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ABSTRACT

CAPTURE AND RELEASE OF BIOMOLECULES AND
CANCER CELLS VIA SMART MATERIALS
INTEGRATED MICROFLUIDIC CHIPS

KUTAY SAĞDIÇ

M.S. in MATERIALS SCIENCE AND NANOTECHNOLOGY

Advisor: FATİH İNCİ

AUGUST 2022

Prevalent clinical conditions are impacting notably on our daily lives and the

global economy. Healthcare system is hence garnering more interest in develop-

ing innovative material-based technologies along with accurate surface chemistry

and signal generation reactions to measure biomarkers for disease diagnosis. In

particular, biomedical studies focus to diagnose complex cases such as cancer.

For instance, there are some critical stages in cancer development and metas-

tasis. Moreover, impractical, invasive methods, and the restricted repertoire of

targeted therapies are driving factors for researchers to find out new monitor-

ing techniques that anticipate the future journey of cancer cells. On the other

hand, the analysis of bodily fluids containing circulating tumor cells (CTCs) and

biomarkers allows more insight into detecting/monitoring cancer as early as pos-

sible, and it would provide more information than that of any single-site biopsies.

Yet, implementing the current technologies focusing on CTC detection and iso-

lation in the clinics have notable challenges, i.e., expensive reagents/assays, com-

plex operation, lengthy processes, bio-compatibility, and the need for specialized

personnel. In this thesis, we have designed a microfluidic chip to hurdle these

existing challenges, and for this regard, we tuned the surface area of the chip

by integrating bio-mimetic smart materials (different shapes of silica particles-

coated with poly(N -isopropylacrylamide). Initially, we tested our strategy with

model proteins for both capture and release aspects. The smart materials were

then modified with anti-EpCAM antibodies to capture human breast cancer cells

(MCF-7) as a cancer model. Once the cells were captured in the chip, they were

released by simply altering the 3-dimensional structure of smart materials above

to lower critical solution temperature. Herein, we have anticipated that the de-

veloped platform would resolve cost, bio-compatibility, applicability, complexity,

and assay duration-related challenges of current technologies in this realm.
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ÖZET

AKILLI MALZEMELER ENTEGRE EDILEN
MİKROAKIŞKAN ÇİPLERDE BİYOMOLEKÜLLERİN
VE NADİR KANSER HÜCRELERİNİN YAKALANMASI

VE SALINMASI

KUTAY SAĞDIÇ

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans

Tez Danışmanı: FATİH İNCİ

AĞUSTOS 2022

Halihazırda bulunan klinik tedavi koşulları ve yöntemleri günlük hayatımızı ve

küresel ekonomiyi derinden etkiler. Sağlık sistemleri bu koşulları iyileştirmek ve

hastalık biyobelirteçleri teşhisi için uygun yüzey kimyası ve sinyal değişimlerine

hassas yenilikçi akıllı malzeme tabanlı teknolojiler geliştirmeye çalışır. Özellikle,

biyomedikal çalışmalar kanser gibi kompleks hastalıkların tanısına odaklanır.

Örneğin kanser gelişimi ve metastazında bazı kritik aşamalar bulunur. Ek

olarak, pratik olmayan, invazif yöntemler ve sınırlı repertuara sahip tedaviler,

araştırmacıların kanser hücrelerinin vücut içindeki yolculuğunu öngören yeni tanı

metotları bulmaları için teşvik edici faktörlerdir. Öte yandan, vücut sıvılarında

dolaşımda olan kanser hücrelerinin (CTCs) ve biyobelirteçlerin analizi kanserin

erken safhalarda tespiti ve izlenmesine olanak sağlamakta ve kanser tespiti

hakkında tek bir bölge biyopsi örneğinden çok daha fazla bilgi sağlar. Fakat,

klinik çalışmalarda CTC tespiti ve izolasyonu için mevcut teknolojilerde pahalı

reaktifler/tahliller, karmaşık operasyon süreçleri, düşük biyo-uyumluluk ve uz-

man personel ihtiyacı gibi birçok zorlukla karşılaşılır. Bu tezde, mevcut zorluk-

ların üstesinden gelmek için bir mikroakışkan çip tasarladık ve bu bağlamda,

biyo-mimetik akıllı malzemeyi (poli(N -izopropilakrilamid) ile kaplanmış farklı

şekildeki silika parçacıkları) entegre ederek çipin yüzey alanını arttırdık. İlkin,

tasarladığımız bu yöntemi test etmek adına model proteinlerin yakalanması ve

salınması gerçekleştirildi. Bu akıllı malzemeler daha sonra anti-EpCAM an-

tikorları ile modifiye edilerek insan meme kanseri hücrelerini (MCF-7) yakala-

mak ve tespit etmek için kullanıldı. Kanser hücreleri mikroakışkan çip içinde

yakalandıktan sonra düşük kritik çözelti sıcaklığı (LCST) üzerine çıkılarak

malzemelerin 3-boyutlu yapısı değiştirilip hücrelerin salınmasını sağlandı. Tezin
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bu noktasında, geliştirdiğimiz mikroakışkan platformun maliyet, biyo-uyumluluk,

uygulanabilirlik, karmaşıklık ve test süresiyle ilgili günümüz teknolojilerinin

sıkıntılarını çözmesi hedeflenmektedir.

Anahtar sözcükler : Akıllı Polimerik Malzemeler, Mikroakışkan çipler, Dolaşımda

Tümör Hücreleri, Kanser Tanısı.
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1.1 INTRODUCTION: Cancer Metastasis, EMT,

and MET Transitions

Cancer leading to an annual casualty of 9.6 million people worldwide and

116,710 cases in Turkey, depends on multiple parameters such as age-group, geog-

raphy, regional gene-diversity, and many genetic/epigenetic factors. Personalized

healthcare for cancer patients relies on identifying molecular indicators in dis-

ease because oodles of diverse cells join the circulation throughout carcinogenesis

[12, 13]. The existing orthodox techniques to isolate rare cancer cells focus gener-

ally on the biomarkers, predicting treatment measured from biopsy samples [14].

Due to a wide-ranging area of cancer encompassing versatile disciplines, unfea-

sible invasive systems, cancer cell progression, and limited repertoire of targeted

treatments have been encouraged us to elaborate new techniques and modalities

in monitoring approaches that foresee the future journey of rare cancer cells much

more ideally [15]. To hurdle associated obstacles, one of the new-fangled avenues

is circulating tumor cells (CTCs), and roughly 3-100 cancer cells form the clus-

ters called circulating tumor microemboli (CTM) [16, 17, 1]. CTCs/CTM holds

great potential to provide real-time information and non-invasive snapshots of

genetic intratumor heterogeneity and they are better than those of any single-

site biopsy techniques [18, 19]. As CTCs/CTM have been spanned the area of

tumor metastasis and invasion, they have been conjured up prognostic [20], phar-

macodynamic [21], biomarker utility [22], and identification [23] for therapeutic

therapy [24] (Figure 1.1).
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Figure 1.1: a) The process of invasion and metastasis is associated to cell-ECM

and cell-cell adhesive signals; ECM automated pressures; intratumoral micro-

biota; soluble signals in the ECM; and epigenetic reasons. b) EMT is described

by the deficit of epithelial markers and regulated by different effectors, such as

growth factors (TGFβ). (Reproduced from Ref. [1] with permission from John

Wiley and Sons, [2] with permission from Springer Nature, [3] with permission

from Frontiers Research Foundation.)

A myriad of studies have been presented the clues in discovering the role of

CTCs within metastasis [25]. In particular, the aggregates or clusters of tumor

cells are associated with higher metastatic risk [26, 27]. In these aforementioned

reports, rare cancer cells have been varied in size, density, shape, concentration,

and internal structure belongings to estimate the metastatic potential [28, 29, 30].

With recent methods, DNA and RNA characteristics of CTCs have been studied

for defining the scale of heterogeneity through single-cell profiling or aggregation

techniques, yet the main challenge in CTCs examination is their low abundance

(1-3000 CTCs/mL [31]) in blood circulation (107 white blood cells (WBCs) per

mL; 109 red blood cells (RBCs)/mL [32, 33, 34]). To tackle this challenge, CTCs

are primarily detected with cytokeratin (CK) cytoskeletal protein and epithelial

cell adhesion molecule (EpCAM) surface protein whereas they are negative for
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WBC-specific CD45 surface protein. Heretofore, mesenchymal CTCs have been

contrarywise identified due to down-regulation of EpCAM or CK biomarkers,

epithelial to mesenchymal transitions (EMT), and mesenchymal-epithelial tran-

sition (MET) [35]. On the progression of embryonic development and wound

healing, EMT happens, yet if the tumor environment disarranged this progres-

sion in the rareness of EMT-inducing signals with prompting regulators of EMT,

which are growth factor-β and hepatocyte growth factor/scatter factor, the pro-

cess may reverse to MET.

Furthermore, researchers have spent many years to know-how the function of

CTM that could be identified in human peripheral blood. In particular, the ubiq-

uitous phenotypic and functional properties of CTM are foremost for the progres-

sion of metastases because they have the capability to avoid immune surveillance

[36], avoidance of anoikis [37], and traveling niche [38] thanks to the presence of

stromal cells [39]. Besides, CTM is described as a rip from primary and pivotal

tumor mass clusters [16]. The incompetence and rarity of isolation methods of

CTM limit our knowledge about their origin, consisting markers, and the relation-

ship with metastasis. There are therefore acquirement needs for novel methods

to effectively isolate and release the rare number of CTCs from blood in order to

enlighten pathophysiological and biological characteristics.

1.1.1 Biological Origin and Characteristics of CTCs/CTM

To isolate CTCs, the expression of cell surface biomarkers, i.e., CD45(-) and

EpCAM(+) are omnipresent biological possessions that guide methodologies to

design and elaborate recognition elements (antibodies and aptamer), for instance,

anti-EpCAM antibodies, anti HER2/neu antibodies, anti-CD5 antibodies, anti-

EGFR antibodies to identify CTCs with a decent specificity [40].
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1.1.2 Molecular Characterization of CTCs/CTM

Due to the extreme rarity and excessive heterogeneity of CTCs/CTM, ad-

vanced characterization methods are needed to isolate these cells much more

reliably. The tools for this aspect could be categorized, but not limited to,

antibody-based methods, physical asset-based techniques, and other detection

methodologies [39]. Antibody-based techniques are mainly used as cell capture

methods, and among them, EpCAM is the most frequently employed biomarker

for this manner. The cellular beginning of CTCs can be ascertained from pri-

mary and metastatic tumor deposits, thereby physical property differences in

dielectric properties, cell size, mechanical plasticity, and density can be engaged

to detect CTCs, possessing distinct physical belongings compared to blood cells.

Flow cytometry or protein-assisted immunofluorescence (CellSearch®); reverse

transcription-polymerase chain reaction (RT-PCR), nucleic acid-based fluores-

cence in situ hybridization (FISH), reverse transcription quantitative-PCR (RT-

qPCR), sequencing or microarrays are the additional assay-based methods [41].

To identify CTM, the most frequently employed batch purification systems are

likely to disturb the cellular aggregates so that a number of additional technologies

have been launched to isolate CTM under favour of the physical and biological

signs of epithelial cells as mentioned earlier.

1.1.3 Versatile Research/Clinical Methods for Isolation of

CTCs/CTM

Specifying CTCs/CTM biomarkers is challenging because of inter/intra pa-

tient heterogeneity in cancer cell biology. In contrast, these belongings would be

used to isolate, distinguish, and detect CTCs/CTM against billions of RBCs and

WBCs in the bloodstream. In a few words, smart materials such as bioconju-

gates, aerogel-created polymers, metal foams, nanofibers, shape-memory materi-

als, and piezoelectric constituents have been employed in terms of CTCs/CTM
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isolation [42, 43, 44]. The most commonly employed physical isolation strate-

gies involve deformability and size-based [45, 46], electrical property-assisted di-

electrophoresis (DEP) separation [30], and density-gradient centrifugation [43].

In other respects, the isolation methodologies relying on biological characteristics

are mainly either (i) a positive selection—aiming surface biomarkers especially

for the phases of metastasis or (ii) a negative selection-stemmed from the deple-

tion of blood cells [35]. Apart from the conventional methods, batch purification

methods and microfluidic devices are employed currently in isolating CTCs/CTM

[47, 48]. Isolating CTCs holds notable struggles that involve low recovery, purity,

and enrichment yield. Highlighting again, the enrichment of cancer cell clus-

ters/aggregates is more challenging than those for the approaches of capturing

single tumor cell due to the limited lifespan and rarity.

1.1.3.1 Performance Metrics of Platforms for CTCs/CTM Isolation

To compare performance metrics of all the techniques, the performance of

CTCs/CTM enrichment technologies benchmark with the next parameters: (i)

capture yield, (ii) capture purity, (iii) capture throughput, (iv) enrichment yield,

(v) cell viability, and (vi) clinical yield percentage. The efficiency of isolation

depends on the lowest number of CTCs revealed per specimen, which is vital

for pre-diagnostic circumstances (Equation 1.1). Capture purity yield is the

relation ratio of detected CTCs compared to all captured cancer cells from a

spiked specimen (Equation 1.2). Capture throughput is the amount of cancer

cells injected per period of time. Indeed, for microfluidics, the capture throughput

is the velocity of the platform, and it can be derived from the volumetric flow rate

(Equation 1.3). Enrichment rate is the ratio of CTCs to blood cells (WBCs

and RBCs) before and after the isolation (Equation 1.4). The viability of

tumor cells can be described in (Equation 1.5). Clinical yield percentage is the

average number of tumor cells isolated from patients with a recognized cancer

phase (Equation 1.6) [49, 50, 51, 19]. All these equations are also described

and formalized as follows:
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CaptureEfficiencyTumorCells =
TumorCellsOutput

TumorCellsInput
(1.1)

PurityTumorCells =
TumorCellsRecovered

TumorCellsRecovered +BackgroundCellsInput
(1.2)

CaptureThroughputTumorCells =
V olumetricF lowRate

T ime
(1.3)

EnrichmentRate =
(TumorCells/BackgroundCells)Recovered

(TumorCellsBackgroundCells)Sample

(1.4)

V iabilityTumorCells =
V iableTumorCellsRecovered

TumorCellsRecovered

(1.5)

ClinicalY ieldPercentageTumorCells =
TumorCellsRecovered

TotalV olume
x100 (1.6)

1.1.3.2 Conventional Methods

Versatile approaches for the batch purification—the earliest techniques in iso-

lating single CTCs, have been engaged to versatile cells according to immuno-

magnetic characteristics and density gradient of rare cancer cells [29]. Apart from

that, magnetic affinity-based selection is a widely used technique to detect CTCs

from patient specimens. CellSearch® is named as a “gold standard”, and until

now, it is the only and first CTCs identification assay validated by the FDA as a

prognostic technology for patients with metastatic colorectal, breast or prostate

cancer [17]. By employing EpCAM(-) coated magnetic beads, enumeration of

epithelial-originated CTCs can be performed [47]. After capturing, magnetically-

labeled tumor cells are extracted by applying a nuclear stain DAPI(+) and a
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distinct magnetic field [52]. Moreover, fluorescent-labelled antibodies can be em-

ployed for distinguishing cancer cells from white blood cells according to CTCs

surface biomarkers including CK(+), CD45(-), and EpCAM(+). However, this

conventional techniques have some challenges, such as (i) extreme background

signals because of the sensor contagions caused by RBCs and WBCs [17], (ii)

limitations to observe the subpopulation of cancer cells undergoing the EMT

[53], and (iii) the low recovery rate of CTCs [54].

1.1.3.3 Physical, Immunologic, and Magnetic Affinity-Based Strate-

gies

Physical properties of CTCs and CTM for isolation methods depend on many

distinctions in physical assets, including deformability, size, density, distinguish-

able phenotypes between leukocytes and CTCs or electrical polarizability [55].

The discrimination of CTCs can be performed through the size differences of

epithelial tumor cells (ISET® [56] and ScreenCell® [57]). Briefly, ISET® ex-

tracts CTCs from the blood samples in size and deformability aspects, thereby

improving the cell recovery rate [56]. Thanks to the larger sizes of EMT sub-

populations than that of leukocytes of peripheral blood, CTCs can be isolated

by the filtration method. Regardless of these precious characteristics, the strug-

gles of ISET® with filtration are high background signals due to WBCs and low

CTC recoveries (∼50%) [58]. From another perspective, a well-designed flexible

micro spring array (FMSA) technology has been facilitated for minimizing cell

injury to enhance cell viability of CTCs/CTM via changing the design parame-

ters (aspect ratio) of a microfluidic chip that decreases shear stress. Moreover, a

microfiltration method (CellSieve®), designed with high porous decorations run-

ning under low pressure, is fabricated to detect CTCs through the size exclusion

and their subsections whilst sustaining intracellular contents [59]. According to

physical approaches, investigating the cellular phenotypes of tumor cells would

be a key to gain insight into isolation techniques, cell-microenvironment relations,

metastatic cascade of cancer cells, and capacity of cell invasion. Comprehensive

examinations of CTCs/CTM adhesion, motility, and drug response may be an
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effective way to devise and deliver deeper insights into isolation techniques [60].

Besides, immunocapture-based methods usually accomplish high-throughput

isolation of CTCs/CTM via cell surface biomarkers with exceedingly specific in-

teractions between antigen and antibody. For this purpose, immobilization of

positive binding ligands is mostly employed on the nanostructures. As an ex-

ample, fluorescent in situ hybridization (FISH) was designed for both CTCs and

CTM isolation via integrating immunostaining methodology [61, 62]. Addition-

ally, a clinically feasible Epic CTC Platform was launched to assess analytical

performance by using immunofluorescence labeling and genetic biomarkers in the

spiked samples collected from a liquid biopsy of prostate cancer patients and

healthy donors [63].

Magnetic affinity-based isolation is another technique to distinguish rare

CTCs/CTM from unfractionated blood samples with a high purity rate [1]. As

mentioned, even though CellSearch® is the first validated cancer cell isolation

platform using magnetic fields [59, 31], the immunomagnetic and density gra-

dient cell separation reliant methodologies are some of the primary presented

technologies for isolation of CTM from whole blood [64, 65]. Most of the immuno-

magnetic methods combine antibodies with functionalized and operable magnetic

nanobeads to detect CTCs/CTM [58, 66]. Bestowing reliable, reproducible, and

functional ways are the foremost solutions of these methods; but they still have

some obstacles regarding poor detection range, optical analysis, and imaging be-

cause of extreme antibody saturation on the surface of beads [67]. MagSweeper,

for instance, addresses some challenges in leukocyte contamination and improves

the limited methodological sensitivity via a robotic liquid biopsy device by puri-

fying alive CTCs capably via magnetic rods enclosed in plastic sleeves [66, 17].

