HiTrap Capt MMC column(1 mL)i n an KTAE Purifier syst
ant-IL8 mAb solution with a concentration of 2@/mL was loaded at a flow rate of

1 mL/min, usinga 500ni loop. Recoveryyield studies were performagsing 50 mM

acetate buffer at pH 5.5 as binding buffer tasting different elution buffers, namely (i)

50 mM carbonate buffeat pH 9.5 containing 0 M, 1 M and 2 M Nadl) 50 mM Tris

buffersat pH8.5 containing 1 M and 2 M NacCl, afid) 50 mM phosphate buffeat pH

7.5 containing 1 M and 2 M NaCl. Column egoiition, washing and elution were

performed over 5 CV, 5 CV, and 7 CV, respectively.

Flowthrough and eluate pools were collected anthé&uranalyzed to determine IgG
concentration by analytical protein A chromatography using a POROS PA
ImmunoDetection sensaartridge 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. Blutias then
performed using 12 mM HCI containing 150 mM NaCl at pi3 dver 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 eared out in duplicate, while

the corresponding microfluidics experiments were carried out in triplicate.

4.2.0perating procedure in the micro-columns

The microfluidic columns (210 nL volumélrigure 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 (#®0nm), in a way that a shallower channel (@@ height) prevented

the flow of the beads downstream, creating a patieedwith the interface region of a
taller channel (10@m). Thirty of these nanditer scale calmns were distributed in a
1540 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 applyingreegative pressure at the outlet, which provided
a more gradual increase in liquid velocity with minor distortion or compression of the

beads against the 20n gap Figure 4.1-C).

i 75
f

(A)
15 x40 mm chip
(30 columns)

(©)
N Capto MMC

Agarose

Bgeads < \(0 CM Sepharose
O

K e Phenyl Sepharose

Figure 4.11 Schematics of the micfioidic columns used fiothe optimization experiment6A) Detail
of a single micrecolumnexhibiting the inlet (pipettéip) and outlet (metal adapter) through which 1
liquid was flowed by applying a negative pressure at the oyB§tPDMS structurecomprising 30
microcolumnswithin an area of 6 cfn (C) Magnification of the interface regiobetween the twc
channels at different heights. The shallower channel arrests the beads in place and preve
movement downstream throughout the as$®). Molecular structure and name of the analy:
chromatographjigands, commercially availabla functionalized agarose beads.

4.3. Analysis of adsorption and elution kinetics

The assays to evaluatiee adsorption and elution kinetics thie target antibodyere
performed in plain buffer solutions rather than complex matrices such as-fseeuar
serumcontaining cell culture supernatants. By using buffer solutions it is possible to
avoid the intrinsic variability related tosecondary interactions with the matrix
components, which are specific to each formulation. In addition, since each maiitsx ha
own native pH and conductivity conditions, these wolirait the range of pH and

conductivity values that could be testadhe microfluidic experiments

4.3.1.Fluorescen@ measuements and signal quantification

The microfluidic assays were designed tdimjze conditions for chromatographic
operation at the macroscale, so it was necessary tadingirm that the presence of a

fluorophore did not significantly influencthe binding behavior of the mAb to the
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multimodal ligand. Thistudywas performed ia standard 1 mL chromatography column

by loading labeled and unlabeled IgG at the exact same concentratigin(b). The
chromatographic profilesF{gure 4.2) were gmilar, in terms of both retentiotime

(6 =10.11° 0.0071 min andarea(0 = 6.38° 0.013 mAUmin) of the elution peakso

for all the optimization experiments the fluorophore was considered to play a negligible
role in the antibodyigand interactionsThis conclusion waalso supported by previous
findings by Linden et al. [156 and Harinarayaret al. [129, in which multiple
fluorophore conjugates did not have a significant impact on protein adsorption and

diffusion through ion exchange agarose resins.

12 T T T T T T T T T T T T T 6 110
Non-labeled mAb
104 —— Labeled mAb
g ] H 5 ,-\_ 9
E 81 5
1 v |
£ 218
S 64 =
o =1 L
N =
8 44 517
c 3
© y 3 |
£ 5
3 24 & Od6
Ke) i o
< B, V4
O—o-.A——.— JV
T T T T T T T T T T T 1 - 5

o 2 4 6 8 10 12 14
Volume (mL)

Figure 4.2 7 Chromatographic profiles obtained byatting 0.5 pg of a labeled andlabeled antlL8
IgG solution at a concentration of/mL onto a prepacked HiTrap Capt MMC column.Adsorption
was performed with 50 mM acetate farfat pH 5.5, and elution was performed with 50 mM carboil
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 solutiBar that, a fixed concentration of lgG

Alexa 430 (5mg/mL) was spiked in 100L of each of the different buffers and measured

in a 96well 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 adsorpti@) and eldion (B) assaysilt is possible

to see that there is a randonmstdbution of points around amverage value of
fluorescene, both foradsorption (140 11 A.U) and elution (138 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 4.371 Distribution of the fluorescence intensity as a function of the different pH values and
concentrations evaluated in the adsorp{ianand elutionB) 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 4goktnoin. This
lack of depletion was achieved by using a relatively high flow rater{d%in) and low
residence time (0.28) in the experiments. The reliability of the fluorescence
quantification and lack of depletion is clearly demonstrated by analyzifegedif areas
of the imaged region and plottitige fluorescence intensity over tinkégure 4.4 shows
that for different and randomly selected areas of quantificatieradsorption 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 retidhe monitoring of the fluorescence emissitirg
background signal ahe soluton flowing in the channel was very low compared to the
signal provided by the beads, as also reportedCblenet 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 polanzfti5g 159.
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Figure 4.4 1 Fluorescence emission of the packed beads as a function of the assay time con
different areas for quantification, namely (A) the average of the entire field of view, (B) the aver
the left region of the field of view, (C) the average of tighatrregion of the field of view, and (D) th
average of the fluorescence intensity of four individual beads. Imaging conditiofs: tal
magnification, 500 ms exposure time, 5x gain.

4.3.2.Determination of the response parameters

Adsorption and elution cues were obtained bgdividually measuring the fluorescemc
emission ovetime under different operating conditions, as exemplifiedrigure 4.5.
The adsorption expienental data points were fitted with a nlmear function based on
a sigmoidal doseesponse modglaccording toEquation 4.2, where 'O is the
fluorescence emissioriQ is the background fluorescenc® is the maximum
fluorescence) y is the time at the inflexion point, afid is the sigmoidal slope.

0 RY u Equation 4.2

p pm”

The response parameté&{ ) chosen to compare the different adsorption kinetics was
the first derivativeof Equation 4.2 calculatedat the inflexion pointdy ) of the fitted
curve according td&quation 4.3.

. & g 8O O

Qr - Equation 4.3

Considering that the slope of the adsorption curve provides meaningfuinformation
onthe antibodyligand binding kinetics than the plateauttisareached after150 s only
datapoints over the first 88 were included in the fittingwhich also reduces thene

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/iagworfit would not
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provide reproducible results due to the very pronounced influence ofasday
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
(&) was the ratio between the fluorescence intensity at 208 () after the beginning

of the elution process and the initial fluorescericés§ ) according tdEquation 4.4. It

is important to note that the 20 s timasaselected as it allows sufficient time for the

elution to take place and simultaneously avoids any pronounced bleaching effects.
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Figure 4.57 Example of dsorption and elution kinetic curves obtained by continuously measurin
fluorescence emissiolr{y) of the packed beadser time The online measurements were performe:
a flow rate of 15n./min and thesignal was recorded using anpesure time of 500 ms.d3hed line
represents the ndimear fit of the adsorption curve over the first 80 seconds.

4.4.Optimization of adsorption conditions

For the opimization of adsorption on Ca@oMMC, 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 differeriblgal conductivity values for the different

pH conditions undestudy(AppendixA).

The kinetic response parametef@,() for the adsorption on Cagto MMC were

displayed in a contour pldFigure 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 mADb isoelectric point (pl)~8, asthe 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 testgtie optimal pH value for adsorption wa&s5, 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 lead to the maximm dynamic binding capacity for basic mAbs (pl in a range

of 8.21 9.3)[97].

Another observation is that at the opairpH value (pH = 5.5) the ligand shows a high
salt tolerance at conductivities as high as 20cmS, with the measure®; value
remaining approximately constamthich is also in accordance with the reported literature
[55, 96]. Salt tolerance was also found to decrease dramatically with increasing pH
values, agan be seem the adsorption kinetic profiles Figure 4.6-B for a pH value of

6.5.

To further explore the interactions between mAbs aapt@ 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 resi(Figure 4.6-C) showsa typical behavior of a catia@xchanger
where a slight increase in conductivity, at a certain pH, strongly reduces the binding
capacity. In this context, a 3f@éld decrease ifQ; was observed when the conductivity
was increased from 3.6 nt&11to 6.1 mScm?, at pH 5.50n the other hand, at a constant
conductivity value, the lower the pH (meaning a higher difference between the mAb pl
and the pH value), ¢hhigher théQ, 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 dhachievedfor the multimodal resinsuggesting that

for low conductivities the multimdal ligand behaves as a catexchanger.

In the case of the phenyl ligand, it is important to highlight that the range of measured
"Qy 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 interactioagy(1.5 M ammonium sulfate)na also

to the considerably low dynamic binding capacities of HIC in comparison t¢1&J.
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Nevertreless, despite the lower values®@f , it is possible to clearly observe a trend in
the results. By observing the contour plotHigure 4.6-D, the results indicatthat the
phenyl ligand is characterized by a high degree of saitante up to pH values 67.5,
together with an overall decrease in binding with increasing pH. Considering the low
conductivities used, relative to the optimal conductivity conditigpeally applied to a
hydrophobic ligand, the binding mechanism to the phenyl ring is most likely to occur by
cationp interactiong67]. The results also highlight an expected property of the phenyl
ligand at pH values near the pl of the mAb (pH-8.5), which is the promotion of
hydrophobic interactions at higher conductivities (~2Qams).
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Figure 4.6 i Screening results based the kinetic response parameté®4 ) for the adsorption of the

anti-IL8 mAb performed at different pH (5,5 9.5) and conductivity (0 200 mM NaCl) conditions

using(A) multimodal,(C) electrostatic, an(D) hydrophobic beads. Onlpme of the experimental da

points corresponding to the tested conditions are indicated in the plots. The extreme conductivit

are outside the scale range, in order to provide a unifontoar surface(B) Adsorption kinetic curves

obtained usig Capt@ MMC multimodal beads at pH 6.5 for different salt concentrations in the bir

buffer. The asterisky() highlights the different scale in the case of the phenyl ligand.
Overall, the prafes 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, th®nding to the multimodal ligandeems to be
mostly driven bythe electrostatic moiety, consideritite magnitude ok, 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 CaptMC with additional salt tolerance. This
hypothesis is corroboratday recent findings by Karkov and -weorkers[8] using in

silico ard sitedirected mutagenesiapproaches.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-35Scm?) was chosen
based a the need to fix one buffer composition that provides fighvalues 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 mpAlere used as these conditions are
unfavorable to electrostatic interactions, which are the main respofsitihe binding

as discusseith sectiord.4. For this reasqrthe screening conditions included pH values

in the range of nobinding pH conditionsi.e. from 7.5 to 9.5. The conductivity values
were selected in order to test more extreme NaCl concentratib@\Nacl), to further
evalude the contribution of each moiety under conditions that disrupt or promote each of

their individual mods of action.