Numerous innovative technologies, including micro-nuclear magnetic resonance

(µNMR) [68], MagSifter [69, 70], Maglev [71], and MagDense [72] are the other

platforms under the umbrella of immunomagnetic split-up for CTCs/CTM.
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1.1.3.4 Microfluidics Isolation Methods

Microfluidics—consisting of chambers, valves, and microchannels, stereotypi-

cally manipulates liquids at a micrometer level with high sensitivity, specificity,

throughput, and compatibility manners [73, 74]. This methodology requires three

fundamental actions including testing, processing, and finally validation. In terms

of enrichment of rare tumor cells, the isolation capability of microfluidics comes

from either (i) passive approaches that modify microfilters of varying flow cham-

ber geometries [75], pore sizes [76], flow density [77], and microstructures [70] or

(ii) active methods relying on magnetic susceptibility [70], compressibility [78],

and polarizability [79]. For analyzing and enumerating CTCs/CTM, the surface

chemistry in microfluidics needs precise control for capture and release functional-

ity. For example, a surface-functionalized microfluidic platform (CMx platform)

[80], a size-dictated immunocapture chip (SDI-Chip) [76], and a passive mixing

within a wavy-herringbone microfluidic chip (HB-Chip) [81] have been performed

to isolate and characterize CTCs/CTM. Apart from that, numerous label-free

microfluidics have been employed to isolate CTCs/CTM from the chip microen-

vironment. As an example, a microfluidic chip, i.e., the Cluster-Chip, isolates

cancer cell clusters from the blood through tumor-specific biomarkers and bifur-

cating traps under a low profile of shear stress [82]. In addition, Parsotrix� cell

separation platform provides biomarker independent isolation of CTCs along with

their deformability and size with a 99% of viability and 42-70% of capture yield

range [83]. Lastly, another microfluidic chip is designed on a deterministic lateral

displacement method that depends on size separation of CTCs and WBCs from

whole blood. It employs a passive method via two separate operational parts

that are used to initially perform magnetophoresis for inertial focusing, precise

positioning, and separating rare cancer cells. It is then employed for depleting

antibodies against leukocytes, resulting in a 97% rate of CTCs [84].
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Chapter 2

SMART MATERIALS for

ISOLATION of CANCER

CELLS
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2.1 INTRODUCTION: The Significance of Iso-

lating/Releasing CTCs/CTM

Once CTCs/CTM are captured specifically, the origin and heterogeneity of tu-

mor cells are needed to understand for introducing the most effective treatment.

Releasing or isolating CTCs/CTM from the enriched platforms is a mainstay in

this manner. Focusing on this regard, the way of cancer cell release provides

molecular analysis, phenotype identification, and culture expansion of captured

CTCs/CTM. At this point, surface functionalization with specific chemistry ap-

proaches is one of the most crucial point that allows the controllable release of

cancer cells. During this process, there is a potential risk that cancer cells might

hold some contaminations or have some structural damages that could hinder

downstream analyses. Releasing process needs to fulfill the highest levels of per-

formance metrics, and thus, the mode of action requires to be highly gentle and

very specific for accurate investigation of CTCs/CTM transcriptome, proteome,

and genome. As an example, the low impurity of CTCs/CTM obfuscates their

downstream molecular profiling and disturbs true positive signals in the situa-

tion of low intact cell viability [47]. To tackle these encounters, CTCs/CTM re-

lease technologies would occur via thermal modes or mechanosensitive, enzymatic,

self-assembly, and chemical interactions with the integration of smart materials

(Figure 2.1).
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Figure 2.1: The need for CTCs analysis is expressed via smart release mecha-

nisms with various external stimuli including optical, thermal, ligand competitive,

magnetic, aptamer mediated, electrochemical, enzyme degradative, and affinity-

based strategies. (Reproduced from Ref. [1] with permission from John Wiley

and Sons.)

2.1.1 Smart Material-integrated Release Strategies of

CTCs/CTM

Smart materials can passively or actively alter their original properties accord-

ing to external stimuli [85]. Not only changing conformation but also conveying

and converting an energy form to an alternative form is the foremost ability

of smart materials. In particular, considering releasing/isolating the captured

CTCs/CTM, smart materials-assisted emerging technologies have displayed a re-

markable impact on the course of isolation of rare tumor cells [86]. In contrast,

there are still obstacles that hinder the release process in this regard, including (i)

inaccurate properties of smart materials; (ii) high-adherence ratio to the captured
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platforms; (iii) or limitations on construction platform aspect ratio and dimen-

sions; (iv) limited repeatability; (v) non-sustainability; and finally, (vi) poor data

management [87]. In this manner, combining well-designed, fabricated, and char-

acterized smart materials with convenient chemical modifications and topological

structures would be the keys for addressing accurate, facile-to-use, efficient, and

label-free isolation platforms. For example, smart bionanomaterials such as par-

ticles, hydrogels, conjugates, nanofibers, and shape memory materials are com-

monly employed in the area of rare cancer cells isolation and release [88, 44]. In

this chapter, we have comprehensively elaborated on the developmental fashions,

impediments, and next-generation methodologies of smart material-integrated

approaches (Figure 2.2).
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Figure 2.2: Versatile smart-material integrated release strategies are presented.

a) CTCs analysis system relies on silver particles [4] b) Thermoresponsive 3D

scaffold chip is employed for the CTC isolation [5] c) The workflow of the aptamer-

mediated chip is presented [6] d) Protein-triggered immunomagnetic beads is

used for the CTC isolation [7] e) Electrical-based detection strategy is presented

[8] f) Dual-sensitive surface is demonstrated for the isolation of CTCs [9] g)

Photosensitive magnetic system is used for the isolation of CTCs [10] h) Isolation

of CTCs is employed through size amplification strategy [11] (Reproduced from

Ref. [1] with permission from John Wiley and Sons, [4] with permission from

ACS Biomaterials Science & Engineering, [5] with permission from Analytical

Chemistry, [6] with permission from Angew Chemie International Edition, [7]

with permission from ACS Applied Materials & Interfaces, [8] with permission

from Analytical Chemistry, [9] with permission from Journal of the American

Chemical Society, [10] with permission from Chem Science Journal, [11] with

permission from Advanced Healthcare Materials.)
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2.1.2 Different CTC/CTM Isolation Methods

In this section, we denote a myriad of applications in releasing tumor cells with

different strategies. First of all, aptamers—single-stranded DNA/RNA peptides

or oligonucleotides that precisely fold into secondary and tertiary configurations

to identify the targets, are widely used for the isolation of CTCs [89]. The ap-

tamers have predominant features including rapid response, high reproducibility,

affinity, small size, ease of modifiability, and non-toxicity as a biorecognition ele-

ment bringing them prominent specialties in cancer cell release [90]. Under favor

of aptamers, the isolation of rare cancer cells has been enabled with an alterna-

tive strategy to antibodies as affinity ligands. Moreover, the aptamers would lose

specificity and affinity by changing their conformation, which results in allowing

a number of alternatives to release CTCs/CTM. For example, a well-oriented and

deterministic lateral displacement (DLD)-patterned microfluidic chip (ApTDN-

Chip) was designed to isolate CTCs via the enzyme degradation of aptamers via

a tetrahedral DNA scaffold with a suspended aptamer graft [6]. The tetrahedral

DNA nanostructure both helped to reduce the local overloading effect to make

aptamers more reachable to DNA nuclease and controlled the arrangement of ap-

tamers for increasing target-aptamer interaction. In addition, the DLD patterns

elevated the number of collisions between micropillars and CTCs which enabled

60% of capture efficiency and 83% of release efficiency along with 83% of cell

viability.

In functionalizing with diverse antibodies (blood cells (negative enrichment)

or by CTCs (positive enrichment)), magnetic particles are mostly employed for

the extraction of tumor cells [54, 53]. The main idea in the course of apply-

ing a proper magnetic field is to discriminate aptamer-coated magnetic particles

which are holding CTCs from the surface of the platform [91]. The key factor

for this approach is the cell recovery yield of the immunoaffinity-integrated mag-

netic particles, which depend on the expression level and integrity of the antibody

binding epitopes of the target antigen [92, 58]. For example, an immunomagnetic

platform coupled with anti-EpCAM antibodies, anti-EGFR antibodies, and anti-

HER2 antibodies was used to isolate CTCs [7]. Moreover, after the release of
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CTCs, an ex vivo culture of viable CTCs was executed for enabling a genotype of

the primary tumor cells. For capturing the cells, Strep-Tactin (a mutated strep-

tavidin molecule with the biotin-binding site)-coated magnetic beads (STMBs)

were employed. Strep-tag II (a short peptide sequence)-derived antibody-STMBs

and Strep-Tactin were used as a capture agent, and by introducing biotin to the

system, Strep-tag II-derived antibody was removed from STMBs so that CTCs

were released. As a result, ∼70% of captured cancer cells were released, and

approximately 85% of the released tumor cells have sustained viable.

Electrochemical-based sensing enables quantitative investigations in releasing

CTCs/CTM through the redox states of microsystems. Electrochemical type of

stimuli-sensitive materials can be employed by applying a decent amount of volt-

age to the surface of the electrode to change the adhesion rate and conformational

transition of the particles [93, 94]. By looking into current, potential, conduc-

tance, impedance, and scan rate alterations of CTCs isolation technologies, the

paradigms of rapid response and efficiency can be integrated into those of smart

material-assisted techniques. However, the sensing abilities of electrochemical

platforms would be insufficient because CTCs/CTM could be isolated in trace

numbers from the bloodstream. Moreover, the accuracy of cancer cell detection

would be also a challenge due to the fact that the complex protein structure of

the cancer cell membrane causes complications of specification. Therefore, the

electrochemical-based platforms have been generally harmonized with versatile

materials, including particles, immunoassays, magnetic beads, transistors, com-

posites, nanosheets, and nanowires [95, 96, 97, 98, 8, 99].

From the perspective of the affinity-based CTCs/CTM isolation, 3D

nanocomponent-modified elements are employed owing to local topographic inter-

actions of the cellular agents on the surface at the same level. Digestion of these

nanostructures would be a promising strategy in the course of cancer cell release

[100]. For instance, a photo-responsive immunomagnetic delivery agent was de-

signed for CTCs isolation with a photo activator 7-Aminocoumarin bridge to mod-

ify the anti-EpCAM antibodies with magnetic beads [10]. Under near-infrared

(NIR) light illumination and ultraviolet (UV), C-O bonds were created by the

coumarin moieties amid capture antibody and streptavidin (SA)-functionalized
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immunomagnetic beads. After the cleavages were damaged, CTCs were released

with yields of 73% ± 4% and 52% ± 6% on the course of UV light irradiation and

NIR, whereas 90% and 97% of these cancer cells were viable in those of irradiation

circumstances.

The ligand competition-based release is a favorable way to generate more

steady chemical bonds by applying ligands with robust affinities. Owing to this

ubiquitous technique, not only available experimental conditions, but also the se-

lection of an appropriate approach are quite achievable [101, 102]. For example, an

HB-Chip with a thiol-functionalized ligand-exchange reaction via NHS-modified

gold particles (NP-HBCTC-Chip) was fabricated to isolate breast cancer cells

from whole blood [103]. The nanopatterned configurations of the microfluidic

chip leveraged precise interactions between antibodies and tumor cells, whereas

the thiol molecules exchanged antibodies and ligands through the thiol–metal

interactions. Moreover, the high release yield of the captured cancer cells was

provided thanks to the enhanced the surface area via NP assemblies.

Applications of external-stimuli mainly comprise thermoresponsive, photosen-

sitive, and hybrid (combination of at least two stimuli) methods. Revealing the

photoresponsive platforms, light is one of the most important external stimuli

that triggers off the molecular arrangement of materials including alterations in

surface charge, diameter, and size [85]. In this manner, light can be applied plau-

sibly in a feasible manner as its maneuverability of being controlled elegantly to

illuminate the interfacial nature of systems [104, 105, 106]. Hence, light-stimuli

moderated platforms would also have controlled the harvesting of rare cancer cells.

As an example, for the immunocapture and then site-release of single CTCs, a

near-infrared (NIR) light-responsive platform was constructed through the uti-

lization of gold nanorods-conjugated with a thermoresponsive gelatin hydrogel.

The hydrogel was thawed at body temperature (37 ◦C) and this changed sur-

face property and aided the bulk release of the captured tumor cells [104]. By

combining anti-EpCAM antibodies with gelatin-based hydrogels, the yield of the

capture of MCF-7 cells was found as 92% ± 6%, and the yields of cancer cell

release from the small and bulk regions revealed as 92% ± 6% and 95% ± 4%,

respectively.
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Thermoresponsive methods can also be employed in aspects of the release

of captured tumor cells via utilizing either carbon-based or polymers materials

to enhance the cell viability of the isolated CTCs/CTM [107]. In this man-

ner, graphene-utilized polymer compounds, polypyrrole, poly(N -isopropyl acry-

lamide (poly(NIPAAm), p(NIPAAm)) or hydrogel-grafted surfaces/brushes have

been preferred generally due to hydrophobic-to-hydrophilic phase transition at

lower critical solution temperature (LCST) [5, 108]. For instance, a tunable

thermoresponsive device consisting of graphene oxide (GO) and poly(N -acryloyl

piperidine-co-N, N -diethyl acrylamide) copolymer compound was designed for

capably capture and reversibly release of CTCs on a device of microfluidic [109].

As the LCST is low as 13 ◦C, this made downstream assay, molecular investiga-

tion, single-cell analysis, and FISH analysis possible even at room temperature.

The platform was modified by decorating anti-EpCAM antibodies and the highest

capture yield of 95.21% was achieved at a 17 µL min−1 flow rate, and the release

yield of 91.56% in blood and 95.21% in buffer were obtained while keeping 91.68%

of cell viability. Additionally, a thermoresponsive hydrogel-incorporated gelatin

into self-assembled (polydimethylsiloxane) PDMS scaffold microfluidic chip has

been presented for isolation of both CTC and CTM by forcing tumor cells un-

dergoing chaotic migration or vortex [5]. Gelatin material dissolves at 37 ◦C and

above this temperature, the feature of the chip has a phase transition behavior

from a hydrophilic swollen state to a hydrophobic collapsed state to enable tumor

cell release. Respectively, the immobilization of sulfo-NHS-biotin, streptavidin,

and anti-EpCAM antibodies allows the capture of MCF-7 cells which provided

80% of recovery yield and high capture efficiency of CTCs/CTM with more than

90% viability at the range of 34-3.4 µL min−1 of flow rates.
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2.2 DESIGN: Bioinspired Smart Polymers/Materials

2.2.1 Sources of Inspiration

Blood holds crucial information and contains distinct biological molecules, dis-

ease biomarkers, and cell types. In particular, CTCs are released from the primary

tumor and spread to different regions to nearby or distant organs through the

bloodstream. Hereinto, metastasis is one of the most pivotal steps of cancer, com-

prising 90% of cancer-related deaths. Studies disclose both positive responses to

treatment and significant reductions in associated-costs with treatment/diagnosis

when cancer is detected in early stages. Researches on CTCs, therefore, would

have a significant role in diagnosing cancer at very stages possible. The approach

of “liquid biopsy” enabling the isolation and characterization of CTCs holds an

unprecedented impact in this regard.

Briefly, CTCs are isolated from circulation with diverse strategies. Due to their

very low abundancy and heterogeneity of blood in early-stage cancer patients, de-

tecting and isolating CTCs via conventional methods are however challenging due

to high-cost, lengthy process, and the need for sophisticated facilities narrowing

their utility for early-stage diagnosis Table 2.1. Although microfluidic-based

platforms offer an opportunity to work with minute sample volumes, a limited

surface area significantly diminishes the capture yield. Furthermore, releasing

the captured CTCs and analyzing them is crucial to decipher cancer progression

and provide proper clinical management. The cell release strategies are basically

reliant on enzymatic, magnetic, optical, aptamer/affinity-based, and polymeric

systems interfere with the unity of the cell surface. However, they lose their speci-

ficity due to high-sensitivity to the environment, and they require labelling steps

that increase the cost and complexity of assay drastically. Hence, there is an

urgent need for novel methods that effectively isolate and release a rare number

of CTCs from blood and at the same time, address these existing challenges in

cost-, complexity-, and efficiency-perspectives.
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Table 2.1: CTCs isolation methods, technology types along with their advantages

and limitations.

Method Type Advantage Limitation Refs

Conventional

laboratory

methods

CellSearch,

Fluores-

cence in

situ hy-

bridization

(FISH)

Easy-to-use,

well-known

methods

Time, Sensitiv-

ity, and Reliabil-

ity

[29]

Physical princi-

ples for isolating

CTCs/CTM

3D micro-

filtration,

CellSieve

High-

throughput

Loss of CTCs

with size equal

to and smaller

than the pore

size of the filter

[55]

Immunocapture

of CTCs/CTM

Next-

generation

sequencing

High specificity
Loss of CTCs

subpopulations
[104]

Microfluidics

Isolation Meth-

ods

Surface-

coated

Microfluidic

Chip (CMx

platform)

CTCs sepa-

ration via an

array of parallel

and alternating

microchannels

CTCs damage

due to hemody-

namic stress

[81]

Magnetic

affinity-based

Selection

MagSweeper,

CTC-Chip

(Ephesia)

Enable capture

of different

phenotypes of

CTCs/CTM

Low specificity [72]

Batch purifica-

tion methods

Herringbone

(HB)-Chip

Low Shear De-

sign, Enhanced

Mixing

Loss of CTCs

with high den-

sity

[47]
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Thanks to their analytical performances and unique functions, smart material-

assisted strategies, hold a notable impact on not only CTCs detection and also

on CTCs identification and isolation from the circulation. However, a myriad of

obstacles including manufacturing defects, cost, and energy efficiency, are encoun-

tered once smart materials deploy from lab bench to industry. Moreover, there

is a gigantic demand for advanced emergent systems to procure efficient, easy-to-

produce, affordable, controllable, and consistent manufacture. Prior to engaging

clinical approaches, these above-mentioned challenges require to be fulfilled and

considered.

To tackle these aforementioned obstacles, smart particles have been manufac-

tured with significant abilities such as passive retention mechanisms, overcoming

non-specific cellular uptake, and therapeutic potential via cell, gene, drug, and

protein delivery systems [1, 110, 111]. Among all the smart particles, silica parti-

cles are ubiquitous materials due to their thermal and physicochemical stability,

biocompatibility, nontoxicity, controllable structure, and ease-of-surface modifi-

cation [112, 113]. Silica particles have attracted much attention because of their

mesostructural feature that provides facile functionalization for health-care plat-

forms including diagnosis, biosensors, and delivery systems [114]. Particularly,

hollow silica particles endow a large specific surface area, enhanced optical per-

formance, low density, adjustable pore diameter, increased pore size, and external

surface functionalization [115, 116]. Controlling the shape and size of hollow sil-

ica by bio-mimicking and bio-inspired strategies alter, enhance, control, and tune

the interactions between surface-biomolecule via controllable surface areas, pore

volume, pore size, and diameter.