Figure 4.7-A shows the elutiorrdm Capt@ MMC. It can be observed that the maximum
antibody recoveryd > 94%) occurs at a pH of 9.5 and at the lowest tested conductivity
(6.5 mS.crt). These results indicate that the conditions that more strongly promote the
elution of the antibodyre 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 cleady ss a gradual decreasein

with an increase irconductivity from 6.5 to 147.2 mS.cmThe same trend can be
observed in the kinetic curves plottedHigure 4.7-B. As the pH is changed in the range
between 7.5 and 9.5, at a fixed concentration of 0 mK2INathe elution buffer, thé
values decrease significantly as the antibody charge chaongegdsitive to neutral and

from neutral to negative.

Analyzing each of the individual moieties, the purely electrostatic ligiggie 4.7-C)

shows a typical elutio 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 eatohrange

interaction is the mfile obtained at NaCl concentrations500 mM (45517
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49.9mScm?) where the elution is triggered by the shielding of the surface charge. On
the other hand, the phenyl reskigure 4.7-D) shows considerably lower removal yields

for higher concentratits of salt{ 1 M NaCl,i.e.83.51 86.2 mScm?), regardlessf the

pH value, which is an expected behavior for a hydrophobic interaction ligand, since high
salt concentrations lead to salthogit effects [73], which promote hydrophobic
interactions with the sorbent thus impairing the elution. It is important to hete t
difference in the range o values measured for the phenyl ligand, since for
conductivities higher thar50 mScm? 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 conductivi§ KaCl

in the elution buffer) thé& has a maximum at pH 9.5, similar to what was observed for
the multimodal and catioexchange ligands. For the phenyl resin, this condition

corresponds to the eliminatiari both hydrophobic and catigminteractions.
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Figure 4.77 Screening results based on theoveryyield parameterd ) for the elution of the antlL8
mADb performed at different pH (7159.5) and conductivity conditions (0 M2 M NaCl) using(A)
multimodal, (C) electrostatic, andD) hydrophobic bead€Only some of the experimental data poir
corresponding to the tested conditions are indicated in the plogsextreme conductivity points al
outside the scale range, in order to provide a umifcontour surfac€B) Elution kinetic curves obtaine:
using Capté@ MMC multimodal beads for different pH values of the elution buffer with no salt add
(0 mM NaCl). The asterisky () 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 aaltigh
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 redieding 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-patitaractions 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
usinga standard chromatography column-peeked with the multimodal res{€apta

MMC). A solution ofantrIL8 mAb at a oncentration of 2@/mL was loadd at the
optimal condition obtained from the adsorption experiments in microfluidics (pH 5

0 mM NacCl) and different elution buffers were tested, namely pH 9.5 containing O, 1,
2 M NaCl, pH 8.5 containing 1, 2 M NaCl and pH 7.5 containingM,2aCl.

As an example, the chromatographic profiles obtained at pH 9.5 are represé&ijedan

4.8, clearly highlighting a pronounced decrease on the recovery yieldsvaki¢he
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 attriblytéal the different

ability of the elution buffers to remove the bound antibody. Using an elution buffer at pH
9.5 with no added NaClF{gure 4.8-A), desorption take 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,wher 2 M of NaCl are present in the
elution buffer at pH 9.5Higure 4.8-B), it is the increase of conductivity that readily
promotes the elution of the mAb, saihe increase in pH occualy after the elution

peak. This observation is further supported by a shiftamtAb retention time from 9.90

° 0.04 minat 0 M NaClto 9.22° 0.02 min at 1 or 2 M NaCThe delay in the pH increase

is due to an initial acibase 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 yield&§; ) decrease as the concentration of NaCl increases

in the elution buffer. e 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 showrFigure 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 4.817 Chromatographic profiles obtained by loadir@ug of ant-IL8 mAb at a concentration ¢
20 mg/mL onto a prepacked HiTrap Capto MMC column. Adsorption was performed with 50 m
acetate buffer at pH 5&nd dution was pefiormed with 50 mM carbonate buffer at pH 9.5 contain
0 M NaClI(A), 1 M or 2 M NaCl(B). Dashed lines correspond to conductiatd pH

Table 4.1 summarizes and@ompares 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 galwbtained for each approach are not statistically

different at a confidence level of 95%V¥plue > 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 came directly compared, since they are both relative to the total amount

of antibody present in the beads.

A comparison bsome operating parameters employedhe micre and macroscale
approaches is also presented @ble 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 savingghe microfluidic experiments, the
velocity at which the liquid flowed was much highed Q-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 doegredent 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 highroughput 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 &-fbfd and 16fold decrease,
respectively. Furthermore, the experirteeat microscale are amenable to parallelization,
resulting in even lower times per experiment, from 2 minutes down to a few tens of

seconds.

Table 4.17 Comparative analysis of some operatimgl performace parametef® from the experiments
performed in micreand macroscale

Microscale  Macroscale Microscale Macroscale
(i) Operating Parameters (i) Recovery Yield () (%)
E;‘;'I‘ﬁdbed ~1mm 25 mm pHO5+0MO  946°52  97.7° 1.5(p=0.23)
Packedbed o ° -
volume ~70nL 1mL pH9.5+1M 86.2° 4.7 81.9° 1.4(p=0.15)
Flow rate 15nm/min 1 mL/min pH9.5+2 M 78.3° 3.7 72.2° 3.4(p=0.091)
Velocity 21.4cm/min 259 mm/min | pH 8.5+ 1M 75.9° 3.5 81.7° 3.3(p=10.092)
Residence time 0.28 s 1 min pH85+2M 66.0° 8.8 79.1° 1.6(p=0.063)
Mass of mAb o o _
per assay 1.5nmy 10ny pH75+1M 69.1° 5.2 79.0° 3.7(p=0.058)
Assay time ~2 min ~ 26 mirf® pH75+2M 56.2° 11.1 67.5° 8.3(p=0.17)

@Recoveryyield values are displayed as m&a8D. Chromatography runs were performed in duplicate, while the correspo
microfluidic experiments were performed in triplicate. Thealuego evaluate the probability of the two average recovery vyit
being different were calculated assuming a-taitedt studentistribution with two degrees of freedom.