On the other hand, numerous conditions such as the paucity of appropriate

surface functionalization methods, limitations in biomolecule loading capacity,

and non-specific interactions of hollow silica particles, necessitate facile function-

alization of silica surfaces by one-spot synthesis (co-condensation) and/or post-

synthesis (grafting) [113]. For the purpose of detecting, carrying, and isolating

biomolecules, a myriad of approaches have been launched for making surfaces of

silica particles functional such as chemical treatments, grafting with monoclonal

antibodies, introducing inorganic nanomaterials, biomacromolecules, host-guest
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assemblies, and polymer gatekeepers [117, 118, 119]. Apart from all mentioned

methods, poly(N-isopropylacrylamide) or p(NIPAAm)—a pH and thermosensi-

tive polymer, has ability to change its molecular phase from hydrophilic to hy-

drophobic at the defined LCST [120, 121]. Owing to reversible soluble charac-

teristics, p(NIPAAm) has been widely utilized for drug release [121], diagnostics

[122], protein delivery [123], and other biomedical applications such as thermo-

responsive platforms [124], particularly in a varying temperature range of 30-35
◦C. By changing the temperature, phase characteristics of p(NIPAAm) can en-

able precisely controllable environment in terms of biomolecules isolation because

the phase (from expanded to collapsed state) of the polymer changes during the

temperature enhancement. Additionally, due to its thermoresponsive mechanism,

p(NIPAAm)-functionalized particles exhibit a similar collapsed/expanded phase

transition across the LCST, and their integration into microfluidic-based studies

has been previously displayed to be an effective agent and gatekeeper for the

isolation and delivery of cell, protein, drug, and CTCs/CTM [125, 123].

2.2.2 The Main Objective of the Thesis

This dissertation’s aim is to fabricate an easy-to-use, efficient, and label-free

platform which integrates smart materials, bio-inspired materials, and microflu-

idics in order to address real-world challenges in capturing and releasing/isolating

biomolecules (proteins) and cancer cells as model CTC candidates. At this inter-

disciplinary intersection, a non-invasive strategy has been adopted through “liq-

uid biopsy” fashion. To enhance and control the surface area in microfluidics, bio-

inspired silica particles with different-shaped shell morphologies such as peanut,

square, and oval were synthesized (Figure 2.3). Implementing shape-dependent

silica particles with thermo-responsive p(NIPAAm) compounds enabled to pro-

duce 3-D structures, where surface area and so that the interactions between

CTCs with the microfluidic platform were able to be controlled precisely. Even if

the limited amount of sites and non-specific bindings into polymers can reduce the

yields of NIPAAm integrated platforms, molar rate of initiator/monomer/ligand
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molecule can sustain a high number of open succinimide groups and also pro-

tein blocking can eliminate the non-specific interactions. Initially, the loading

capacity of p(NIPAAm)-functionalized different-shaped silica particles was ex-

amined by binding model proteins (bovine serum albumin (BSA) and avidin-

fluorescein isothiocyanate (Avidin-FITC)) noncovalently without altering their

biological functionality [126]. For this purpose, the adsorption and desorption

of BSA and avidin-FITC were analyzed under the conditions of room and body

temperatures. Then, by harmonizing smart-polymers p(NIPAAm) with specific

antibodies, it was projected to capture and release model CTCs on-a-chip due to

the alterations in the different-shaped 3-D structure of smart-particles, caused by

a phase transition from hydrophilic to hydrophobic at LCST. Moreover, to opti-

mize the distance of the p(NIPAAm)-modified different-shaped silica particles, we

employed distance-dependent surface linkers to attach them into the microfluidic

chip, including short-length (1 nm, 3-mercaptopropyl-trimethoxysilane (3-MPS)),

medium-length (7-9 nm, silane-polyethyleneglycol-thiol, 1 kDa (Silane-PEG-SH

1k)), and long-length (32-42 nm, silane-polyethyleneglycol-thiol, 5 kDa (Silane-

PEG-SH 5k)) linkers. Human breast cancer (MCF-7) cells (high expression of

EpCAM) were utilized as model cancer cells. Cell cytotoxicity, viability, prolifer-

ation, and specificity of the system were assessed with various standard biochem-

ical tests such as 2,5-diphenyl-2H-tetrazolium bromide (MTT) assay analysis,

live/dead assay analysis (ThermoFisher), and flow cytometry.
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Figure 2.3: To change, enhance, and control surface area in the microfluidic chips,

bio-inspired silica particles with different shapes of shell morphologies such as

peanut, square, and oval are integrated to isolate CTCs by changing temperature.
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Chapter 3

FABRICATION and

CHARACTERIZATION of

DIFFERENT-SHAPED

HOLLOW SILICA PARTICLES
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3.1 INTRODUCTION: The Use of Silica Parti-

cles in Biosystems

Silica particles and their assemblies have been utilized in oodles of areas includ-

ing bioanalyte and chemical sensing, pharmaceutics, catalysis, and diagnostics

[127, 128, 129]. During the synthesis of silica particles and their gel forms (silica-

gels), physical assets such as shape, size, isotropy, polydispersity, and surface

chemistry need to be controlled in order to endow looked-for chemical, optical,

electronic, magnetic, and catalytic features. In particular, hollow silica parti-

cles provide controllable physical and surface characteristics such as increased

pore size, specific surface area, low density, external surface functionalization,

and adjustable pore diameter [115, 116]. To synthesize hollow silica particles,

template-assisted strategies are expedient methods to design the final morphol-

ogy of silica particles under favor of heterogonous templates that can properly

control silica shape through meticulous manipulation of the hematite structure

dimension. In this regard, omnipresent approaches for synthesizing silica particles

are firstly tracking the steps of fabrication of hard or soft templates, and then,

coating surfaces with silica gel agent on the periphery of templates [115].

3.2 MATERIALS and METHODS: Shape-

Controlled Synthesis of Hollow Silica Par-

ticles

Owing to its capability to fabricate rigid, metastable, and versatile well-defined

shapes (peanut, square, and oval), we here utilized hematite (α–Fe2O3) hard

templates as a core for coating silica to synthesize (α-Fe2O3)@(SiO2) core-shell

colloidal structures via surfactant assemblies according to the literature [130].

The surfactant molecules neutralize the charge around silica-gel structures due to

the condensation of the silica precursor and initial hydrolysis [131]. After coating

the different-shaped hard templates with silica-gel, the inner core was removed
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through refluxing the particles in aqueous HCl solution, thus forming hollow

silica particles with well-defined inner voids. The attribution of hollow feature is

a pivotal phenomenon that encompasses high biomolecule loading capacity into

the silica particles via highly dense and enormous porous structure. Furthermore,

after eliminating the core material, the hollowness of the material enhances the

flexibility which acquires surface-molecule compatibility [115]. Afterwards, in this

thesis, we implemented thermoresponsive p(NIPAAm) polymers into different-

shaped silica particles by surface initiated atom transfer radical polymerization

(ATRP) technique, and this provided temperature controllable isolation, release,

and delivery of biomolecules through the alteration of swelling/deswelling ratio

of colloids.

3.2.1 Synthesis of Hematite (α–Fe2O3) Colloidal Hard

Templates

The synthesis of different-shaped hematite (α–Fe2O3) particles as hard tem-

plates was carried out by the method described by Sugimoto et. al. [132, 133].

First of all, aqueous FeCl3 (2 M, 100 mL) and NaOH (6 M, 90 mL) solutions

were prepared. 100 mL of FeCl3 solution was added to a 250 mL of Pyrex bottle,

followed by slow addition of NaOH solution and the resulting mixture was stirred

for 10 minutes at room temperature. To control the morphology of the particles,

the amount of sodium sulfate (Na2SO4) solution was tuned. The agitation was

hence continued by the addition of different volumes of Na2SO4 (0.6 M) solution

to the mixture. To obtain peanut (12 mL), oval (10 mL), and square (0 ml)

shaped hematite particles, different volumes and fixed concentration of Na2SO4

(0.6 M) solution was poured into a bottle glass and stirred for an additional 5

minutes. The tightly closed bottles were taken to a pre-heated oven at 100 ◦C

and kept in the oven for 8 days. After 4 days, the color of the colloidal mixture

turned from orange to red. After 8 days, dark red particles were precipitated into

the bottom of the glass, and thus, the resulting particles were separated from

the reaction mixture by pouring the supernatant (the liquid at the top). The

remaining red products were washed with both deionized water (3 times and 6
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min each) and ethanol (3 times and 6 min each) and separated from the mixture

by centrifugation. Subsequently, the red-colored hematite particles were placed

and dried in the oven at 50 ◦C for 24 h.

3.2.2 Synthesis of Hollow Silica Particles

Hollow silica gels with different morphologies, including peanut, square, and

oval were produced via coating the sacrificial hard templates (α-Fe2O3) with

(SiO2) using the Stöber method. The template agent (α–Fe2O3) was removed

from the silica-coated core/shell particles using 6M HCl (aq.) solution, thus

dissolving the inner core [134]. Initially, morphologically different (α–Fe2O3)

templates (1.5 g), non-ionic surfactant (Synperonic F108) (0.25 g), and cationic

surfactant (CTAB) (0.25 g) were dispersed in a mixture consisting of 250 mL

of ethanol and 12.5 mL of water through ultra sonification (4 times and 5 min

each) Then, the mixture was left to stir for 30 minutes in a mechanic stirrer

at 800 rpm. Afterwards, concentrated (NH3) (2.5 mL) solution was added to

the mixture, and the agitation was prolonged for 30 minutes. At the end of 1-

hour mixing period, the reaction was initiated through the dropwise addition of

tetraethoxysilane (TEOS) (1.25 mL) as the silica precursor, and the solution was

stirred for 24 h. The products were rinsed with both deionized water (2 times and

6 min each) and ethanol (2 times and 6 min each) through the filtration method,

and then, they were placed and dried in the oven preheated at 50 ◦C for 24 h to

obtain different-shaped Fe2O3@SiO2 products [135].

Thereafter, the templating agent; Fe2O3 was removed from the peanut, square,

and oval shaped Fe2O3@SiO2 (core@shell) particles through etching with HCl (6

M) solution to obtain the hollow silica gels. In this step, the Fe2O3 core acting as

the hard template dissolves in concentrated HCl, forming Fe+3 and Fe+2 cations.

Hence, Fe2O3@SiO2 (1.0 g) was transferred into a single-neck glass balloon and

then, HCl (6 M, 25 mL) was poured into the balloon, and refluxed at 100 ◦C for

24 h. The color of the solution was gradually started to turn into an orange/red

color, while a white precipitate was obtained at the bottom of the balloon. The

30



precipitate was washed with deionized water (2 times and 6 min each) and ethanol

(2 times and 6 min each), and the product was then dried in a pre-heated oven

at 50 ◦C for 24 h.

3.2.3 Synthesis of p(NIPAAm)@SiO2 Composites

In this section of the dissertation, hollow peanut-shaped SiO2 (0.2 g) parti-

cles were dispersed in a three-neck (100 mL) rounded bottom flask containing

dry toluene (10 mL). After stirring the solution with a magnetic stir bar, amino-

propyltriethoxysilane (APTES) (80 µL) was added dropwise to the mixture and

refluxed for 24 h at 250 rpm at 110 ◦C. After modifying SiO2 surfaces with (-

NH2) APTES agent, the resulting samples were separated from the mixture by

centrifugation and washed with water (2 times and 6 min. each) and EtOH (2

times and 6 min. each), and dried in a vacuum oven at 50 ◦C for 24 h [136].

Afterwards, the initiator agent (α-Bromoisobutyryl bromide (BIBB)) (22 µL) in

toluene (200 µL) was added to the mixture containing the (-NH2) modified hol-

low peanut SiO2 (0.1 g in 5 mL) in a 100 mL of single-neck glass balloon. After

that, the glass balloon was cooled to 0 ◦C, then, triethylamine (TEA) (33 µL)

was inserted into the glass balloon, and the mixture was stirred for 30 min. Later

on, the initiator agent (BIBB) was dropwise added to the glass balloon. After

elevating the temperature to 25 ◦C, the reaction in the balloon stirred for an

additional 24 h. The hollow peanut-shaped SiO2@BIBB colloids were purified

with the same method for the modification of amino groups. For the synthesis

of square-shaped, and oval-shaped SiO2@BIBB, the procedure was similar to the

preparation of peanut SiO2@BIBB.

Following this procedure, N -isopropylacrylamide ((NIPAAm): Acros, 97%)

was polymerized via the ATRP method. NIPAAm monomer was purified by

the crystallization from n-hexane at 70 ◦C for 2 h, and dried in the vacuum-

drying chamber at 25 ◦C at 25 mbar prior to use. After that, dried NIPAAm

(0.3 g) was dissolved in a flat-bottom flask with deionized water (5 mL). The

initiator-modified peanut shaped silica gel (SiO2@BIBB) (0.03 g) was sonicated
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in a round-bottom of Schlenk flask for 5 minutes. In another Schlenk hose, tris[2-

(dimethylamino)ethyl]amine (Me6TREN) (12 mg) was dissolved with water (4

mL) and degassed under an N2 atmosphere for 10 min. Then, the dissolved

NIPAAm monomer was added to the SiO2@BIBB mixture in Schlenk flask. Sub-

sequentially, CuBr (7.63 mg), 2-Bromoisobutanoic acid N -hydroxysuccinimide

ester (NHS-ester) (14 mg), Me6TREN solution, and additional water (10 mL)

were added to the mixture as the catalyzer, initiator, and ligand precursor and

the resulting mixture was degassed under N2 at 4 ◦C for 30 minutes. NHS-ester

initiator was used to end-functionalize p(NIPAAm) with succinimide group on sil-

ica gel surface for protein adsorption, whereas the BIBB initiator was engaged for

controlled ATRP polymerization [137]. After that, the Schlenk flask was closed

with a septum lid, and it was then stirred for 2 h at 4 ◦C without degassing. Af-

ter polymerization, the peanut-shaped p(NIPAAm)@SiO2 products were isolated

from the solution through centrifugation with water (2 times and 6 min each) and

ethanol (2 times and 6 min each), and then, the particles were placed and dried

in the oven preheated at 50 ◦C for 24 h. For the surface-initiated polymerization

of square-shaped, and oval-shaped p(NIPAAm)@SiO2, the procedure was similar

to the preparation of peanut p(NIPAAm)@SiO2 as aforementioned (Figure 3.1).
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Figure 3.1: Surface initiated ATRP reaction is employed for a) different shapes

of silica particles. b) The reaction scheme and c) p(NIPAAm)@SiO2 product are

illustrated.
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3.2.4 Surface Modification of p(NIPAAm)@SiO2

Once the succinimide end-functionalized p(NIPAAm) was integrated on hollow

silica gels, the silica gel surface was further modified with maleimide group (-

C(O)NHC(O)-) which will act as the binding site of the gel to the glass surface

in further studies. The modification has two main steps: (i) peanut shape of

p(NIPAAm)@SiO2 (0.1 g) was dispersed in 50 mL of toluene in a two-necked (100

mL) rounded bottom flask. Afterwards, APTES (0.17 mmol, 40 µL) was inserted

to the flask and the resulting solution was stirred at 110 ◦C for 12h to integrate

amine (-NH2) groups onto the silica surface. Unreacted reactants were removed

by centrifugation of the resulting mixture and the resulting solid was washed

using toluene (2 times and 6 min each) and ethanol (2 times and 6 min each)

to purify the silica gel. (ii) Peanut shaped p(NIPAAm)@SiO2-NH2 (0.1 g) was

mixed with maleic anhydride (25 mg) and toluene (50 mL) in a two-neck (100 mL)

rounded bottom flask at 140 ◦C for 12 h. The condensation reactions between

amine and anhydride groups formed maleimide groups on the surface of silica

particles. Finally, peanut-shaped and maleimide-integrated p(NIPAAm)@SiO2

was purified with the same method for the modification of amino groups. For

the maleimide and p(NIPAAm) functionalized square-shaped, and oval-shaped

SiO2 particles were prepared using the same procedure that for peanut-shaped

particles (Figure 3.2).
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Figure 3.2: Surface modification is presented on a) peanut, b) square, and c)

oval shapes of p(NIPAAm)@SiO2 particles.
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3.3 RESULTS and DISCUSSION

3.3.1 Characterization of Fe2O3, Hard Templates Fe2O3@SiO2

Silica Gel Coated Templates, and SiO2 Hollow Silica

Particles

Morphology, elemental content, and 2D structure of synthesized peanut,

square, and oval -shaped Fe2O3, Fe2O3@SiO2, and hollow SiO2 particles were

examined by scanning electron microscopy (SEM), energy dispersive X-ray spec-

troscopy (EDX), Fourier transform infrared spectroscopy (FTIR) and transmis-

sion electron microscopy (TEM). The initial Fe2O3 templates were found to be

monodisperse in size distribution and the sizes of the particles were found to be

1.30-1.50 µm, 0.35-0.45 µm, and 0.7-0.9 µm for peanut-, square-, and oval-shaped

particles as confirmed by SE analysis respectively. The coating of hematite Fe2O3

particles was carried out through the formation of silicic acid and silicate deriva-

tives from the precursor molecule; TEOS, which could be polymerized in a basic

medium (pH>7). The -OH groups on the template surface react with the sil-

ica agent, and it can form silanol groups (Si-OH) that further produce siloxane

bonds (Si-O-Si) leading to the formation of Fe2O3@SiO2 core /shell structure. In

our study, the removal of the sacrificial core was performed in the presence of

HCl to prepare the hollow SiO2 shells with different morphologies. The thickness

of peanut-, square-, and oval-shaped SiO2 shells were measured from the SEM

images using ImageJ software. The shell-thickness of the hollow silica gels was

found to be between 35-75 nm range.

When the EDX spectrums were examined with SEM images, Fe (0.709 (Lα) ve

6.398 (Kα) keV) and O (0.530 (Kα) keV) content was obvious for different shapes

of Fe2O3 hard-templates (Figure 3.3a-c). In addition to Fe and O, a strong peak

at Si (1.74 (Kα) keV) proved that the silica-gel coating was completed success-

fully for the Fe2O3@SiO2 core/shell structure (Figure 3.3d-f). After etching

the template with HCl solution, the iron (III) oxide core was removed from the

silica gel, whereas the Si peak appeared once again (Figure 3.3g-i). In addition,
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the contrast difference between the outer shell and inner hollow sections of the

particles was visualized on TEM (Figure 3.4).

Figure 3.3: SEM-EDX analyses of peanut, square, and oval shapes of particles

are presented. a-c) Fe2O3 hard template, d-f) Fe2O3@SiO2 core/shell, and g-i)

SiO2 hollow particles.

Figure 3.4: TEM images present hollow versions of a) peanut, b) square, and c)

oval shaped SiO2 particles.
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Moreover, the crystal diffraction pattern of Fe2O3 and SiO2 particles were

characterized by X-ray diffractometry (XRD) (Figure 3.5). Hematite Fe2O3

hard-template exhibited a similar peak distribution to the (04-003-1145) reference

coded Fe2O3 rhombohedral single-crystal, confirming that the hematite particles

were synthesized successfully [138]. The XRD pattern of hollow SiO2 shells did

not show any regular crystal structure, whereas it had an amorphous structure,

in particular, the wide peak between 10-35 ◦ proved the presence of an amorphous

structure [139]. When the XRD patterns of hollow SiO2 shells were indexed to

the (04-008-7833) reference coded SiO2 phase, the existence of silica material was

realized clearly

Figure 3.5: XRD patterns are presented for a) Fe2O3 and b) SiO2 particles.
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In addition, FTIR spectrums of the Fe2O3@SiO2 and SiO2 particles were ex-

amined in the span of 400-4000 cm−1 as depicted in (Figure 3.6). The common

stretchings and bending vibrations were observed at 3448 and 3469 cm−1 (–NH)

stemmed from H-bond vibrations, 1150 and 1102 cm−1 / 751 and 802 cm−1 stand

for doublet (SiO2) peaks, whereas 2996 cm−1 (Si–OH), 2952 cm−1 (–CH2), and

2843 cm−1 (–CH) originated from aliphatic groups were observed in Fe2O3@SiO2

particles.

Figure 3.6: FTIR analysis is presented for a) Fe2O3 and b) SiO2 particles
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3.3.2 Characterization of p(NIPAAm)@SiO2 Composites

Some of the p(NIPAAm)@SiO2 composites were initially filtrated to extract

NIPAAm polymer (Figure 3.7) for the characterization studies in 1H and 13C Nu-

clear Magnetic Resonance (NMR), FTIR, Size Exclusion Chromatography (SEC),

and lastly, Differential Scanning Calorimetry (DSC). 1H NMR spectrum of the

p(NIPAAm) was performed in CDCl3 with a 400 MHz FT-NMR spectrometer.

Figure 3.7: Polymerization of NIPAAm monomer is illustrated.
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For the 1H NMR, the existence of a broad signal in the range of 6.5-5.7 ppm

(g) belonged to the proton in –NH- groups with a low intensity due to hydrogen

bonds in the structure (Figure 3.8). The multiple peaks observed at the value

of 4.02 ppm (a) were related to –CH- proton in NH-CH- group. CH-CH- pro-

tons in linear chain structure repeating in p(NIPAAm) structure were observed

as wide peak sets within the range of 2.29-0.84 ppm (b and c+d). The –CH group

adjacent to the electron-withdrawing amide group peaked in the region of 2.29-

1.90 ppm, while the neighboring –CH group was observed at 1.67 ppm (c+d).

The –CH3 protons in the isopropyl group were perceived in the 0.84 ppm region

(b). The -CH2-CH2- protons in the succinimide group attached to the end of the

chain were observed as a small signal of 2.54 ppm (f). Since the N-succinimide

group was at the end of the chain, the corresponding peak was relatively low, and

therefore, it resulted in weak signals.

Figure 3.8: 1H NMR spectrum of p(NIPAAm) is represented.
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For the 13C NMR studies, the existence of a signal in the 174.40 ppm (a) was

related to the carbonyl group (-C=O-) (Figure 3.9). Since the N-succinimide

group is located at one end of the chain, we observed this corresponding signal

quite low at 164.50 ppm (b). The multiple peaks in the range of 120-140 ppm

were not observed since all of the monomeric NIPAAm molecules were converted

to polymers. At the value of 42.19 ppm, (c) belongs to the –CH- proton in the

NH-CH- group, whereas (e) at 22.62 ppm is (-CH3), and around 0.00 ppm belongs

to tetramethylsilane (TMS) solvent.

Figure 3.9: 13C NMR spectrum of p(NIPAAm) is demonstrated.
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In addition, common stretchings and bending vibrations arising from H-bond

vibrations were observed at 3550 and 3288 cm−1 (–NH) in FTIR analysis of

p(NIPAAm) functionalized peanut-shaped silica gel (Figure 3.10), 3074 cm−1

(–CH2 ), 2975 cm−1 (–CH) originated from the presence of aliphatic groups,

whereas the peaks appearing at2139 cm−1 (-CN), 1653 cm−1 (-C=O-) was associ-

ated with the presence of carbonyl group, 1750-1760 cm−1 (-C=O-) of succinimide

ring. The peak appearing at1653 cm−1 was associated with the presence of the

amide group (-C=O-N-H).

Figure 3.10: 13C NMR spectrum of p(NIPAAm) is demonstrated.
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Next, the number average molecular weight (Mn) of p(NIPAAm) was varied

using different amounts of initiators and monomers Table 3.1. For this pro-

cess, the ratio of BIBB/NHS-ester (mol/mol) was tested as 1/3, 1/2, and 1/1,

and there was no significant change was observed in the molecular weight (Mn)

and yield percentage. The Mn values were measured as 10, 12, and 13 kDa

for 100/1/1/3, 100/1/1/2, and 100/1/1/1 (NIPAAM/catalyst/initiator/initiator;

mol/mol/mol/mol), respectively. The polydispersity index values (PDI) of poly-

mers were found to be 1.1 which indicates that the ATRP polymerization was

proceeded in a controlled manner. When the amount of monomer was doubled,

the molecular weight (Mn) of the polymer was increased to 28 kDa. There-

fore 100/1/1/3 ratios (NIPAAM/Cu(I)Br/ BIBB/ NHS-ester) was chosen as the

polymerization parameters due to the high yield. The SEC traces of the resulting

polymer was also given in Figure 3.11.
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Table 3.1: Molecular weight change of the p(NIPAAm) in the existence of the

versatile amounts of initiators and monomers is evaluated through PDI and the

yield analysis.

Experiment

NIPAAm/Cu(I)Br/BIBB/

NHS-ester

(mol/mol/mol/mol)

Me6TREN

(mol %)

Time

(min)
Mn

PDI

(Mw/Mn)

Yield

%

1 100/1/1/3 1 12
10

kDa
1.1 90

2 100/1/1/2 1 12
12

kDa
1.1 90

3 100/1/1/1 1 12
13

kDa
1.1 85

4 100/1/1/1 1 12
28

kDa
1.1 78

Figure 3.11: SEC traces of p(NIPAAm) for the molecular weight vs retention

time analysis.
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The DSC thermogram of p(NIPAAm) compound (Mn: 10 kDa), the endother-

mic peak at 35.4 ◦C corresponded to the LCST of the polymer (Figure 3.12).

At the above this temperature, H-bond activity in the p(NIPAAm) diminished,

and the functional amide group lost its hydrophilic effect and became hydropho-

bic [?]. In addition, the second endothermic peak which was observed at 61.8 ◦C

associated to the hydration of amide groups in the structure. The glass transition

point (Tg) of the polymer was observed at 134.4 ◦C [140]. Furthermore, the color

changed in p(NIPAAm) molecule as it turned from hydrophilic to hydrophobic

phase depending on the temperature.

Figure 3.12: DSC thermogram of the p(NIPAAm) compound (Mn: 10 kDa) is

presented.
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After the surface-initiated ATRP modification of peanut, square, and oval

shaped silica gels, the surfaces of p(NIPAAm)@SiO2 composites were character-

ized by XPS (Figure 3.13). For each p(NIPAAm)@SiO2 composites, the charac-

teristics peaks of silicon (Si2p) were observed at 103 eV and 154 eV (Si2s), carbon

(C1s) at 285 eV, nitrogen at 400 (N1s) eV, oxygen at 532 eV (O1s), respectively

[136]. To present specific bonds of composites, we further examined C1s spec-

tra of different shapes of p(NIPAAm)@SiO2, and four distinct peaks associated

with C-H, C-C=O, C-N, and N-C=O were detected with varying binding energies.

Figure 3.13: XPS analysis for different shapes of p(NIPAAm)@SiO2 particles is

presented. a) General survey and C bondings of b) peanut, c) square, and d)

oval shapes of particles are demonstrated.
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Furthermore, the existence of p(NIPAAm) on the silica gel surface was proved

by SEC investigation. The p(NIPAAm) was integrated on the silica gel surface

through covalent bonds during ATRP reactions. Therefore, the direct analysis

of p(NIPAAm)@SiO2 is not possible due to the solubility and dispersion issues.

Therefore, p(NIPAAm) was detached from the silica surface prior to size exclu-

sion chromatography (SEC) analysis. For this purpose, the p(NIPAAm)@SiO2

particles (0.050 g) were dispersed in THF/MeOH (4 mL/0.10 mL) after that 50

µL concentrated H2SO4 was added to disintegrate the p(NIPAAm) from silica

surface through transesterification reactions. as depicted in Figure 3.14, SEC

analysis of the synthesized polymers extracted from different shaped SiO2 was

performed to measure molecular weight distribution. Relatively higher Mn val-

ues were observed for peanut and oval-shaped silica gels whereas slightly lower

Mn value was observed in SEC analysis (Figure 3.12).

Figure 3.14: SEC traces of different-shaped p(NIPAAm)@SiO2 is presented.
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To harmonize the data from XPS and SEC analyses, thermogravimetric analy-

sis (TGA) of p(NIPAAm) (113.16 g/mol), p(NIPAAm)@SiO2, and SiO2 particles

were compared in Figure 3.15. All three samples revealed a weight loss of 3.0%

at <100 ◦C and 6% at <317 ◦C because of the desorption of water molecules in

the porous structure of specimens. From 317 ◦C to 450 ◦C, p(NIPAAm) degraded

to almost 9.0%, and the values for weight retention were observed 94.5%, 73.5%,

and 6.1% for SiO2, p(NIPAAm)@SiO2, and p(NIPAAm), respectively. This con-

firmed the attachment of p(NIPAAm) onto the surface of silica particles.

Figure 3.15: TGA analysis of p(NIPAAm), p(NIPAAm)@SiO2, and SiO2 is

demonstrated.
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3.3.3 Temperature-Dependent Size Characterizations of

Different-Shaped Particles

The phase of p(NIPAAm) shifts from hydrophilic to hydrophobic due to the

coil-to-globule transition of the material occurring at LCST, as the temperature

increases from room temperature (25 ◦C) to body temperature (37 ◦C). The

cloud points (CP) analysis of thermo-sensitive polymers are widely used to inves-

tigate the turbidity of polymers, thereby understanding the exact LCST values

[141]. We also snapshotted the temperature-dependent turbidity alterations of

the p(NIPAAm), and as depicted in Figure 3.16, the polymeric aqueous solution

started to turn cloudy at 32 ◦C.

Figure 3.16: Temperature-dependent turbidity (cloud points) alterations of the

p(NIPAAm) are presented.
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Throughout the phase transition, peanut, square, and oval shaped

p(NIPAAm)@SiO2 particles exhibited reversible swelling and shrinking charac-

teristics upon temperature change. As the temperature of aqueous solutions con-

taining different shaped p(NIPAAm)@SiO2 compounds increases, the swelling

ratio and the hydrodynamic (HD) particle size will be decreased (especially after

LCST temperature) [112, 142]. To examine the HD size of the different shapes

of p(NIPAAm)@SiO2 particles, the method of dynamic light scattering (DLS,

Zetasizer Nano ZS (Malvern Panalytical, UK)) was used by setting the following

parameters as 1.45 of refractive index for p(NIPAAm) [143]; 0.3 a.u. of ab-

sorbance at 272 nm (Figure 3.17) [112, 142]. The average HD size of peanut,

square, and oval shapes of p(NIPAAm)@SiO2 was measured at 25 ◦C, and they

were 1691 nm, 880 nm, and 1014 nm, respectively. These values decreased to 1296

nm, 551 nm, and 785 nm while changing the temperature to 37 ◦C. Especially

above the LCST point, the formation of strong p(NIPAAm) segment aggregations

could be observed due to hydrophobic interactions between the isopropyl groups

of p(NIPAAm) side chains [144]. However, above the LCST of composites, no

significant aggregative associations were realized since p(NIPAAm) chains grafted

on the surface of silica particles denoted steric stability to the suspension.
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Figure 3.17: Temperature-dependent hydrodynamic size analysis is performed for

a) peanut, b) square, and c) oval shapes of p(NIPAAm)@SiO2 particles.
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Furthermore, the polymer chain length, the concentration of polymer solution

or polymer molecular weight also affect LCST value. Gupta et al. showed the

LCST point fractions of p(NIPAAm) moieties according to the size of the core

structure [145]. As the size of the core structures enhances, their surface area

increases. They have observed that core structures act like anchors and control

polymer rotation, movement, and conformational change points. The larger par-

ticles having more surface area restrict to form of hydrophobic globule because

the amount of energy increases to overcome this restriction [145]. As the energy

quantity enhances, the LCST will go further high. Hence, the surface area of

peanut-, square-, and oval-shaped SiO2 composites will be the dominant factor

in designating LCST points.

The surface areas of different-shaped SiO2 particles were calculated by

Brunauer–Emmett–Teller (BET) via N2 adsorption/desorption isotherm analysis

(Figure 3.18). The related isotherm graph (Type IV) applies only to mesoporous

solids, which absorb the gas at the range of 0.6-0.95 P/P0 (hysteresis loop). Fur-

thermore, the belly-like region between 0.65-0.90 P/P0 between the adsorption

and desorption curve confirms the presence of hollow-void within the silica gel

structure. From the isotherm graphs, the specific surface areas of peanut-, square-

, and oval-shaped SiO2 particles were measured as 506.983, 94.228, and 236.716

m2/g, respectively (Table 3.2). On the parallel track, the LCST of peanut-,

square-, and oval-shaped p(NIPAAm)@SiO2 were found around 37 ◦C, 30 ◦C,

and 35 ◦C from DLS analysis.
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Figure 3.18: BET, N2 adsorption/desorption isotherm analysis is presented for

different-shaped SiO2.

Table 3.2: Area of surface, the radius of pore, and volume of pore analysis are

depicted for different shapes of SiO2 particles.

Peanut Square Oval

Surface Area

(m2/g) (Full

Isotherm)

506.983 94.228 236.716

Pore Radius

(A◦) (BJH

Method)

15.297 17.048 17.018

Pore Volume

(cc/g) (BJH

Method)

0.073 0.022 0.070
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3.3.4 Characterizations of Surface Modifications into

p(NIPAAm)@SiO2 Particles

Following p(NIPAAm) integration, the maleimide modification into peanut,

square, and oval shapes of p(NIPAAm)@SiO2 was performed to form thioether

linkages between maleimide groups and sulfhydryl groups (from 3-MPS enriched

glass slides). Herein, p(NIPAAm)@SiO2 were initially characterized by ATR-

FTIR analysis (Figure 3.19). The common stretchings and bending vibrations

for each analyses were observed at 3650 cm−1 (-NH), 2980 cm−1 (C-H), 1650 cm−1

and 1540 cm−1 (C=O), 1385 cm−1 (C-O), 1235 cm−1 (C-C), 1150 cm−1 (=C-H),

1060 cm−1 and 800 cm−1 (Si-O-Si), and 950 cm−1 (Si-C) of wavenumbers. After

maleimide integration, the shifted C=O and C=C stretching at 1700 cm−1 and

1460 cm−1 indicated the presence of carbonyl groups and maleimide rings in the

modified p(NIPAAm)@SiO2.

Figure 3.19: FTIR analysis is employed for maleimide modification into peanut,

square, and oval shapes of p(NIPAAm)@SiO2 particles.
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3.4 CONCLUSION

In this chapter, we synthesized peanut, square, and oval hollow silica parti-

cles, and then, p(NIPAAm) brushes were integrated to their surfaces via ATRP

method. Finally, the surface modifications with succinimide and maleimide

groups were applied to the outer shells of p(NIPAAm)@SiO2 colloids.

In the first stage, hematite (α-Fe2O3) hard templates with peanut, square, and

oval morphologies were fabricated. Subsequently, different shapes of hard tem-

plates were homogeneously coated with silica-gel without any agglomeration. The

Fe2O3@SiO2 core-shell structures were treated with HCl acid solution to remove

the core structure, hence forming different shapes of hollow silica-gel structures.

All these steps were characterized. Briefly, morphology was analyzed by TEM

and SEM; the chemical composition was studied with SEM-EDX, and FTIR; and

crystal structure was evaluated with XRD. Second, the synthesis of p(NIPAAm)

by the surface-initiated ATRP method and its integrations into peanut, square,

and oval shapes of SiO2 colloids were carried out. The p(NIPAAm)@SiO2 com-

pounds were characterized by FTIR, 1H-13C NMR, DSC, SEC, XPS, and TGA.

By detecting two endothermic peaks of p(NIPAAm)@SiO2, the glass transition

(Tg) points of each compound were evaluated. Furthermore, the temperature-

dependent size analysis and surface area measurements were analyzed via DLS

and BET methods, respectively. Finally, maleimide groups were modified via am-

ination with APTES, and then, maleic anhydride was şntegrated. On the other

hand, succinimide groups were modified with ATRP initiator agent (BIBB) into

the surface of p(NIPAAm)@SiO2 colloids. The presence of functional groups was

determined by FTIR and XPS analyses.
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Chapter 4

NUMERICAL MODELING and

FABRICATION of

MICROFLUIDICS
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4.1 INTRODUCTION: Significance of Microflu-

idics for the Isolation of CTCs/CTM

Microfluidic devices are currently in use for CTCs isolation, and however, there

are significant challenges including low cell recovery, purity, and enrichment rate

[47, 48]. Furthermore, enriching CTM is a more challenging process than the

technique of capturing single circulating cancer cells due to its limited lifespan

and rarity. At that point, microfluidics offers an opportunity to work with minute

sample volumes, parallelization, and low-cost; yet the hydrodynamics of a fluid

flow needs to be well-arranged to isolate CTCs on-a-chip [146, 147]. In this

chapter of the dissertation, we have denoted some of the numerical modeling and

simulations to find the optimum flow conditions before designing and fabricating

a microfluidic chip, which would be integrated with smart materials in the next

chapters.

4.2 MATERIALS and METHODS: Numeric

Flow Simulations and Chip Fabrication

The microfluidic chips could potentially be hindered by the entailment of

hydrostatic pressure-related damages since the components locating the inner-

surface of the chip are subjected to shear stress [148]. Investigating such shear

stress-stemmed effects is merely enough in a microenvironment since volumet-

ric inertial and gravitational forces are insignificant in the microenvironment,

enabling the shear stress to become the leading force in the channel [149]. By

effectively altering the flow rates of fluid, a uniform velocity gradient and shear

stress would be achieved via designing the chip parameters with a low-aspect-ratio

[150]. Furthermore, the topographic and biomechanical properties of elements on

the chip surface would also have an impact on the shear stress distribution; yet the

device geometry and aspect-ratio are the foremost factors to control it. Elaborat-

ing with an example from the literature, a range of 30-350 µL/min of flow rate was
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applied to ”T” channel microfluidic chip with a 3/13 aspect ratio (width/length).

While applying 30 µL min−1 and 80 µL min−1 of flow rates, the shear stress

values were observed as 20.4 dyne cm−2 and 54.3 dyne cm−2, respectively. The

highest protein attachment to the surface was seen below 100 µL min−1 [151].

Considering another type of strategy, a pH-responsive platform was constructed

in a microfluidic chip, which had crisscrossed multiwall carbon nanotubes. This

platform was employed to capture (almost 80% of capture and release efficiency)

and then, allowed to release CTCs [152]. In another study, Neoh et. al. employed

1007 kg m−3 (10 µL min−1) as an optimal flow rate value to test the capture and

release efficiency of the herringbone (HB)-based microfluidic platform [152].