® Assuming a run time of 16 min + 5 min for column equilibration + 5 min for colueayuilibration

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

This chapter reportthe development of anicrofluidic analytical method toscreen
adsorption and elutiooonditions within a few minutes faptimizationof multimodal
chromatographyin addiion to optimizingthe binding conditions of an antL8 mAb to

a commercial multimdal resin(Capta@ MMC), it was also possible &xplore the source

of the complexkinetic properties of tls resin by analyzing it®nic 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 converdpimaization
appoaches. @timal elution conditions were achieved for a pH vjug = 9.5)slightly
above the aittody isoelectrigpoint and, in this case, addition of a neutral $BlaCl)
reduced thantibody recoveryOverall, the best recoveryrditons resulted in gield

of (94.6° 5.2) %, which iscomparablgo the optimal value of97.7° 1.5) % obtained

using a conventional chromatography column.

The obtained results demonstdcat¢éhat microfluidic chromatography coupled to
fluorescence measurements dilg on the resin under study can aepowerfuland
versatiletool to speed uphe screening of binding kinetics attdprovide insights on the
mechanisms ahteraction.Furthermoe, tis technique capotentiallybe used with any
target molecule or resin assuming a previous labeling procedura \plibtostable and
environmenindependentiuorophore.
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"In the middle of difficulty lies opportunity
Albert Einstein

Chapter 5
Multiplexed and Quantitative Screening

of Ligands and TargetM olecules

heincreasing number of novebmmercially availablehromatography ligands has
Tbeen motivating the use of highroughput screening platforms, particularly during
the early stageof process development. As discussed in section 2.4, the approaches to
perform a higkthroughput optimization of chromatographic operating conditions are
normally based on microtiter plates, micropipette tips and miniature columns operated in
robotic plaforms for automation and parallelization of processtswever, to further
reduce time, costs and molecule consumption, the use of microfluidic platforms has been
reported within this context, for quantifying protein breakthrojflh 126 and reaitime
tracing of adsorption isothernfgl]. Microfluidics allows to explore different types of
stationary phases within a microchannel, from monolithic strucfa&k163 to bead
packed channe [19, 126, 164. Additionally, the use oimicrofluidic devices dr
chromatographic separationsshihe poterndl to parallelize and automatize the process
operation,from sample injection to signal readt, without resorting to complex,
expensive and bulky equipment. For complex sgns, in particular, it iadvantageous
to optimize the chromatography opéoat by beaedevel 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 analysssa@ciated 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 resinsacked in three chambers in series with

This chaptercontains sections repduced from a manuscript currently submitteddarnal of Chromatography:A

8I.F. Pinto, R.R.G. Soaresv.R. AiresBarros, V.Ch u , J. P. C o n d ©ptimiAng e perormance af o , f
chromatographic separations using microflosdi multiplexed and quantitative screening of ligands and target
molecules supmitted.
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the liquid flowi and target molecules. An artificial mixture af antIL8 monoclonal
antibody and BSA was used as a model system to perform a comprehensive optimization
of separation conditiongsingmultimodal ligandsA quantitative analytical methoglas
developed to determine the recovery yield and purity of the separation, based on
fluorescence measurements of the molecules of interest directly alelbehdThe
performance of the separation was then sequentially optimized thrdi)gfapture step

in which the selective binding of IgG to the beads was maximized, followed(iby a
polishing step, in whichremainingamounts of BSA werturther 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 dihydrogephosphate and dipotassium phosphate from Panreac Quimica Sau
(Barcelona, Spain). Tris beff at pH 8.5 was prepared usidgis(hydroxymethyl)
aminomethane from Sigm@ldrich. Carbonate buffer at pH 9.5 was prepared using
sodium bicarbonate and sodium cambte also from SigmaAldrich. For each pH
condition (50 mM buffering agenf)different conductivities were achieved by adding
sodium chloride (Sigmdldrich) at the following concentrations: 0, 50, 100, 200, 500,
1000 mM.

CM Sepharose Fast Flow, Q Seplsaréast Flow, MabSelect SuRe (Protein A), Capto
MMC and Capté adhere resins were obtained from GE Healthcare (Uppsala, Sweden)
in bulk and as prepacked 1 mL columns. MEP HypeéiGaid HEA HyperCeél were
obtained from Pall Corporation (Port Washington,,N)GA) in bulk and as prepacked

1 mL columns. Toyopearl Sulfa@B50F and Toyopearl NH250F bulk resins were kindly
provided by Tosoh Biosaree GmbH (Darmstadt, Germany).

5.1.2.1gG purification and protein labeling

Anti-interleukin 8 monoclonal antibodies {afL8 IgG, pl = 9) were produced by

Chinese hamster ovary (CHO) cells grown in a secontaining mediumas described
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in detail in[165. Purified IgG was obtained by loading the cell culture supernatant onto
a protein A (MabSelect |Re) 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 (SigmaAldrich) were conjugated to the thicdactive dyes BODIPYL

(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,
respectiely, in PBS; (i) BODIPY dyes were added to the protein solutions in a
proportion of 20 mol dye/mol protein; (iii) solutions were mixed in the vortex f8rs2

and incubated in the dark for 2 h with constant orbital agitation; (iv) free dye molecules
wereremoved 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 IgG and
BSA was measured spectrophotometrically as 0.5 and 2.2 mol dye/mol protein,

respectivey.

5.1.3.Liquid handling and operation in the microfluidic device

The microfluidic structures were fabricated accowglito the described in chapter 3
section3.1, and tre different types of chromatography beads waegared as described

in section3.4. The beadsolutionswere then simultaneously introduced into the three
microchanbers by inserting pipette tips in the inlets of the chambers and applying a
negative pressure at both the inlet and outlet of them2@all channel using a syringe
pump The inlets of the microchambers were then closed with a steel plug and the beads
were washed with 5ém of PBS (Sigma Aldrich) by flowing the buffer through the 20

mm tall channel crossing the three chambers. Adsorption studies in the multiplexed
microfluidic device were performed by flowing mixtures of fluorescently labeled 1gG
(25 ng/mL) and BSA (250ng/mL) under different buffer conditions at b./min for

150 s. Due to the high concentration of BSA used in these studies and relatively high
photoluminescence of the BODIPMMR fluorophore, 3nmg/mL of labeled BSA were
diluted with 247ng/mL of norlabeled BSA, to avoid signal saturation during the
fluorescence measurements. Elution studies were performed in -cobghen

microfluidic channels (fabricated as describedhapter 3sectior3.1), by first adsorbing
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the molecules under appropriate conditions for 180 s and then flowing the elution buffer
for 150 s, both at a flow rate of Dl/min.

5.1.4.lmage 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 blueexcitation (banepass excitation: 460 490 nm; longpass emission:

520 nm) and greeaxcitation (banepass excitation: 48650 nm; longpass emission:

590 nm). These filter cubes will be henceforth referred as B and G filters. The signal
corresponding to the fluorescence emission of IgG and BSA in the artificial mixture was
acquired usinghe B and G filters, respectively, in intervals of 20 s using an exposure
time of 1.5 s, 5 dB gain and #@otal magnification. Images were analyzed using ImageJ
software (National Institutes of Health, USA), and the fluorescence emission values were
obtaned by averaging the entire area (200 x 400 um) corresponding to the intersection

of each microchamber with the transversahB®channel.

5.1.5.Assays in ImL chromatography columns

Chromatography assays were performed using eithepawreed orin-housepacked
columns (1 mL) in an AKTA Purifier system. UV absorbance at 280 nm, conductivity
and pH of the outlet stream were continuously monitored using-800\vand pH/€00
module, respectively. Flowthrough and elution fractions were collected using-8Z&rac
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 penfioance 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 ratenoif/min using a 500rL injection

loop. The artificial mixtures werer@pared in the adsorption buffer of the corresponding

purification step (capture or polishing) under study.

Purification using a serwwmontaining cell culture supernatant was accomplished by
performing the capture and polishing steps sequentially. Captaseperformed 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 NaCl and eluting at pH 9.5 + 500 mM
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NaCl. Polishing was then performed in a ToyopearbNélumn by bading the elution
pool of the capture step using a 2 mL injection loop, adsorbing the molecules at pH 9.5 +
500 mMNaCl and eluting/regeneratigth 0.5 M NaOH. Both capture and polishing

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

5.1.6.Postchromatography quantification of IgG 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 analytimatein A chromatography, using a POROS
PA ImmunoDetection senscartridge from Applied Biosystems (Foster Ci@A,

USA), as described by Azevedbal.[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 sodiundodecyl sulfategpolyacrylamide gel electrophoresis (SP8GE) was
performed with samples collected in the chromatographic assays using & serum
containing cell culture supernatant. The samples were prepared in reducing conditions as
previously describedby Pinto et al. [169 and loaded in a 12% acrylamide gel
polymerized using 40% acrylamide/bisacrylamide solution (29:1) from-RBid
(Hercules, CA, USA). Gels were run at 90 mV using a running buffer containing 192 mM
glycine, 25 mM TrisHCI 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)
23 10 min wash with MilliQ water; (iv) 1 min sensitization with 0.02% sodium thiosulfate;
(v) 330 s wah 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.

5.1.8.1sodectric focusing

Isoelectric focusing (IE) 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
(PhastGdll IEF 3-9) from GE Healtha@. The program forunning the gel included a
75Vh 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 Vlas reported by Olssat al.[166. The gel was subsequently
silver stained, according to the proceedatsp described ifi16§.

5.2.Design and operation of the multiplexed microfluidic device

The microfluidic structure designed for the multiplexing experiments is shokigtne

5.1. The device constedof 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 havinghwmbers

placed in series, it veapossible to esure that the liquid velocity wake same through

the three chambers, independent of any variations in the bulk density of the bead packing
in each chamber.

(A) (B)

Artificial Mixture ()]

| | . Beads IN
25 ug/mL Liquid IN Flow Rate

e .

lgG-BODIPYFL  w =200 um
(Ex/Em = 503/512nm) 4 = o um

250 pg/mL Vl_\:_= 14:: H::
= w
BSA-BODIPY TMR ]_quﬁ)UT

(Ex/Em = 544/570 nm) (")

Figure 5.1 7 Microfluidic structure used in the multiplexing experiment8) Schematics of the
microchambers with three different types of chromatography beads packed in series with the flo
solution. An artificial mixture of IgeBODIPY FL and BSABODIPY TMR was flowed through the
three chambers at different operating conditi¢gB$.SU-8 mold of the microfluidic structuredp) and
bright field microscopy image of the PDMS structure showing the beads packed insic
microchambershottom).

Preliminaryexperiments performed with the same type of bé@dptdd MMC) in the
three chambers showed that at a flow rate ofrilnin no significant depletion of the
target molecules in solution is observ&ay(re 5.2). This is essential for performing a
multiplexed analysis fadifferent types of beadsubjected to the same concentration of

target molecule in solution under the same operating conditions.

An artificial mixture composed of IgG (2%9/mL) and BSA (250ng/mL), in

concentrations similar to those in a sercomtaining cell culture supernatant, was used
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as a model to optimize the performance of the separation. IgG and BSA were previously
labeledwith different thiolreactive neutral dyes BODIPY FL and BODIPY TMR,
respectivelyi to allow fluorescence measurements of the adsorption and elution events
in reattime and at beatével.