4.2.1 Mathematical Modelling and Designing of Microflu-

idic

To envisage any effects of fluid flow velocity and shear stress on cell isolation

kinetics, we simulated the microfluidic chip parameters (especially the microchan-

nel portion) using COMSOL Multiphysics® 5.6. software. In this manner, by

considering the flow rate (5, 10, 20, 50, and 100 µL min−1), channel height (25,

50, and 100 µm), and analysis time, we have solved the Navier-Stokes equations

(Equation 4.1) to find out the most convenient profiles.

δu

δt
+ (u▽)u− γ

ρ
(▽)2u = −1

ρ
(▽)(ρ) + g (4.1)

Where u, t, γ, ρ, and g are the velocity, time, dynamic viscosity, density of

the fluid, and gravitational force. As shear forces are more predominant than

the gravitational force, and due to incompressible flow characteristics, velocity

gradient and gravitation can be neglected (Equation 4.2).

δu

δt
− γ

ρ
(▽)2u = −1

ρ
(▽)(ρ) (4.2)
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4.2.2 The Fabrication of Microfluidic Chip

Microfluidic chip design consists of three main parts: (i) upper-layer, poly-

methyl methacrylate (PMMA, 2 mm thickness), (ii) double sided adhesive layer

(DSA, 50 µm thickness), and (iii) glass slide (24 mm x 60 mm) (Figure 4.1).

PMMA layer includes an inlet and an outlet, where specimens are introduced

and retracted via the tubings. DSA layer is placed between PMMA layer and

glass slide to enable a proper height of the channel. Before assembling them all,

glass slides and PMMA were sonicated inside ethanol for 15 min, following the

wash step with water and drying step with the compressed air. The CAD software

(RDWorks) was used to design the PMMA and DSA layers, and accordingly, they

were cut operating a laser cutter-operated with a CO2 laser (LazerFix, Turkey)

[153, 74, 154]. Additionally, semi-transparent, chemically inert, and non-toxic

polytetrafluoroethylene (PTFE) tubings (15 cm) (ColePalmer (Vernon Hills, IL,

United States)) were glued with epoxy resin onto the inlet and outlet ports of the

PMMA layer.

Figure 4.1: Microfluidic chip design consists of a) PMMA, DSA, glass slide,

syringe tips, and tubings. b) The microfluidic chip and its components are shown

after assembling parts of the chip.
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4.2.3 Evaluating The Flow and Binding Properties of Fab-

ricated Microfluidic Chip

After fabricating the microfluidic chip, the microfluidic channels were deco-

rated with biotin protein. Before assembling the parts of the chip, glass slides

were sonicated for 15 minutes in ethanol and dried with the compressed air. Af-

ter that, the slides were treated with oxygen plasma (100 W, 2 min) to increase

reactive radicals and hydroxyl (-OH) groups on the surface. Afterwards, the

slides were placed and incubated in 3-mercaptopropyl-trimethoxysilane (3-MPS)

(200 mM, in ethanol (10 mL)) at 25 ◦C for 1 h to augment the slide surfaces

with thiol (-SH) groups. Subsequently, the parts of the chip were assembled, and

(N -ρ-maleimidobutyryl-oxysuccinimide ester) GMBS (2 mM in ethanol) reagent

was incubated by pausing the injection of fluid when the channels filled with the

solution at 25 ◦C for 40 minutes. Since the GMBS reagent has thiol (-SH) groups

on one-end, it binds and creates self-assembled monolayer structures on the sur-

face of the glass slides via thioether linkages between maleimide groups and thiol

groups. Furthermore, GMBS reagent holds a succinimide group at the other side

in order to interact with amine groups of proteins [74]. Biotin protein (25 µg/mL

prepared in water) was then injected to the channels and incubated for an hour.

Once the incubation was over, the channels were washed with PBS for 3 times to

remove unbound proteins.
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4.3 RESULTS and DISCUSSION

4.3.1 Flow Simulations

By inspiring our previous work [155], the microfluidic channel reservoir was

designed with a 1/10 aspect ratio (4 mm x 40 mm x 50 µm, width x length x

height) (Figure 4.2a). Theoretically, flow velocity has a laminar flow charac-

teristic, whereas the shear stress profile is higher at the edges of the microfluidic

chip [149], and the general profile of shear stress in the channel is almost the

same except inlet and outlet regions, including a minute portion of the channel.

Therefore, we have investigated the shear stress profile from the middle of the

channel with horizontal analyzing (1 and 2) and vertical analyzing (3 and 4) lines

(Figure 4.2b). In particular, the microchannel fluid velocity and shear stress

profiles were simulated until the flow is stabilized. As a note, t = 0 s states that

the moment is the first time that fluid enters the chip from the inlet (0.4 mm

diameter) and then exits from the outlet (0.4 mm diameter).

Figure 4.2: Simulation for designing a microfluidic chip. a) microchannel design

is presented. For the analysis, b) horizontal (1 and 2) and vertical (3 and 4) lines

are used.
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4.3.2 Fluid Velocity Simulations

Initially, the flow velocity profiles were evaluated by different flow rates (5, 10,

20, 50, and 100 µL min−1) while keeping the channel height (50 µm) constant

at t = 0 s. (Figure 4.3b-f). The magnitude of flow velocity has increased at

the middle of the microchannel, whilst it decreased at the edges and corners.

Quantitatively, the highest velocity values were monitored at 5.71 x 10-4, 1.17

x 10-3, 2.27 x 10-3, 5.62 x 10-3, 0.01 m s−1, for 5, 10, 20, and 100 µL min−1,

respectively. The lowest velocity profile was obtained at 5 µL min−1, whereas

the highest was observed at 100 µL min−1. The fluid profile was stabilized and

transformed to laminar flow.

Figure 4.3: Microfluidic chip design is presented for the simulation. a) A mi-

crochannel design is depicted. The flow velocity profiles in b) 5 µL min−1, c) 10

µL min−1, d) 20 µL min−1, e) 50 µL min−1, and f) 100 µL min−1 of flow rates

(at t = 0 s) are presented.
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Furthermore, in order to assess time-dependent flow characteristics in the chan-

nels, flow velocity profiles were evaluated at t = 100 s and 1200 s for 10 µL min−1

(longer periods) while keeping the channel height constant (50 µm). The highest

velocity values were monitored at 1.37 x 10-3 ve 1.22 x 10-3 m s−1 for 100 s and

1200 s, respectively (Figure 4.4).

Figure 4.4: Microfluidic chip design is presented for the simulation. a) A mi-

crochannel design is depicted. The flow velocity profiles at 10 µL min−1 b) t =

100 s and c) t = 1200 s are shown.
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4.3.3 Simulations For Shear Stress

After the flow velocity simulations, the shear stress profiles in the channel

were investigated. The magnitude of shear stress increased at the edges of the

microchannel, whilst it decreased at the corners. Similar to flow velocity simula-

tions, we analyzed the shear stress for the flow rates between 5 and 100 µL min−1

at t = 0 s (Figure 4.5). We used the line analysis method through four (1-2 and

3-4) different regions and two (blue horizontal line and red vertical line) different

analyzing lines. As a result, for the region of 1 (the inlet of the microchannel), the

shear stress values were evaluated as 0.08, 0.15, 0.30, 0.74, and 1.48 dyne cm−2,

whereas for the region of 2 (the outlet of the microchannel), the shear stress val-

ues were found as 0.10, 0.20, 0.38, 0.95, and 1.95 dyne cm−2 for 5, 10, 20, 50,

and 100 µL min−1, respectively. On the other analyzing line, for the region of 3

(the ceiling area of the microchannel), the shear stress values were obtained as

0.03, 0.07, 0.13, 0.33, and 0.67 dyne cm−2 whereas for the region of 4 (the bottom

area of the microchannel), the shear stress values were demonstrated as a sym-

metric shear stress profile to the 3rd region. In addition, the shear stress values

at the inlet and the outlet resulted in similar profiles. From the literature, the

shear stress resulting from the bloodstream in the circulatory system is revealed

as ≥0.1 dyne cm−2 in the micro-scale [156], and also, veins display a shear stress

profile between 1-10 dyne cm−2 in the mili-scale [149]. Therefore, especially for

50 µL min−1 and 100 µL min−1 of flow rate parameters, the immobilization and

stabilization of biomolecules were found struggling due to the shear stress profile

in the microfluidic platforms.
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Figure 4.5: Microfluidic chip design along with analyzing lines is presented for

the simulation. a) A microchannel design is depicted. b) Blue horizontal line

and c) red vertical line results are shown. Shear stress profiles in d) 5 µL min−1,

e) 10 µL min−1, f) 20 µL min−1, g) 50 µL min−1, and h) 100 µL min−1 of flow

rates (at t = 0 s) are presented.
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To evaluate the shear stress profile for a longer period of time, the shear stress

was investigated at t = 100 s and 1200 s for 10 µL min−1 of flow rate while keeping

the channel height constant (50 µm) (Figure 4.6). For the region of 1 (the inlet

of the microchannel), the shear stress values were observed as 0.12 and 0.13 dyne

cm−2, whereas for the region of 2, the shear stress values were found as 0.09 and

0.19 dyne cm−2 for t = 100 s and 1200 s, respectively. On the other analyzing

line, for the region of 3, the shear stress values were calculated as 0.036 and 0.37

dyne cm−2 whereas for the region of 4, the shear stress values were demonstrated

as a symmetric shear stress profile to the 3rd region.

Figure 4.6: Microfluidic chip design along with analyzing lines is presented for

the simulation. a) A microchannel design is depicted. Blue horizontal line and

red vertical line are shown. Shear stress profiles at 10 µL min−1 are presented for

b) blue c) red line profiles. Shear stress profiles at d) t = 100 s and e) t = 1200

s are presented.
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In addition to the effect of flow rate on flow velocity and shear stress, the

influence of different channel heights on shear stress was also investigated while

keeping the time as t = 0 s (Figure 4.7). Since the channel height was determined

by double sided adhesive (DSA) film thickness, the height-dependent shear stress

profiles were examined for 25, 50, and 100 µm of channel height values via using

the line analysis method. As a result of flow velocity and shear stress simulations,

shown in Figure 4.5, we determined to continue with 5, 10, and 20 µL min−1 of

flow values for further simulations due to the presence of low shear stress profile

that enables more efficient immobilization. As depicted in Figure 30, at t = 0 s,

for the vertical analyzing line, the shear stress values at the regions of 3 and 4

were evaluated as 0.016, 0.032 and 0,660 dyne cm−2 at 5 µL min−1; 0.033, 0.068

and 0,135 dyne cm−2 at 10 µL min−1, and 0.067, 0.132 and 0,264 dyne cm−2 at

20 µL min−1 for 100, 50, and 25 µm of channel heights, respectively. As shown

above, the shear stress profile was similar at the top and bottom sides of the

channel. The overall shear stress profile in the channels increased at the edges

whilst it decreased in the central regions.

Figure 4.7: Shear stress profiles are depicted for different heights (25-50-100 µm)

of channel; a) 5 µL min−1 b) 10 µL min−1, and c) 20 µL min−1 of flow rates at

t = 0 s.
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4.3.4 Characterization of Testing Steps of Fabricated

Chips

After numerical simulations and chip fabrication, the microfluidic platform was

tested by applying specific surface chemistry and protein modification (Figure

4.8a). We initially characterized the surface chemistry developed on the chip

via ATR-FTIR analysis spanning from 400 cm−1 to 4000 cm−1 of wavenum-

bers (Figure 4.8b). After each modification, ATR-FTIR was performed to the

glass slide, 3-MPS, GMBS, and biotin-modified surface, respectively. As a result,

the common stretchings and bending vibrations for each analysis were observed

within 500-1000 cm−1 that indicate Si-CH3 (asymmetric and symmetric SiO3 (836

cm−1 and 581 cm−1), and strongest on the glass surface 2950 cm−1 (-OH) was

observed. After 3-MPS application, -OH stretching was suppressed. Although

3-MPS consists of thiol (-SH) groups, this stretching was not clearly observed

as reported in the literature [157]. However, asymmetric and symmetrical -CH2

bonds of 3-MPS, which are among the characteristic stretches of 3-MPS, appeared

between 2800-3000 cm−1. After the GMBS modification, the peaks were at 1600

cm−1 (C-H) and 1700 cm−1 (C-O), and the characteristic-CH2 signal of biotin

was detected between 2900-3000 cm−1 after the binding of biotin.

Here, we then performed contact angle measurements by operating the Con-

tact Angle Measurement System (Dataphysics, OCA 30, Filderstadt, Germany)

to characterize hydrophilicity and hydrophobicity after the surface chemistry was

applied. The measurement was executed by drop-wisely adding 5 µL of ultra-

pure water (UPW) to the surfaces at sessile drop mode, and the images of these

droplets were recorded. All measurements were repeated five times, and the re-

sultant angles were analyzed through an in-house software. As a result, the bare

glass surface provided relatively higher hydrophobicity (53.67◦ ± 8.49◦) (Figure

4.8c). The contact angles after immobilizing 3-MPS and GMBS increased from

42.01◦ ± 7.72◦ to 67.97◦ ± 4.94◦, respectively (Figure 4.8d-e). As can be seen

from the literature, the surface tension of thiol (-SH) groups is lower than the

other functional groups related to surface chemistries [158]. In contrast to the

step of GMBS, the contact angle after capturing biotin decreased to 46.56◦ ±

69



4.48◦, pointing out more hydrophilicity (Figure 4.8f). Taking together, the out-

comes from two distinct, but complementary assessments confirmed the successful

construction of our surface chemistry in the channel (Figure 4.8g).

Figure 4.8: The characterization of surface chemistry on a microfluidic chip is

illustrated. a) Surface chemistry steps include oxygen plasma, 3-MPS, GMBS,

and biotin treatment, respectively. b) FTIR analysis is presented. c-f) Contact

angle images, and g) their results are shown.
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Next, XPS (K-Alpha XPS, ThermoFisher Scientific, U.S.A) was performed to

characterize the surface chemistry in terms of chemical composition and chemical

state developed in the channel. Initially, XPS analysis of O1s (532.42 eV), N1s

(400 eV), C1s (285.04 eV), Si2s (153.21 eV), and Si2p (102.78 eV) scans were

performed for the glass slide, 3-MPS, GMBS, and biotin-applied surfaces (Figure

4.9). C1s peak was stronger at the 3-MPS, GMBS, and biotin modification,

whereas Si2s (153.21 eV) and Si2p were weak in these modifications. 3-MPS

modified surface presented the S2p (217.05 eV) signal due to sulfur content. After

applying GMBS to the same surface, the N1s (398.03 eV) peak appeared due to

the nitrogen content. Finally, N1s and S2p signals were observed as a result of

biotin application on the same surface.

Figure 4.9: XPS general survey spectra of a) glass slide, b) 3-MPS, c) GMBS,

and d) biotin treatment are depicted.
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In particular, in order to examine carbon (C) element binding (Figure 4.10),

XPS results were analyzed via baseline correction and Gaussian function appli-

cation. Corresponding peaks of C element for glass surface provided C-C (284.87

± 0.06 eV) C-H (285.67 ± 0.25 eV), C-O (286.62 ± 0.10 eV), and C=O (287.40

± 0.11 eV) associated signals. For 3-MPS, the signals were found as C-C (284.61

± 0.10 eV), C-H (284.90 ± 0.04 eV), and C-O (285.81 ± 0.23 eV) with higher

intensities. After the GMBS application, the signal intensity increased even more

and C-C (284.70 ± 0.14 eV), C-O (285.33 ± 0.85 eV), and C=O (286.42 ± 0.16

eV) signals were observed. After applying biotin protein, C-C (284.92 ± 0.11

eV), C-H (285.76 ± 0.07 eV), C-O (286.15 ± 0.51 eV), and C=O (288.49 ± 0.16

eV) peaks were observed. When the signal intensities of C1s were compared for

each modification, the stretchings of C-H (183, 573, 20, and 471 a.u.), C-O (410,

2380, 2183, and 1045 a.u.), and lastly C=O (275, 30, 461, and 427 a.u.) were

observed, respectively.

Figure 4.10: Carbon (C) spectra of a) glass slide, b) 3-MPS, c) GMBS, and d)

biotin treatment are presented.
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To survey oxygen (O) element bindings (Figure 4.11), XPS results were sim-

ilarly analyzed via baseline correction and Gaussian function application. Corre-

sponding peaks of O element for glass surface provided C-O (532.43 ± 0.01 eV)

and C=O (532.71 ± 0.01 eV) associated signals. For 3-MPS, the signals were

found as C-O (532.14 ± 0.10 eV), C=O (532.15 ± 0.30 eV), and O-H (536.63 ±

0.19 eV) with lower intensities. After the GMBS application, the signal intensity

increased and C-O (532.37 ± 0.02 eV), and C=O (532.56 ± 0.01 eV) signals were

observed. Once biotin was applied, the related peaks increased even more, and

they were found as C-O (531.02 ± 0.39 eV), C=O (532.31 ± 0.07 eV), and O-H

(535.68 ± 0.16 eV). If the signal intensities were compared for specific bonds,

stretchings of C-O (8921, 7597, 5280, and 4142 a.u.), C=O (20984, 517, 7359,

and 15161 a.u.) were observed. Lastly, for -OH bonding, only 3-MPS (797 a.u.)

and biotin (1120 a.u.) were recorded.

Figure 4.11: Oxygen (O) spectra of a) glass slide, b) 3-MPS, c) GMBS, and d)

biotin treatment are depicted.

73



In addition, in order to assess silicon (Si) element bindings (Figure 4.12),

similar pre analyses steps were applied. Corresponding peaks of Si element for

glass surface provided SiO2 (103.27 ± 0.01 eV) associated signal. For 3-MPS, the

signals were found as Si-C (102.77 ± 0.05 eV) and SiO2 (103.22 ± 0.10 eV) with

higher intensities. After the GMBS application, the signal intensity increased

even more and Si-C (102.91 ± 4.75 eV) and SiO2 (103.37 ± 6.74 eV) signals were

observed. After the application of biotin protein, the peaks were found as Si-C

(101.34 ± 0.24 eV) and SiO2 (102.68 ± 0.02 eV). When the signal intensities of

Si were compared for each modification, the stretching of SiO2 (6000, 286, 1582,

and 2974 a.u.) was observed in each modification, and Si-C was observed for

3-MPS, GMBS, and biotin (1183, 745, and 265 a.u.), respectively.

Figure 4.12: Silica/Silicon (Si) spectra of a) glass slide, b) 3-MPS, c) GMBS,

and d) biotin treatment are demonstrated.

74



Lastly, in order to survey nitrogen (N) elements (Figure 4.13), XPS results

were similarly analyzed via baseline correction and Gaussian function application.

Corresponding peaks of N element provided only for GMBS ((C=O)-N-(C=O),

399.42 ± 0.02 eV) and biotin (C-N, 400.90 ± 0.58 eV) associated signals. For

3-MPS, the signals revealed C-O (532.14 ± 0.10 eV), C=O (532.15 ± 0.30 eV),

and O-H (536.63 ± 0.19 eV) with lower intensities. After the GMBS application,

the signal intensity increased and found as C-O at 532.37 ± 0.02 eV and lastly,

C=O at 532.56 ± 0.01 eV. Finally, after applying biotin protein, the related

peaks (C-O at 531.02 ± 0.39 eV, C=O at 532.31 ± 0.07 eV, and O-H at 535.68

± 0.16 eV) increased even more. In addition, GMBS provided the stretching of

(C=O)-N-(C=O) (420 a.u.), and biotin had the stretching of C-N (320 a.u.).