60 T T T T T T T T T

—&— Chamber 1 1
50 ®— Chamber 2 i
—#&— Chamber 3

=)
£,
2 40 .
7]
=
2
£ 30+ ]
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2
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i 104 =
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Figure 5.2 7 Fluorescence emission of the packed beads in the three microchambers simulta
monitored over time using a microscope. The chambers were packed with a single t
chromatography beads (CagtdMMC) and a solution of fluorescently labeled IgG (¥ mL) was
flowed at 10mL/min. The fluorescence intensity of the three chambers was homogeneous ove

which indicates that there is no depletion of IgG molecules in solution at the used flow rate, in
reactionlimited conditions.

The fluorophores sed to label the proteins were selected based on their
excitation/emission spectra, to avoid signal cromstamination when performing the
simultaneous detection of IgG and BSA in the same solutidfigbre 5.3-A andB 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 esiois of both fluorophores

is measured, the fluorescence emission measured with the G filter is uniquebdderiv
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
schematicdy in Figure 5.3-C and this approach was systematically used to construct
calibration curves for each of the conjugates, enabling an analyticalfoadioin of the

mass of IgG/BSA bound per volume of resin for each operating condition tested.
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Figure 5.3 T Excitation/emission spectra of the BODIPY FL and BODIPY TMR fluorophc

overlapped with the intervals of excitation/emission provided byAhé filter (bandpass excitation:

46071 490 nm; longpass emission: 520 nm) afB) G filter (bandpass excitatin: 486550 nm; long

pass emission: 590 nm) in the fluorescence microscope (Olympus CKgH1lpchematics of the

strategy followed for signal deconvolution in the calibration curves obtained with the protein conjl

caused by the simultaneous excaatemission of both IgG and BSA molecules in the blue region.

fluorescence signal measured at a lpags emission of 520 nm is a contribution of both 1gG and |

molecules that can be corrected considering that the fluorescence signal meatheegeien region

corresponds uniquely to the labeled BSA molecules.
The selection of the thiol reactive BODIPY fluorophores was motivated by their
environmerdiindependent quantum vyields, their reactivity with neu®& groups in the
protein, their neutrall@arge and their relatively low molecular weight (< 600 Da). Thus,
the labeling of IgG 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 @hchromatographic beads. This waticularly
important considering that the optimization studies perfdrmehe microfluidic device
were intended to serve as guidelines for the separation of IgG (target) from BSA

(impurity) at a conventional scale, when the target proteins are in their native state.
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Figure 5.4 71 Isoelectric focusing (IEF) gederformed with labeled and unlabeled IgG and BSA. La
ID: (1) 7 pl broad standardsB0 (GE Healthcare); (2) parental 1gG; (3) 1gG conjugated to BODIF
FL; (4) parental BSA, (5) BSA conjugated to BODIPY TMR. Samples were loaded in the centr
of the gel (dashed line) and migrated up or downwards according to their isoelectric point (pl).
shows that the presence of the fluorophore did not alter the overall charge of the proteins. pl (I¢
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 Headl in microfluidic devices. Thianalytical

method was based on a mass balance followed by a signal deconvolution strategy (as
shown inFigure 5.3) and allowedto determine the recoveryefd and purity of the

separation under different operating conditions.

Two separate mass balances were performed, one for IgG and other for BSA conjugates,
using protein A and Q Sepharose chromatography beads, respectively. The mass balance
approach relats the intensity of the fluorescence signal with the amount of molecules
bound to he beads inside the microcolupatfter 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 microchanneti("O"QQ®"Yo ), either specifically bound to the

beads ¢ 'O Q®"Yd ) or nonspecifically bound to the PDMS wallsy ('O"QXO

0 "YO ), accordingo Equation 5.1:
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a OqOYo G OQqO"YO a OFO"YO Equation 5.1

The mass that adsorbs ngpecificallyto the PDMS walls was accounted for by flowing
the same amount of protein conjugates through (i) a channel packed with el (
(i) a bare channebj under the same conditions, which allows to rewEidggiation 5.1
as follows:

a OqO"YO

a OQFOY0 & OQPOYO | Equation 5.2
d OFOY0 & OPFOYo

whered "O"QQO®"Y0  is the mass of IgG/BSA collected at the outlet of the channel

with packed beads (V = L), ¢ O'Q®"Yd | is the mass of IgG/BSA collected at
the outlet of the bare channel (V = &), andéd "O"F®"Yo is the mass of IgG/BSA

that is loadednto the channels. The only term of the mass balance tagrieri known

isa O FO"YO , as the solutions of IgG/BSA conjugatasdifferent concentrations
were prepared from stock &dions. Taking this into account, initial calibration curves
were obtained using increasing concentrations of (§iGure5.5-A) and BSA Figure
5.5-B) conjugates, in order to correlate the signal intensity with the conjugate

concentration and, subsequently, determinétli®@"¥®"Yo in eachcase.
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Figure 5.571 Calibration curves of initial solutions with known concentrationéA9flgG and(B) BSA

conjugates used for determinationoofO"Q"0 andd 6 "YO inthe mass balance. ProteiraAd Q
Sepharose beads were packed in microfluidic channels to bind IgG and BSA, respectively, at (
concentrations. Maximum binding capacities (BC) for the two ligands are indicated in the
according to the information provided by the manufest The concentrations of IgG (28/mL) and
BSA (250ng/mL) used to prepare the artificial mixtures in the optimization studies are highlic
Dashed lines indicate the concentration of conjugate in solution corresponding to a mass of 10
and100 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 equipmeng,. g a fluorimeter device. For the calibration of the fluorescence
signal, IgGBODIPY FL conjugates were used in the following concentrations: 6.25, 2.5,
25, 37.5, 50, 75/mL, whereas BSMBODIPY TMR conjugates were used in the
following concentrations: 62.5, 125, 25875, 500, 750g/mL.

According to the results iRigure 5.6, the mass of IgG and BSA napecifically bound

to the PDMS walls was shown to be negligiblepaslues> 0.05 were obtained for all

the concentrations under study, meaning h&"F® Y6 andd O'QO®O"YO  were

not significantly different for all tested concentrations, and so the mass balances were

simplified according td&cquation 5.3.

TR PR o um e, oy P uem e oy .
a OqOYOo d OQqOY0 a OQqOVYO | Equation 5.3
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Figure 5.6 7 Measurement ofA) IgG and(B) BSA conjugates nospecifically bound to the PDM!
walls for fluorescence assays at increasing concentrations of conjugates in the initial solution at
outlet solutdn collected from a microchannel without bedldse error bar# all plotscorrespond to the
standard deviation ohteeindividual measurementé negligible amount oproteinconjugates is nen
specifically bound to the PDMS walls, 60 "'O"Q'0  andd& 6 "YO were not taken into accour
for the mass balance equations.

Based on these calculations, it was possible to obtain the calibration cufigasre5.7,

in which the intensity of the fluorescence signal is related to the mass of IgG or BSA

bound per volume of resim ( 71y ). The minimum detectable mass values of labeled

IgG and BSA were 0.66 0.24 ng/nkesinand 1.86> 1.36 ng/nlkesin, respectively.
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Figure 5.771 Calibration curves obtained for the fluorescence intensity (fphlue-excitation andB)
greenexcitation as a function of the mass of IgG and BSA conjugates bound per volu
chromatography resin inside the microchanmie minimum detectable mass values of labeled I1gG
BSA were 0.66 0.24 ng/nkesinand 1.86° 1.36 ng/nkesin, respetively.

5.4.Experiments using affinity and singlemode ligands

Preliminary experiments were performed using affinity and singlde chromatography
ligands, namely Protein A (affinitylCarboxymethyl Sepharose (catexthanger) and Q
Sepharose (anioaxchamger), whose interactions with 1IgG and BSA are well described
in the literaturd 34, 167, 168, in order todemonstrate 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 IgG 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 inuthetd green

region for quantification of IgG and BSA, respectivafgure 5.8-A iv). Theslope(kige

or kesa) of the linearfit of experimentaldatapointscan be used as a kinetic response
parameter to evaluate the capture performance at a given operating condition. The contour
plots inFigure 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, 200 mM NacCl).

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

expected, since protein A is wdidhown 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 electrostatiinteractions with the ligand, so a separation of the proteins in the mixture
based on their isoelectric points is expected. In fact,sigéved a strong interaction at

pH values significantly below its isoelectric point (pl = 9) and conductivities betéreen

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 gp515).
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Figure 5.87 Separation of IgG and BSA using affinity and singiede electrostatic ligand@\) Kinetic
profiles for the adsorption at pH 5.5(ip Protein A; (i) Carboxymethyl Sepharose; afii) Q Sepharose
resins. Microscopy imagé#-iv) of the three microchambers imaged in the bright field (BF), and
excitation in the blue region ¢(Bxc) and in the green regionc).(B) Contour plots of the adsorptio
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 IgG showing mostly
negligible binding in the majority of conditions and BSA showing increasing interaction
with the ligand as the pH ineases above its pl at conductivities beteh® mS.cr. It

IS interesting to observe that for (fH7.5, binding of BSA starts to gradually decrease
possibly due to the competitive interaction of IgG with the ligand at these conditions. In
addition, condudtities higher than 10 mS.ctrshowed a significant negative impact in

the binding of BSA, regardless of the pH conditions, due to the screening of electrostati

interactions induced at higaCl concentrations.

Overall, the results obtained for both Ig@8daBSA 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 differefunctional 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 iRigure 5.1, and a singkeolumn structure previously
reported in chapter 40ptimization studies were divided into capture and polishing
studies, according to the schematicsFigure 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) explogsinteraction 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 stwtiel

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 CagtdMMC, MEP Hypercelt and Toyopearl Sulfateising

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
conditons to fulfil these criteria were different for each resin, it was necessary to

individualize the elution studies using singl@umn microfluidic channels as
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represented iffigure 5.9. At this point, optimal conditions were selected based on the
ability to successfully desorb the 1gG from the beads, and avoidisjuton of any
bound BSA.

Optimization of the capture step 1gG XngimL Optimization of the polishing step
BSA ¥ug/mL
@ IN @
IN »\o‘!\“\ 8 IN 50 '5&\6
l 039 0@'9
3 MEP i ;
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1 1gG binding { 1gG binding 4 IgG binding { 1gG binding
| BSA binding 1 BSA binding 1 BSA binding 1 BSA binding

Figure 5.9 1 Strategy followed in the optimization studies. Two different microfluidic devices \
systematically used to perform the optimization of the capture and polishing steps, depending on
of analysis required. The panel of three multimodal resing iseach step of the optimization proce
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.
Artificial mix tures 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 multchamber device packed with three multimodal resins, namely &apto
adhere, HB HyperceB and Toyopearl NE Optimization studies aimed at defining an
operating window for these resins in which binding of BSA was maximized while
minimizing interaction of IgG with the ligand. Analogous to the strategy used in the
capture step, optinhaonditions derived from the screening studies using the -multi
chamber device were individually evaluated in sirgd&imn microfluidic channels to

determine the performance of the polishing step.

The results obtained in each of these steps are preserdediscussed in detail in the

following subsetions.