Figure 4.13: Nitrogen (N) spectra of a) glass slide, b) 3-MPS, c) GMBS, and d)

biotin treatment are shown.
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4.4 CONCLUSION

In sum, with the aim of stabilizing flow velocity and shear stress profile in

the microchannel, we optimized the laminar flow characteristics to immobilize

biomolecules into the channels with 5, 10, and 20 µL min−1 of flow rates. The

topographic and biomechanic properties of microfluidics surfaces are the main-

stay for controlling the shear stress profile. For example, in living creatures, for

minimal shear damages, the shear stress profile should be in the range of 0-0.5

dyne cm−2 as a result of the stream of the circulatory system [156]. Per the

simulation results, due to higher shear stress and turbulence profile, we did not

choose 20 µL min−1 of flow rate. Moreover, 5 µL min−1 of flow rate value was not

enough to release CTCs from the microchannels, as well as requiring one magni-

tude more time for this process, and thus, we selected 10 µL min−1 of flow rate

for further experiments. Moreover, typical shear stress profiles of microfluidic

devices along with 50 and 100 µm of channel heights were found more suitable

for biomolecule immobilization due to low shear stress profiles. Although the

shear stress was lower at 100 µm of channel height, we determined to use 50 µm

of channel height by considering the usage of less volume of reagent, and possible

higher interactions between biomolecules and channel surface. Furthermore, bi-

otin was successfully bound to the glass surface by applying layer-by-layer surface

chemistry to channels. All the steps in surface chemistry were characterized by

FTIR, XPS, and contact angle analyses, and we observed the successful binding

of proteins in the channels.
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Chapter 5

DISTANCE-DEPENDENT

SURFACE CHEMISTRY for

DIFFERENT SHAPED

BIOINSPIRED SMART

POLYMERS/MATERIALS

INTEGRATION into

MICROFLUIDICS
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5.1 INTRODUCTION: Length-Dependent Im-

mobilization of Bio-Inspired Smart Poly-

mers/Materials to Microfluidic Chips

In order to evaluate the optimum distance for biomolecules integration into

the microfluidic design, as stated in the aim of the dissertation, three differ-

ent distance-dependent surface linkers were assigned to tether into the microflu-

idic chip, including (i) short-length (1 nm, 3-mercaptopropyl-trimethoxysilane

(3-MPS)), (ii) medium-length (7-9 nm, silane-polyethyleneglycol-thiol, 1 kDa

(Silane-PEG-SH 1k)), and (iii) long-length (32-42 nm, silane-polyethyleneglycol-

thiol, 5 kDa (Silane-PEG-SH 5k)) linkers. 3-MPS is mostly performed for modify-

ing biosensor platforms in order to enhance the stability and sensitivity of surfaces

by utilizing self-assembled monolayers (SAMs). On the other hand, PEG poly-

meric brushes have hydrophilic characteristics and they have been demonstrated

to remain biocompatible and readily functionalizable properties [159].

5.2 MATERIALS andMETHODS: Short-Medium

and Long Modification

Briefly, (i) the short distance modification between polymer-integrated silica

particles (bio-inspired smart polymers/materials) and the glass layer was enabled

through the formation of a self-assembled monolayer (SAM) structure with the

binding of 3-MPS molecules. The distance of silica particles from the microchan-

nel surface is predicted to be equivalent to approximately 1 nm. For the size of (ii)

medium (Silane-PEG-SH 1k) and (iii) long-distance interactions (Silane-PEG-SH

5k), the number of repetitive ethylene glycol molecules (n) were utilized for the

length estimation of PEGylated surface modifications. The molar mass of PEG

polymers was calculated by the following equation, (18.02 + (44.05 x n)) [160].

For instance, 22 sub-unit (ethylene glycol) was found in PEG 1k. Relying on the

orientation of covalent bonds, each segment of sub-unit is between 0.278-0.358 nm
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[161]. Hence, the medium and long-distance surface modifications are estimated

between 7.1 - 8.9 nm and 32 – 42 nm, respectively.

Considering all these three distances, 3-MPS was decorated for the short dis-

tance (∼1 nm) from the glass slide part of the chips, whereas larger distances

were obtained with Silane-PEG-SH 1k (∼7 nm - 9 nm) and Silane-PEG-SH 1k

molecules (∼32 nm - 42 nm). Since all these modifications involve thiol (-SH)

groups on one-end, they bind the surface of different-shaped p(NIPAAm)@SiO2

via thioether linkages between maleimide groups and sulfhydryl groups. Further-

more, all of the length-dependent linkers hold a silane group at the other side

to bind the glass layer of the microfluidic platforms. After all the modifications

were performed, avidin-FITC protein was initially applied to length-dependent

substrates and fluorescence signals of specimens were correlated in order to find

the optimum distance for the experiments.

5.2.1 Short Modification

By considering the distance from the glass slide part of the chips, three dif-

ferent modifications were designed as detailed above. In the first one—short

modification, we initially cleaned glass slides, and treated them with oxygen

plasma (100 W, 2 min). After this step, the glass slides were placed and in-

cubated in 3-MPS (200 mM, in ethanol (10 mL)) at 25 ◦C for 1 h to augment

the slide surfaces with thiol (-SH) groups [162], thereby forming approximately

1 nm of distance from the surface. Briefly, 3-MPS contains a thiol group at

one-end that binds to the surface of different-shaped p(NIPAAm)@SiO2 . Con-

sidering the favor of thiol groups, maleimide groups (from surface modification of

different-shaped p(NIPAAm)@SiO2 described in (Chapter 3) of different-shaped

p(NIPAAm)@SiO2 react with thiol groups known as thiol-Michael addition [163],

as well as 3-MPS presents silane groups at the other side of the molecule for

binding to the glass layer of the microfluidic platforms. After the incubation of

the ingredients, the glass slides were rinsed with ethanol. Next, the glass slides

were assembled with a microfluidic chip for further use. The different-shaped
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p(NIPAAm)@SiO2 (100 µg/mL) particles were injected to separate microchan-

nels through tubes and incubated at 25 ◦C for 1 h. Then, the surface of the glass

slides was washed with dH2O three times (Figure 5.1).

Figure 5.1: Short (3-MPS) modification onto the glass surface and immobiliza-

tion of different shapes of p(NIPAAm)@SiO2 particles are depicted. a) Peanut b)

square c) oval shapes of p(NIPAAm)@SiO2 particles are modified with maleimide.

The schematic of d) 3-MPS modified glass surface, and different shapes of parti-

cles integration onto 3-MPS modified surfaces including e) peanut f) square, and

g) oval shapes.
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5.2.2 Medium Modification

For the medium modification, Silane-PEG-SH 1k was utilized to develop teth-

ering layers ranging from ∼7 nm to ∼ 9 nm. Similarly, thiol-ends (-SH) of these

polymers bind to the surface of different-shaped p(NIPAAm)@SiO2, and at the

same time, they denote silane groups for binding to the glass surface of the

microfluidic platforms. For this process, 10 mg/mL of Silane-PEG-thiol (Silane-

PEG-SH 1k (1 kDa) NANOCS INC.) was dissolved in dH2O, and injected into

3 different microfluidic channels for an hour at a 10 µL min−1 of flow rate. Af-

terwards, the microfluidic chips were washed with dH2O for 5 minutes. Later,

peanut, square, and oval shapes of p(NIPAAm)@SiO2 (100 µg/mL) (dispersed in

ethanol) particles were separately introduced through tubes at a 10 µL min−1 of

flow rate and incubated by pausing the injection of fluid when the channels filled

with the solution at 25 ◦C for an hour. After all modifications were accomplished,

the surface of the glass slides was cleaned with dH2O for 5 minutes (Figure 5.2).

81



Figure 5.2: Medium (Silane-PEG-SH 1k) modification onto the glass surface and

immobilization of different shapes of p(NIPAAm)@SiO2 particles are depicted. a)

Peanut b) square c) oval shapes of p(NIPAAm)@SiO2 particles are modified with

maleimide. The schematic of d) Silane-PEG-SH 1k modified glass surface, and

different shapes of particles integration onto Silane-PEG-SH 1k modified surfaces

including e) peanut f) square, and g) oval shapes.
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5.2.3 Long Modification

For the long modification, Silane-PEG-SH 5k was utilized to develop tethering

layers ranging from ∼32 nm to ∼ 42 nm. Similar to 3-MPS and Silane-PEG-SH

1k, thiol-ends (-SH) of these polymers bind to the surface of different-shaped

p(NIPAAm)@SiO2, and at the same time, they provide silane groups for bind-

ing to the glass layer of the microfluidic platforms. In this manner, 10 mg/mL

of Silane-PEG-thiol (Silane-PEG-SH 5k (5 kDa) NANOCS INC.) (dissolved in

dH2O) was injected into 3 different microfluidic channels for an hour at a 10 µL

min−1 of flow rate. After that, the microfluidic platforms were washed with dH2O

for 5 minutes. Afterwards, peanut, square, and oval shapes of p(NIPAAm)@SiO2

(100 µg/mL) (dispersed in ethanol) particles were separately introduced through

tubes at a 10 µL min−1 of flow rate and incubated by pausing the injection of

fluid when the channels filled with the solution at 25 ◦C for an hour. After all

modifications were completed, the surface of the glass slides was cleaned with

dH2O for 5 minutes (Figure 5.3).
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Figure 5.3: Long (Silane-PEG-SH 5k) modification onto the glass surface and

immobilization of different shapes of p(NIPAAm)@SiO2 particles are depicted.

a) Peanut b) square c) oval shapes of p(NIPAAm)@SiO2 particles are modified

with maleimide. The schematic of d) Silane-PEG-SH 5k modified glass surface,

and different shapes of particles integration onto Silane-PEG-SH 5k modified

surfaces including e) peanut f) square, and g) oval shapes.
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5.3 RESULTS and DISCUSSION

5.3.1 Characterization of Length-Dependent Modifica-

tions

As stated above, three different length-dependent surface chemistry approaches

were assigned to assess the optimum length for the immobilization of silica par-

ticles. In this manner, we employed some chemical and polymeric linkers to tune

the distance as detailed above. Once the microfluidic chips were decorated with

three linkers (short, medium, and long-distance linkers), contact angle, AFM,

XPS, and SEM analysis were performed to determine the success of the surface

modifications, and also to find the compositions and chemical states of substrates.

Initially, we performed contact angle measurements by operating the Contact

Angle Measurement System (Dataphysics, OCA 30, Filderstadt, Germany) to

characterize hydrophilicity and hydrophobicity after the length-dependent sur-

face chemistry application [164]. The measurement was executed by drop-wisely

adding 5 µL of ultrapure water (UPW) to the surfaces at sessile drop mode,

and the images of these drops were recorded. Accordingly, the resultant angles

were analyzed through an in-house software (n=3). The bare surface provided

relatively higher hydrophobicity than the surface modifications (53.67◦ ± 8.49◦)

(Figure 5.4a). The contact angle values were taken for each modification sepa-

rately. (i) After the short modification (3-MPS), the contact angle decreased to

38.76◦ ± 5.82◦; (ii) for the medium size modification, the contact angle decreased

to 40.20◦ ± 1.01◦; and finally (iii) for the long modification, the contact angle was

higher than medium modification 42.63◦ ± 1.53◦ (Figure 5.4b-d). In sum, the

short modification (3-MPS) provided more hydrophilic characteristics than PEG

integrated substrates, which support the literature [165]. Basically, Silane-PEG-

SH groups create self-assemble structures, and the contact angle of the surface

increase when the chain number of PEG increases. Our results also confirmed

this outcome from the literature as well (Figure 5.4e) [165].
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Figure 5.4: Contact angle analysis is performed for a) 3-MPS, b) Silane-PEG-SH

1k, and c) Silane-PEG-SH 5k modifications onto the glass, and e) their overall

results are presented.
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The nano-scale imaging of the short, medium, and long-distance linkers mod-

ified surfaces was carried out via Atomic Force Microscopy (AFM) (Asylum,

Oxford Instrument, U.K.) in order to measure the height of modifications, to-

pographic characteristics, and profiles (Figure 5.5). For the AFM analysis, a

cantilever (Nanosensors PPP-NCHR tip) using 42 N m−1 force constant was em-

ployed on AC Air Topography mode. Imaging was performed with a scan rate

of 0.6 Hz, and the images were evaluated using Gwyddion with aligning rows

via 4th-degree polynomial fitting. According to the AFM results, the roughness

values were found as 6.82 nm, 10.57 nm, and 35.3 nm for short, medium, and

long modification, respectively. In addition, the maximum height points of the

modifications were evaluated as 16.3 nm, 40.5 nm, and 114.7 nm. If the exper-

imental data is compared to theoretical length calculations, medium and long

modification evaluations are matching to our data. On the other hand, the short

modification’s roughness value was higher than the calculated value due to the

fact that the cantilever tip and the taping mode restrict to measure below a cer-

tain value. Furthermore, as can be seen from line analysis, the texture of the

modified substrates was enlightened that the short modification’s overall height

profile is <5 nm, whereas the medium linker is between 5-10 nm and the long is

around 30 nm height. As a result, the experimental and theoretical data have

matched according to numeric evaluations and AFM results.
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Figure 5.5: AFM images, topographies, and line analysis of a) glass, b) 3-MPS,

c) Silane-PEG-SH 1k, and d) Silane-PEG-SH 5k modifications are presented.
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Afterwards, once the microfluidic surfaces were decorated with short (3-MPS)

and medium (Silane-PEG-SH 1k) linkers, XPS analysis was operated to deter-

mine the chemical states in 3-MPS and PEG chains’ material and elemental

composition by utilizing the photoelectric effect. The measurements were taken

place in the XPS tray by cutting the bottom layer (glass slide) of microfluidics

(1 cm x 1cm). Here, we evaluated the composition of each surface modification

applied onto glass substrates (Figure 5.6). The elements of C1s, O1s, Si2s, and

Si2p were found as common contents for each modification, while 3-MPS, and

Silane-PEG SH 1k, were provided S2p element, and N1s was encountered only in

Silane-PEG SH 1k.

Figure 5.6: XPS general survey spectra of a) glass slide, b) 3-MPS, and c) Silane-

PEG-SH 1k modifications are depicted.
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Considering the scan of C1s for bare surface, short, and medium modifications

provided four distinct peaks. XPS results were analyzed via baseline correction

and Gaussian function application, and XPS analysis of each distance-dependent

modification was performed separately. The bare surface’s peaks were located at

C-C (284.87 ± 0.06 eV) C-H (285.67 ± 0.25 eV), C-O (286.62 ± 0.10 eV) and

lastly, C=O (287.40 ± 0.11 eV). After short (3-MPS) modification, the signal

intensities increased, and they were C-C at 284.61 ± 0.10 eV, C-H at 284.90

± 0.04 eV, and C-O at 285.81 ± 0.23 eV. For the Silane-PEG-SH 1k modified

surfaces, signal intensities were lower compared to short modification, and asso-

ciated signals were C-C at 283.72 ± 0.11 eV, C-H at 285.50 ± 0.33 eV, C-O at

286.71 ± 0.23 eV, and C=O at 288.71 ± 0.35 eV (Figure 5.7). When the signal

intensities of C1s were specifically compared for different surface modifications,

short modification provided the highest intensities for C-C and C-O.

Figure 5.7: Carbon (C) spectra of a) glass slide, b) 3-MPS, and c) Silane-PEG-

SH 1k modifications are shown.
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In order to examine oxygen (O1s) element (Figure 5.8), XPS results were

similarly analyzed as described above. Corresponding peaks of O element for

glass surface were C-O at 532.43 ± 0.01 eV and lastly, C=O at 532.71 ± 0.01 eV.

For short modification, the signals were found as C-O at 532.14 ± 0.10 eV, C=O

at 532.15 ± 0.30 eV, and O-H at 536.63 ± 0.19 eV at with lower intensities. For

the medium modification, the signal intensities were C-O at 528.75 ± 0.07 eV

and C=O at 531.42 ± 0.31 eV. The related O bond densities were found to be the

highest for bare glass due to the rich oxygen content in the natural structure of the

glass surface. Comparing the other modifications, the short (3-MPS) modification

had more intensity of oxygen content.

Figure 5.8: Oxygen (O) spectra of a) glass slide, b) 3-MPS and c) Silane-PEG-

SH 1k modifications are depicted.
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In order to examine Si element (Figure 5.9), XPS results were similarly ana-

lyzed. Corresponding peaks of Si element for glass surface provided SiO2 (103.27

± 0.01 eV) associated signal. For 3-MPS, the signals were found as Si-C (102.77

± 0.05 eV) and SiO2 (103.22 ± 0.10 eV) with higher intensities. For the medium

modification, the signal intensities Si-C (104.63 ± 6.50 eV) and SiO2 (105.05 ±
12.98 eV) signals were observed. When the signal intensities of Si element were

specifically compared, due to the rich oxygen, as well as the presence of silicon

content in the natural structure of the glass surface, Si bond densities were found

to be high. If the other modifications were compared, it was seen that the short

(3-MPS) modification had more intensity of oxygen content.

Figure 5.9: Silicon (Si) spectra of a) glass slide, b) 3-MPS, and c) Silane-PEG-

SH 1k modifications are depicted.
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Additionally, considering nitrogen (N) element (Figure 5.10) XPS measure-

ments were performed. Corresponding peaks of N element for glass surface pro-

vided only for medium modification. For medium modification, the related peaks

were evaluated as C-N/N-H (398.94 ± 0.35 eV). As reported in the literature

[163, 166], when the glass substrate lacks of a thick layer of PEG chains, N1s

peak intensity may not be high enough.

Figure 5.10: Nitrogen (N) spectra of a) glass slide, b) 3-MPS, and c) Silane-

PEG-SH 1k modifications are presented.
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Finally, in order to exami sulphur (S) element (Figure 5.11), XPS analysis

was performed. Corresponding peaks of S element provided by for each distance-

dependent modification except bare glass surface. Due to the rich thiol (-SH)

content of the short (3-MPS) modification, the highest S element was observed

in this modification. For 3-MPS, the signals were found as S-C/S-H at 158.15 ±
0.01 eV. For the medium modification, the signal intensities were shifted due to

variation of silicon (Si2s) content in the PEG chains, and S-C/S-H bound was

observed as (155.40 ± 0.03 eV).

Figure 5.11: Sulphur (S) spectra of a) 3-MPS, and b) Silane-PEG-SH 1k modi-

fications are depicted.
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Once XPS analysis was accomplished, Scanning Electron Microscope (SEM,

FEI Quanta 200 FEG) was performed. Here, we used peanut p(NIPAAm)@SiO2

particles as a model for short, medium, and long-distance modified surfaces. Be-

fore the characterization takes place, in order to make the samples conductive,

approximately 10 nm of gold-palladium (Au-Pd) mixture was coated into the

substrates using the Precision Etching and Coating System (PECS). During this

procedure, the device parameters were adjusted to a coating density of 19.32

g/cm3s and an acoustic resistance of 23.20 x 105 gm/cm2s (acoustic impedance).