5.5.1.Capture studies

Figure 5.10 shows the results obtained for the optimization of the capture step. In the
adsorption studieg={gure 5.10-A), both Captd MMC and Toyopearl Sulfate provided
similar binding trends for both IgG and BSA. The most relevant differences are related

to the extended salt tolerance of Ca@ptelMC, which is able to bind IgG and BSA at
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conductivities up to 64 mS.ctand the higher binding capacity of Toyopearl Sulfate
towards 1gG in a range of pH values from 5.0.0. The results obtained with MEP
Hyperceé showed a poor binding of IgG in the conditions evaluated, although better

resuts were obtained at neaeutral pH values, in accordance with previous reph&g
17Q.
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Figure 5.101 Optimization of the capture step in terms of adsorption and elution of labeled Igt
BSA to the multimodal ligands CagtoMMC, MEP Hyperced and Toyopearl Sulfat€A) Contour
plots of the adsorption of IgG-iii) and BSA(iv-vi) on Capté MMC, MEP Hypeceld and Toyopearl
Sulfate resins(B) Contour plots of the purity in terms of IgG captured(®rCaptd@ MMC, (ii) MEP
Hypercel and (iii) Toyopearl Sulfate. IgG purity at bedelel was calculated for each conalit
according toEquation 5.4 (C) Recovey yields and purification factors relative to the total m:
adsorbed on the beads, after elution fignCaptd@ MMC, (ii) MEP Hyperced and (iii) Toyopearl
Sulfate at different operating conditions. Adsorption conditions were as follows: ZapkeC i 50

mM phosphate pH 6.5 + 0 MM NaCl; MEP Hype#cé&l50 mM Tris pH 8.5 + 50 mM NaCl; Toyopea
Sulfatei 50 mM phosphate pH 6.5 + 50 mM NacCl
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The combination of the binding results for IgG and BSA allowed the calculation of the
purity at beadevel for agivenoperating condition according Equation 5.4, in order

to obtain the contour plots shownkigure 5.10-B.

5 T ”Q‘ p TQ é“Q 8 0 8
0 0 1WQ0 = % nT i
© ¢Q 80 & © t¢Q 80 4 PTT Equation 5.4

Toyopearl Sulfate showed the mosbimising 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 6108.5, conductivity up to 32 mS.cth Although obtained
with model solutions, these resudtsticipate 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 proceedi(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 (Gapid1C: 50 mM phosphate

pH 6.5 + 0 mM NaCl; NEP Hyperced : 50 mM Tris pH 8.5 + 50 mM NacCl; Toyopearl
Sulfate: 50 mM phosphate pH 6.5 + 50 mM NacCl). The results of the elution studies,
relative to the total mass of IgG and BSA adsorbed on the beads, are sheguren
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 purityi.€. 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 mextur
(~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 tradeoff between yield and purifyd02, 104, as the separation of molecutkses not

rely on highly specific affinity interactions. This effect was clearly observed using MEP
Hyperce& (Figure 5.10-C ii), where increasing recewy 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, Cagtoadhere, HEA Hypercél 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 devicdsigure 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 fon) Capt@ MMC, (ii) MEP Hyperced and (ii) 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 1gG
to flow through the packeded. The data shown 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 fronfrigure 5.10-C. Thus, it is important to highlight that the
results of the capture step will determine how challenging the guksepolishing step

will be. For example, the amount of BSA that reaches the polishing step after a capture
step with Toyopear! Sulfatéigure 5.11-A iii) is muchlower than in the other cases, as
purities after this capture were the highest obtained. On the other hand, the amount of IgG
recovered after the capture on MEP Hypeicf@tigure 5.11-A ii) was the lowest of all
cases, since MEP Hyperéetlid not provide a significant binding of IgG in the first place

(as clearly showed by the contour plofigure 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 eméhigher extent than BSA. This observation was particularly evident

in the case of Cap&oadhere 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 resultdmply 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 NacCl
concentrations praoting hydrophobic interactions between mAbs and Ga@dhere

[11]. Overall, Toyopearl Nk showed the best performance in terms of selectively
binding BSA regardless of the elution conditions in the precezipture step.
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Figure 5.11 7 Optimization studie®f the polishing step by performing the loading of IgG and B
solutions directly at the elution conditions used in the capture(stgfinetic results for the binding o
IgG and BSA to the three multimodal polishing resins at elution conditions after the capture
performed on(i) Capt@d@ MMC, (ii) MEP Hypercedi and(iii) Toyopearl Sulfate(B) Recovery yields
and purification factorsf the polishing step, obtained with selected polishing conditions (highlight
A). Asterisks indicate that yield and purification factor could not be accurately determined due
fluorescence signals (of IgG and/or BSA) being below the limit ddietn of the analytical method.
According to the results obtained kigure 5.11-A, only six conditions were considered
promising br the polishing of IgG in flothrough mode. These conditions§in Figure
5.11-A) were then individually evaluated in singtelumn microchannels to determine
the corresponding yield and purifigat factor after this steg-{gure 5.11-B). Compared
to the results after the capture sté(re 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 resultirdstafor the polishing

performed on Toyopearl NHafter capture on Toyopearl Sulfate.

In addition to evaluating the polishing by loading IgG and BSA solutions directly at the
elution conditions used in the capture step, an extended study at a widefraHganal
conductivity conditions was also performdegure 5.12-A). The composition of IgG

and BSA used in this study was fixed according to theigusly optimized captured step
based on Toyopearl Sulfate (Purity = (66.X2.5)%). The results confirmed that Cagto

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 Hygersblowed very low binding
kinetics towards BSA in all tested conditions, while Toyopearl, Nldmonstrated
potential for binding BSA at pH values from 4.5 to 6.5.

Figure 5.121 Optimization studie®f the polishing step by performing the loading of IgG and B
solutions after adjusting the elution conditions used in a previously optimized captuf@stepntour
plots of the kinetic results for the binding of IgGiii) and BSA(iv-vi) on Capté adhere, HEA
Hyperce@i and Toyopearl Nkiresins.(B) Contour plots of the purity in terms of BSA captured(dn
Captd@ adhere(ii) HEA Hyperce@ and(iii) Toyopearl NH. BSA purity at beadevel was calculatec
for each ondition according t&quation 5.4. (C) Recovery yields and purification factors obtained w
selected polishing conditions, indicated (D). Purification factors were determined considering

average purity ((66.7 1.5)%) obtained after performing the capture using Toyopearl Sulfate, accc
to Figure 5.10-C, iii.
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