The measurements were performed by cutting the bottom layer (glass slide) of

microfluidics (1 cm x 1 cm) for each modification. As a result of SEM character-

ization, p(NIPAAm)@SiO2 particles bonded to the surface most intensely for the

short (3-MPS) modification, and it was understood that there was a similar rate

of particle adhesion for the medium and long modifications, yet more adhesion in

the medium modification (Figure 5.12).

Figure 5.12: SEM images show the immobilization of model peanut

p(NIPAAm)@SiO2 particles on the surfaces which ware modified with a) 3-MPS,

b) Silane-PEG-SH 1k, and c) Silane-PEG-SH 5k.
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To observe any potential steric hindrance, short (3-MPS), medium (Silane-

PEG-SH 1k), and long (Silane-PEG-SH 5k) linkers were modified with

p(NIPAAm)@SiO2. Then, biomolecule loading capacity was analyzed by applying

avidin-fluorescein isothiocyanate (Avidin-FITC) protein to distance-dependent

substrates in order to visualize absorption of them and find the optimum dis-

tance for further experiments. Avidin-FITC conjugate protein has an excitation

and emission spectrum ∼494/518 nm. Avidin is a type of protein which con-

sist can bind to glycosylated biotin, and it gives green light when we shine blue

light into it. By using this property, we visualized the fluorescence intensity of

distance-dependent avidin-FITC modified substrates to understand which modi-

fication has a better biomolecule loading capacity (Figure 5.13).

Figure 5.13: The schematic of a) short (3-MPS), b)medium (Silane-PEG-SH 1k),

c) long (Silane-PEG-SH 5k) modified surfaces are represented. The illustration

of d) avidin-FITC protein, and its interaction with e) short, f) medium, and g)

long-distance linkers are shown.
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After the modification of distance-dependent linkers to separate substrates,

peanut shape p(NIPAAm)@SiO2 (100 µg/mL) was applied to these chips, and

after 1 hour of incubation time and cleaning the substrates with PBS, the first

images were taken from p(NIPAAm)@SiO2 introduced microchannels. Later, 150

nM of avidin-FITC was applied to the substrates for an hour, after cleaning the

substrates to remove unbound proteins, new images were recorded through a

fluorescence microscope (Upright fluorescence microscope, Zeiss) (n=3) (Figure

5.14). By using the characteristic green color of avidin-FITC, the green light

intensity was employed to determine the amount of protein attached to the sur-

face. The green color intensity increased for each modification, proving that all

of the modifications interacted with avidin-FITC [167]. Additionally, the highest

attachment of avidin-FITC protein was observed in the short (3-MPS) modifica-

tion, which was followed by medium (Silane-PEG-SH 1k) and long (Silane-PEG-

SH 5k) linkers modified substrates. When the green light intensity data were

normalized (0-1), it was calculated as 0.34, 0.93, 0.34 and 0.25 for bare glass,

medium (Silane-PEG-SH 1k) and long (Silane-PEG-SH 5k) linkers, respectively

(Figure 5.14d).
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Figure 5.14: Avidin-FITC protein integration into bare glass, short (3-MPS),

medium (Silane-PEG-SH 1k), and long (Silane-PEG-SH 5k) modified surfaces

are depicted. a) Before avidin-FITC injection to the surfaces, b) avidin-FITC

molecule modified surfaces, c) green light comparison, and d) normalized data

are shown.
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5.4 CONCLUSION

Taking together, the outcomes from five distinct characterization methods

(contact angle, AFM, XPS, SEM, and Upright fluorescence microscopy) com-

plementary assessments confirmed the successful construction of our length-

dependent surface chemistry application on the microfluidic surfaces. As a re-

sult of the analyses, short (3-MPS) modification was found to be able to create

highly active surfaces, thus it could absorb more proteins than the other distance-

dependent modifications. Especially, the capture yield of the platform is a crucial

parameter for such platforms. Therefore, we decided to continue with the short

(3-MPS) modification for further experiments.
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Chapter 6

TEMPERATURE SENSITIVE

ADSORPTION and

DESORPTION of MODEL

PROTEINS on a CHIP
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6.1 INTRODUCTION: Controlled Adsorption

& Desorption of Model Proteins as a Pre-

liminary Work

Before initiating actual experiments on the CTC capture and release, we per-

formed preliminary experiments via model proteins through adsorption and des-

orption studies in the microfluidic chips. Protein adsorption and desorption in-

corporates profound science in physics and surface chemistry since high loading

efficiency, capacity, minimum volume, low-cost and minimum non-specific inter-

actions are required for extracting proteins from complicated biological samples

[168]. Compared to conventional strategies, microfluidics would play a pivotal role

in biomedical studies as it requires a small analyte volume, and provides high-

throughput, and controllable manner in a short period of time [169]. Hence, we

have designed efficient, accurate, and easy-to-use microfluidic chips that address

real-world obstacles for the adsorption and desorption rate of proteins. To change,

increase, and control the surface area of the microfluidic devices, bio-inspired dif-

ferent shapes of (peanut, square, and oval) silica particles were integrated with

the short-length modification (3-MPS) applied chips. By harmonizing thermosen-

sitive smart NIPAAm polymers with different-shaped silica particles by surface

initiated atom transfer radical polymerization (ATRP) method, model protein

adsorption and desorption can be controlled precisely across the LCST. In this

part of the dissertation, we aim to investigate model proteins (bovine serum al-

bumin (BSA) and avidin-fluorescein isothiocyanate (avidin-FITC) loading capac-

ity into short distance-modified p(NIPAAm)-functionalized different-shaped silica

particles via their ability to bind BSA and avidin-FITC noncovalently without

altering biological functionality [126]. Furthermore, the effect of different temper-

atures on BSA and avidin-FITC desorption was examined for different shapes of

p(NIPAAm)-functionalized silica particles on chip by measuring absorbance and

fluorescence of the released products with a microplate spectrophotometer.
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6.2 MATERIALS and METHODS: Model Pro-

teins Adsorption & Desorption via Different-

Shaped Bioinspired Smart Polymers/Materials

in Microfluidics

To test the adsorption & desorption performance of the short-modified dif-

ferent shapes of (peanut, square, and oval) p(NIPAAm)@SiO2 particles on chip,

Bovine Serum Albumin (BSA) and avidin fluorescein isothiocyanate conjugate

(avidin-FITC) were used as model proteins (Figure 6.1).

Figure 6.1: Avidin-FITC modification onto the microfluidic channels is depicted.

a) Different shapes of silica particles are used in this study. b) NIPAAm polymer

integration into different shapes of silica particles is shown. c) Surface chemistry

integration. Short (3-MPS) modification into glass substrate and attachment of

succinimide-ended p(NIPAAm)@SiO2 particles are illustrated. Model proteins

(BSA or avidin-FITC) are introduced into the microfluidic channels in order to

d) adsorb, and then e) desorb via temperature increase.
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6.2.1 The Integration of Peanut, Square, and Oval Parti-

cles Into Microfluidics

After the microfluidic device fabrication (Chapter 4-section 2.2), differ-

ent shapes of p(NIPAAm)@SiO2 were immobilized on the microchannels. Ini-

tially, before bringing together the compartments of the chip, the glass slides

were cleaned with ethanol; dried with the compressed air , and then, treated

with oxygen plasma (100 W, 2 min) in order to increase reactive hydroxyl (-OH)

radical groups on the inner surface of the chip. After enrichment of plasma, the

glass surface has gained a more hydrophilic property [170]. Subsequently, the

glass slides were placed and incubated in short modification (3-mercaptopropyl-

trimethoxysilane (3-MPS) (200 mM, in ethanol (10 mL))) at 25 ◦C for an hour to

augment the slide surfaces with thiol (-SH) groups [162]. Therefore, maleimide

groups (from surface modification of particles) of p(NIPAAm)@SiO2 react with

thiol groups known as thiol-Michael addition [163]. In this step, microfluidic chip

compartments were assembled together. To tackle any possible steric repulsion

on the glass surface, p(NIPAAm)@SiO2 (100 µg/mL) particles were introduced

through tubes and incubated at 25 ◦C for an hour. After all modifications suc-

cessfully initiated, the surface of the glass slides was cleaned with dH2O three

times. This procedure was repeated for each peanut, square, and oval-shaped

p(NIPAAm)@SiO2 particles.

6.2.2 Model Proteins Adsorption via Different-Shaped

Particles

To analyze the capture yield of the different shapes of p(NIPAAm)@SiO2 on

chip, Bovine Serum Albumin (BSA) and avidin fluorescein isothiocyanate con-

jugate (avidin-FITC) were used as model proteins. The model proteins were

introduced to microfluidic channels with a 10:1 (protein :polymer) concentration

ratio [171, 125]. Initially, in order to evaluate the capture efficiency and yield

on the chips, BSA (1 mg/mL, dispersed in PBS (pH 7.4)) was injected through
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the different shapes of p(NIPAAm)@SiO2 integrated chips at a 10 µL min−1 of

flow rate for an hour with and without incubation. After injecting BSA into the

microchannels, the flowing protein solutions were transferred to the Eppendorf’s

through the tubings. The amount of protein captured in the chips was evalu-

ated as (Equation 6.1). Model Proteininput represents the introduced protein;

and Model Proteinoutput states non-captured protein after the injection process.

Finally, the chips were rinsed with 1ÖPBS for further release experiments. The

absorbance value of the BSA samples which are the transferred specimens to

Eppendorf’s tubes, were taken at 280 nm wavelength via the Microplate Reader

(Multiskan GO, Thermo Scientific).

CaptureRatio =
ModelProteinInput −ModelProteinOutput

ModelProteinInput

x100 (6.1)

The binding of avidin-FITC protein—emits green light when it is excited with

a blue light source, was analyzed by fluorescence microscopy on different shapes of

p(NIPAAm)@SiO2 modified microchannels. The adsorption of the avidin-FITC

(1 mg/ml, in water) model protein was performed via a syringe pump using a

10 µL min−1 of flow rate for 20 minutes, followingly incubated for an hour, and

washed with water for 15 minutes to remove unbound avidin-FITC proteins.

6.2.3 Desorption of Model Proteins

The desorption/release of BSA proteins was taken place after PBS wash and

the experiment was employed at 37 ◦C to demonstrate protein release alteration

depending on the shape of the particles. After injecting BSA into the microchan-

nels at 25 ◦C, the temperature was increased to 37 ◦C, and PBS solution was

introduced to microfluidic chips to extract desorbed protein from the microflu-

idic chip. After that, the flowing solutions were transferred to the Eppendorf’s

tubes through the tubings at a 10 µL min−1 of flow rate after 1, 2, 4, and 8

hours of intervals. The release ratio of protein released in the chips was evalu-

ated by utilizing Equation 6.2. Model Proteinoutput represents the amount of
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desorbed protein during the release process, whereas Model Proteincapture states

the adsorbed protein during the capture process. The absorbance value of the

flowing samples in Eppendorf’s tubes were taken at 280 nm wavelength via the

Microplate Reader (Multiskan GO, Thermo Scientific).

ReleaseRatio =
ModelProteinOutput

ModelProteinCapture

x100 (6.2)

The desorption/release of avidin-FITC proteins was taken place with water

wash which was employed both at 25 ◦C and 37 ◦C to demonstrate protein re-

lease alteration at room temperature and body temperature. After injecting

avidin-FITC into the microchannels, the water was introduced to microfluidic

chips to extract the desorbed proteins from the microfluidic chips for 15 minutes,

both at 25 ◦C and 37 ◦C. The avidin-FITC has a characteristic of time-dependent

fluorescent photostability; hence we kept the desorption/release time for 15 min-

utes [172]. To snapshot fluorescent ratios in the microfluidics, the chips were

adjusted under the fluorescent microscope, and the microchannels images were

snapped (i) before avidin-FITC protein binding (bare surface, different shapes of

p(NIPAAm)@SiO2 modified microchannels), (ii) after protein binding, and after

15 minutes wash at (iii) 25 ◦C and (iv) 37 ◦C. The microfluidic chips were visual-

ized under the fluorescence microscope (Upright fluorescence microscope, Zeiss).

Using the open-source software “Fiji - ImageJ Wiki”, green light intensity (cap-

tured and released model protein) analysis was performed on the images taken

for the aforementioned three cases by correlating raw data and normalized green

light intensity.
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6.3 RESULTS and DISCUSSION

6.3.1 Characterization of BSA Model Protein Adsorption

and Desorption

To analyze the capture yield of the three different shapes (peanut, square,

and oval) of p(NIPAAm)@SiO2 particles-modified microfluidic chips, BSA pro-

tein was adsorbed through the microchannels. Quantifying the capture yield

of three designs revealed that the peanut-shaped p(NIPAAm)@SiO2 particles-

integrated chip had the highest capture performance in the conditions of incuba-

tion and no-incubation (Figure 6.2). As depicted in BET analysis (Chapter

3-section 3.3) the peanut-shaped particles have a higher surface area than those

of square and oval shapes; hence peanut shapes of p(NIPAAm)@SiO2 particles

adsorbed/captured more BSA protein than the other shapes. On the other hand,

oval-shaped p(NIPAAm)@SiO2 particles provided higher adsorption/capture val-

ues than square-shaped ones. Analyzing the capture results with incubation

revealed that peanut, square, and oval shapes of p(NIPAAm)@SiO2 particles

modified microfluidic chips have capture yields of 74.0% ± 3.0%, 62.7% ± 6.7%,

and 72.7% ± 8.67%, respectively However, while performing the experiment in

the flow condition (without the incubation), the capture yields dropped rapidly

to 54.4% ± 1.8%, 48.4% ± 3.0%, and 53.4% ± 1.6%, respectively. These results

revealed the synergistic effects of different shapes, such that the high surface area

of the peanut-shaped enabled high hydrophilic interactions compared to other

shapes, and provided higher capture efficiency, especially in the incubated pe-

riod.
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Figure 6.2: Capture efficiencies of BSA protein are presented for peanut, square,

and oval p(NIPAAm)@SiO2 particles which are immobilized on the microfluidic

chips while evaluating incubation and flow (without incubation) processes. a)

Each specific type of shape was individually compared depending on incubation

and flow conditions, the data is analyzed by performing a non-parametric two-way

ANOVA statistical analysis, the statistical difference is found as ****p<0.0001.

b) Incubation and flow conditions were analyzed depending on shape of particles,

the data is analyzed by performing a non-parametric two-way ANOVA statistical

analysis, the statistical difference is found as non-significant, **p<0.006, and

****p<0.0001. “ns” stands for non-significant. Error bars stand for standard

deviations (n = 3).
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The release efficiency of different shapes of p(NIPAAm)@SiO2 particles modi-

fied microfluidic chips was analyzed via time-dependent desorption of BSA protein

throughout the microchannels. The cumulative release of BSA protein increased

for each shape of particles throughout the time (Figure 6.3). Within an hour,

peanut, square, and oval shapes provided 26.25% ± 0.67%, 18.10% ± 0.18%, and

20.60% ± 0.28%. Within 2 hours, the cumulative release of BSA was found as

27.15% ± 1.62%, 19.31% ± 1.55%, and 23.16% ± 2.11%. Within 4 hours, the re-

lease was determined as 28.05% ± 0.44%, 21.45% ± 0.20%, and 23.55% ± 1.19%.

Within 8 hours, the cumulative release of BSA was revealed as 30.20% ± 0.09%,

24.60% ± 0.99%, and 25.20% ± 0.93%. Clearly, larger surface area provided

higher cumulative release of BSA, which was observed in the peanut-shaped par-

ticles on the chip. Furthermore, these results confirmed that the highest release

was observed in the 1st hour of desorption process due to the burst effect of the

streamline at the initial stage of release [173]. Lastly, it was also proved that the

shift from hydrophilic to hydrophobic phase enabled the blockage of hydrophilic

interaction between BSA and p(NIPAAm)@SiO2 particles, and therefore, that

proteins were released from the microchannels.

Figure 6.3: Cumulative release efficiencies are presented for peanut, square, and

oval p(NIPAAm)@SiO2 particles modified microfluidic chips. a) Time-dependent

release of BSA and b) overall visualized result are depicted. The data is ana-

lyzed by performing a non-parametric two-way ANOVA statistical analysis, the

statistical difference is found as p<0.0001. Error bars are standard deviations (n

= 3).
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6.3.2 Characterization of avidin-FITC Model Protein Ad-

sorption and Desoprtion

The adsorption & desorption of avidin-FITC proteins was visualized using

a fluorescence microscope. These fluorescent images for the experiments of

three different shapes (peanut, square, and oval) of p(NIPAAm)@SiO2 parti-

cles were depicted in (Figure 6.4). After the modification of different shapes

of p(NIPAAm)@SiO2 particles, the first image was taken from microchannels

(Figure 6.4a), and later, 150 nM of avidin-FITC was applied to the chips

(Figure 6.4b), and new images was recorded. After washing the platform with

water at 25 ◦C (Figure 54c) and 37 ◦C (Figure 6.4d), the third images were

collected. Finally, all of the images were assembled and analyzed through a green

bar scale (RGB, 0-255) (Figure 6.4e). The fluorescent results revealed that the

green color intensity was the highest on the step of (i) adsorption of avidin-FITC,

which was followed by (ii) desorption of avidin-FITC at 25 ◦C and (iii) at 37 ◦C

(Figure 6.5).
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Figure 6.4: Adsorption and desorption images of avidin-FITC molecules are pre-

sented for peanut, square, and oval shapes of p(NIPAAm)@SiO2 particles mod-

ified microfluidic chips. a) Bare surface, b) adsorption and c) desorption of

avidin-FITC at 25 ◦C and d) 37 ◦C, and e) overall fluorescence result are shown.
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Figure 6.5: Adsorption and desorption of avidin-FITC molecules in a) peanut,

b) square, c) oval shapes of p(NIPAAm)@SiO2 particles modified microfluidic

chips are depicted. (i) Adsorption of avidin-FITC, (ii) desorption at 25 ◦C, and

(iii) desorption at 37 ◦C are represented.

111



When the green light mean intensity data was normalized and correlated to

0-1, it was observed that the adsorption of peanut, square, and oval shapes was

found as 0.74, 0.12, and 0.70, respectively (Figure 6.6a). Moreover, their des-

orption at 25 ◦C resulted in 0.77, 0.13, and 0.65 for peanut, square, and oval

shapes, respectively (Figure 6.6b). Lastly, their desorption at 37 ◦C were 0.87,

0.27, and 0.29 for peanut, square, and oval shapes, respectively (Figure 6.6c).

Figure 6.6: Normalized fluorescence data of avidin-FITC studies is compared for

peanut, square, and oval shapes of p(NIPAAm)@SiO2 particles modified microflu-

idic chips. a) (i : adsorption of avidin-FITC) b) (ii :desorption of avidin-FITC

at 25 ◦C, and c) (iii :desorption of avidin-FITC at 37 ◦C).
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Additionally, the adsorption and desorption rates for peanut, square and oval

shapes of particles integrated microfluidic platforms were correlated individually.

In each type of shape, adsorption of avidin-FITC provided more green light in-

tensity (Figure 6.7). Similar to BSA experiments, these results showed that

the peanut shape of particles provided a higher adsorption effect than those of

other conditions, and the release of avidin-FITC at 37 ◦C enabled a higher release

efficiency than that of 25 ◦C.

Figure 6.7: Overall normalized fluorescent data of avidin-FITC studies is com-

pared for bare surfaces, adsorption of avidin-FITC, desorption at 25 ◦C, and

desorption at 37 ◦C for a) peanut, b) square, and c) oval shapes of particles.
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6.4 CONCLUSION

In summary, we have shown temperature-sensitivity property of different-

shaped p(NIPAAm)@SiO2 particles on the chip, and examined adsorption &

desorption of model proteins to evaluate these features. Not only adsorbing

proteins, but also releasing/desorbing them with high efficiency, particularly at

body temperature (37 ◦C), demonstrated the phase alterations from hydropho-

bic to hydrophilic. This strategy also has enabled the controlled adsorption &

desorption rate and the particle shape was also one of the striking parameters in

this manner. Therefore, we here demonstrated a proof-of-concept study revealing

temperature-induced phase transition on the particles that could also lead to pro-

tein release and isolation. Therefore, this smart platform is a strong candidate for

the effective capture and release of CTCs, thereby we continued with this chip’s

experimental design and parameters for further isolation of cancer cells.
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Chapter 7

CELL CULTURE, TOXICITY,

and VIABILITY

EXPERIMENTS
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7.1 INTRODUCTION: Cancer Cells and Biomarker

Types

CTCs and their 3-100 cells clusters identified as CTM [16, 17] can provide

real-time information and present heterogeneity. Among all of the cancer cell

types, MCF-7 cell line is the most examined human breast cancer cell type in

cancer research, and the investigations from this cell type have an impact upon

patient outcomes and breast cancer research [174]. MCF-7 cells have a number

of biomarkers including estrogen receptor (ER), CD45, human epidermal growth

factor receptor (HER), progesterone receptor (PR), and CK which are already

being employed in the clinical applications, but variations among specific patients

hinder effective treatment and the diagnosis of breast cancer [175]. In particu-

lar, a type I glycosylated transmembrane protein-epithelial cell adhesion molecule

(EpCAM) is overexpressed in several neoplasms, including glioma, hepatocellular

carcinoma, colorectal cancer, and breast cancer. Because of the fact that Ep-

CAM has been associated with cancer prognosis and progression of breast cancer

cells (MCF-7), it is used as a diagnostic marker for a myriad of diseases. In

this dissertation and chapter, we also used anti-EpCAM antibodies in order to

capture MCF-7 circulating tumor cells since they have high EpCAM expression.

For assessing the capture and release capability of our platform, MCF-7 cells

were used as a model cell line, and these cells were cultured and proliferated

while maintaining them in appropriate conditions. Subsequently, before applying

them to the microfluidic capture platform, MCF-7 cells were dissociated from

flasks. The cytotoxicity of SiO2 and p(NIPAAm)@SiO2 particles, which were

employed into microfluidic channels, was tested via 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide assay (MTT, Sigma Aldrich), live/dead viabil-

ity/cytotoxicity (ThermoFisher) kit and long-term culturing of MCF-7 cells with

SiO2 and p(NIPAAm)@SiO2 particles.

116



7.2 MATERIALS andMETHODS: MCF-7 Cul-

ture and Analysis, Bicompability of Parti-

cles

In this part of the dissertation, we tested the cytotoxicity activities of SiO2 and

p(NIPAAm)@SiO2 particles against MCF-7 cells. Recently, a myriad of studies

were reported on the toxic effects of versatile silica and other materials [176, 177].

It was clearly mentioned that the silica particles have a decent biocompatibility

on different cells, especially on MCF-7 cells and less than 100 µg/mL of silica

particles has no cytotoxic effect on cancer cells [176, 177]. Furthermore, the

biological toxicity of NIPAAm polymer was also investigated in a capture and

release platform through live/dead staining assay; for instance, Wang et. al.

treated NIPAAm hydrogel coatings with MCF-7 cells and observed 96.8% and

98.7% viability respectively for before capture and after release [122]. Finally, the

cytotoxic effect of p(NIPAAm)-integrated silica particles was tested against MCF-

7 cell lines via MTT assay analysis [116]. Either silica particles or p(NIPAAm)-

integrated silica particles showed no toxic effect against the MCF-7 cells. Here,

we worked with MCF-7 cells which have high EpCAM expression and tested them

in different conditions for observing the biocompatibility of our platform.

7.2.1 Cell Culture Experiments

MCF-7 breast cancer cells were used as model cancer cells in order to in-

vestigate the capture and release yields of the microfluidic chip. MCF-7 cells

are EpCAM-positive, and they were cultured with DMEM/F-12 (500 mL)

(Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12, Biowest with L-

glutamine 1%, (5mL) and sodium bicarbonate, without HEPES, liquid, sterile-

filtered) containing Fetal Bovine Serum (FBS, 10%, 50 mL) and Penicillin-

Streptomycin (100 µg/ml, 1%, 5 mL). Cells were cultured in 80% of humidified

cell culture incubator at 37 ◦C along with 5% of CO2. Once the cells reached
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to 85-90% confluency in the flasks, the cells were treated with 0.25% of trypsin-

0.02% of ethylenediaminetetraacetic acid (EDTA) for 5 minutes at 37 ◦C in order

to extract cells from the flask. The hood to be used to passage the cells was first

sterilized through UV light for 15 minutes. After the UV light process was over,

the cell culture hood area was cleaned with ethanol. After extracting cells from

the flask, hemocytometer was used to calculate the cell number by using Trypan

Blue solution (0.4%) (10 µL of trypan blue dye + 10 µL of the extracted MCF-7

cell media). Once all the logistics were completed, the confluency and number

of MCF-7 cells were evaluated using a microscope (Zeiss Inverted Fluorescence

Microscope). The following Equation 7.1 states the way for counting for dead

and live cells:

TotalCellNumber = CountedCellNumberxDilutionFactorxSampleV olumex104

(7.1)

7.2.2 Live/Dead Analysis of MCF-7 Cells

To assess the viability of MCF-7 cells before treating them with particles,

Live/Dead staining method was employed as a control group [178]. For this pur-

pose, as previously stated inChapter 7-section 2.1, MCF-7 cells were extracted

from a cell culture flask via trypsin-EDTA solution. Afterwards, the extracted

MCF-7 containing medium was added into a falcon tube, and then, centrifuged

at 8600 g (6000 rpm) for 5 minutes at room temperature, thereby precipitating

MCF-7 cells before applying the medium to the chip. After the centrifugation,

since the precipitation contains MCF-7 cells, the supernatant was removed and

precipitation was diluted with 1 mL of PBS and transferred to a new tube and

used in the experiment. The Live/Dead (ThermoFisher) reagent containing 5

µL of calcein AM stain and 20 µL of ethidium homodimer-1 was diluted with 1

mL of PBS. All of the solution was added to MCF-7 cells containing Eppendorf

tube. Calcein-AM emits green fluorescence and stains viable cells, while ethidium

homodimer-1 emits red fluorescence and stains dead cells. Excitation/emission
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values for calcein-AM are 494/517 nm with a FITC or GFP filter set, while it is

528/617 nm for ethidium homodimer-1 with an RFP filter set. The solution was

incubated for 30 minutes at 25 ◦C at a dark place. Afterwards, the stained MCF-7

cells were evaluated using a microscope (Zeiss Inverted Fluorescence Microscope).

According to the Live/Dead assay staining method, the following Equation 7.2

states how the evaluating viability of MCF-7 cells was performed.

CellV iability =
LiveCellsGreen

LiveCellsGreen +DeadCellsRed

x100 (7.2)

7.2.3 Cytotoxicity Studies

The cytotoxicity of the SiO2 and p(NIPAAm)@SiO2 particles against MCF-7

cells were evaluated by long-term culturing cells with SiO2 and p(NIPAAm)@SiO2

particles, MTT assay, and Live/Dead viability/cytotoxicity analysis. At the first

glance, long-term culturing of MCF-7 cells with SiO2 and p(NIPAAm)@SiO2 par-

ticles was performed for 7 days. Before seeding cells, SiO2 and p(NIPAAm)@SiO2

particles were sterilized via a dry heat sterilization method, and the particles

were heated in a standard oven for an hour at 180 ◦C [179]. Afterwards, MCF-7

cells were treated with 100 µg/mL of SiO2 and p(NIPAAm)@SiO2 in separate

cell culture flasks. As previously stated in Chapter 7-section 2.1, the same

cell culture ingredients and conditions were also applied for this long-term cell

culture cytotoxicity analysis. The cells treated particles were left in 80% of hu-

midified cell culturing incubator at 37 ◦C with 5% of CO2 for 7 days in order to

observe whether any potential cytotoxic effects occur during the culturing. The

cell analyses (morphological and physical variations) were observed using Zeiss

Inverted Fluorescence Microscope.

Second, another cytotoxicity investigation was performed via the MTT assay

analysis method. Subsequently, as previously stated in Chapter 7-section 2.1,

MCF-7 cells were extracted from cell culture flasks. After that, for the short-

term (3-day) MTT analysis, the cell density was evaluated via hemocytometry,

and MCF-7 cells with 200 µL of DMEM were seeded onto 96-well plates, in
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which the number of cells per well was 3000, and incubated for 24 h to allow

cell attachment into the wells. After 24 hours, DMEM was withdrawn from each

well plate via micropipette, and the treated wells were washed with PBS 2 times,

followed by discarding PBS solution from the wells. After that, fresh DMEM (200

µL) was separately added to 96-well plates, which were treated with (i) SiO2 (100

µg/mL) and (ii) p(NIPAAm)@SiO2 particles (100 µg/mL). Moreover, we designed

additional experimental sets for MTT analyses: (iii) DMEM with MCF-7 cells,

(iv) DMEM without MCF-7 cells, (v) SiO2, and (vi) p(NIPAAm)@SiO2 particles

treated DMEM without MCF-7 cells, and blank (DMSO). After 24 hours, DMEM

was withdrawn from each well via a micropipette and washed with PBS and

DMEM two times, followed by discarding solutions. After that, 10 µL of MTT

solution (5 mg/ml in PBS) was replaced in each well and then, incubated for an

additional 5 hours with 90 µL of DMEM. Upon discarding the MTT solution,

each well was washed with PBS, followed by discarding PBS solution. Afterward,

in the cell culture hood, the purple formazan crystals were dissolved in 100 µL

of DMSO and added to each well with a blank DMSO, and after 45 seconds

of incubation, the absorbance of the samples was recorded at 570 nm with a

multi-well plate reader. The MCF-7 cells in the DMEM (no particle treatement)

were used as a control. All experiments were performed with three replicates.

Furthermore, these procedures were repeated for long-term (7-day) MTT analysis.

For this case, the short-term investigation parameters that we discussed above,

were performed again. Instead of 1 day, the specimens have been emplaced to

cell culture hood for 6 days more, after incubation of 1 day. After 7 days, MTT

assay was performed to the wells, and the absorbance values of these samples were

recorded at 570 nm with three replicates. The following Equation 7.3 states

how the evaluating viability of particles treated MCF-7 cells was performed:

CellV iability =
OpticalAbsorbanceV alueofSample

OpticalAbsorbanceV alueofControl
x100 (7.3)
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7.3 RESULTS and DISCUSSION

7.3.1 Cell Culture Results

In each culturing period, cells were grown properly, and they had more con-

fluency in long-term culturing. On the 4th day of the culturing period (Figure

7.1a), cells were almost 50% of confluent, whereas, on the 7th day of the culturing

(Figure 7.1b), it was around 85-90% confluent. After imaging cells on the mi-

croscope, on the 7th day, in order to dissociate cells from the flasks. The medium

in the cell flask was drawn and discarded using a pipettor. Cell culture flasks and

cells were washed with 2 mL of PBS, followed by discarding PBS solution. Once

this step was repeated two times, 0.25% of Trypsin-EDTA (1 mL) was applied

to the cells. The flask was then kept in the incubator (37 ◦C) for 5 minutes,

and 3 mL of medium was applied to the flask to neutralize Trypsin-EDTA effect

over the cells. Finally, we added 3 mL of a new medium to 1 mL of cell from

the flask (1:4 cell/media dilution), and the cells were then transferred into new

flasks. After that, new flasks were placed in an incubator at 37 ◦C under a 5%

of CO2 atmosphere.

Figure 7.1: MCF-7 cell culture experiments are presented. The confluency results

on a) 4th day and b) 7th day are imaged.
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On the course of the passaging process, some cells were used for counting via

the hemocytometry method. Briefly, 10 µL of cells were added into an Eppendorf

tube, and 10 µL of Trypan Blue dye was added to this tube. While this dye

stained dead cells in blue color, it did not stain live cells, and live cells thus

appear transparent (white) under the microscope (Figure 7.2).

Figure 7.2: Hemocytometry results of MCF-7 cell culture experiments are pre-

sented.

The hemocytometry result shows the viability rates of cells according to the

counts made after certain passages. To assess the capture efficiency of the mi-

crofluidic chip, we applied two concentration values of MCF-7 cells for further

experiments. The concentrations were 60.000 cells/mL (for control experiment),

75.000 cells/mL and 150.000 cells/ml prepared in PBS.
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7.3.2 Cytotoxicity Analysis Results

Thermoresponsive p(NIPAAm)-based biomaterials have been widely used for

different biomedical applications including discriminating cancer cells, protein

delivery, and cell sheets [180]. Hence, p(NIPAAm)-integrated silica particles are

expected to display biocompatibility [171]. Even if the decreased temperature

might cause a cytotoxicity risk, we are increasing the temperature of platform

to release CTCs in this CTCs isolation platform [181]. For this purpose, we

cultured MCF-7 cells with SiO2 and p(NIPAAm)@SiO2 particles for 7 days as

the long-term culturing. The confluency of MCF-7 cells was evaluated using a

microscope (Zeiss Inverted Fluorescence Microscope), and we observed the con-

fluency of cells at the end of 7 days (Figure 7.3). On the 4th day of the cell

culture, p(NIPAAm)@SiO2 applied MCF-7 cells were more confluent than those

of SiO2, whereas on the 7th day of the cell culturing, both flasks were more con-

fluent than 4th day results and the confluency was around 90%. Furthermore,

p(NIPAAm)@SiO2 enabled more confluency of cells than the condition under

SiO2 on the 7th day.

123



Figure 7.3: During long-term culture, MCF-7 cells are imaged for cytotoxicity

analysis. The cell confluency images are presented for cultures with SiO2 a) on

the 4th day and b) 7th day. The cell confluency images are presented for cultures

with p(NIPAAm)SiO2 c) on the 4th day and d) 7th day.
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Indeed, MTT assays demonstrated that p(NIPAAm)-based materials were ef-

fectively non-toxic to MCF-7 cells (cell viability ≥ 80%) up to a tested concentra-

tion of 200 µg/mL of these materials [171]. Particularly, in our study, the prepa-

ration of particles treated with MCF-7 cells were carried out under a maximum

concentration of 100 µg/mL. The MTT toxicity analysis for (i) SiO2 (100 µg/mL)

and (ii) p(NIPAAm)@SiO2 particles (100 µg/mL) with MCF-7 cells, (iii) DMEM

with MCF-7 cells, (iv) DMEM without MCF-7 cells, (v) SiO2, (100 µg/mL) and

(vi) p(NIPAAm)@SiO2 (100 µg/mL) particles treated DMEM without MCF-7

cells were presented in Figure 7.4. The results showed high biocompatibility for

both (i) SiO2 and (ii) p(NIPAAm)@SiO2. Investigations showed that both par-

ticles exhibited no obvious toxic effect against MCF-7 cells, whereas cells grown

with p(NIPAAm)@SiO2 (111.04 ± 2.59%) showed more biocompatibility com-

pared to those with SiO2 (109.06 ± 3.68%) for the short-term (3-day) analysis

(Figure 7.4a). In the long-term (7-day) MTT analysis, again both particles

exhibited no obvious toxic effect against MCF-7 cells, whereas cells grown with

p(NIPAAm)@SiO2 (101.48 ± 4.60%) had more biocompatibility than those with

SiO2 (97.49 ± 3.02%) (Figure 7.4b). It was worthy to note that the viability

rate was higher in SiO2 and p(NIPAAm)@SiO2 than only the MCF-7 group (con-

trol) and it can be expectable for MTT analysis [182]. Therefore, these particles

can be expected not to be harmful or toxic for MCF-7 cells.

On the other hand, cell viability analysis for (v) SiO2, and (vi)

p(NIPAAm)@SiO2 particles treated DMEM without MCF-7 cells showed con-

troversial results compared to (i) SiO2 and (ii) p(NIPAAm)@SiO2 particles with

MCF-7 cells in terms of short and long term analysis. The cell viability results

were found as (v) SiO2 (14.97 ± 1.93%) and p(NIPAAm)@SiO2 (13.74 ± 1.79%)

for the short-term (3-day) analysis (Figure 7.4a). In the long-term (7-day) MTT

analysis, cell viabilities revealed as SiO2 (15.95 ± 1.37%) and p(NIPAAm)@SiO2

(16.10 ± 2.03%) (Figure 7.4b). These results show that there are minor differ-

ences in cell viability between short-term (3-day) and long-term (7-day) analysis

of (v) SiO2, and (vi) p(NIPAAm)@SiO2 particles treated DMEM without MCF-7

cells. Hence, these particles can preserve themselves in both short-term and long-

term MTT investigations against any contaminations or undesired cell growth.
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Figure 7.4: MTT assay viability shows the results of MCF-7 cells treated with;

(i) SiO2, (ii) p(NIPAAm)@SiO2, (iii) DMEM; and (iv) DMEM, (v) SiO2, and

(vi) p(NIPAAm)@SiO2 without MCF-7 cells in the durations of a) 3 days and

b) 7 days. MCF-7 cells incubated with standard DMEM culture media are

defined as the control. The data is analyzed by performing an ordinary one-

way ANOVA statistical analysis, and the statistical difference is found as non-

significant, ****p<0.0001. “ns” stands for non-significant. Error bars stand for

standard deviations (n = 3).
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Through Live/Dead assay, we also checked the cell viability of MCF-7 before

the capture process in this chapter (control). In addition, the investigation of

cell viability after cell release from the chip will be covered in Chapter 8. To

investigate cell viability before the capture, we applied a drop of the Live/Dead

(ThermoFisher) reagent and MCF-7 containing solution (5 µL), which was de-

scribed in Chapter 7-section 2.2, into a glass slide and covered with a glass

slip. Afterwards, we took images in order to evaluate the cell viability using a flu-

orescence microscope (Zeiss Inverted Fluorescence Microscope) and counted them

manually. Cell viability before the capture process was calculated as 82.33% ±

11.09% (Figure 7.5).

Figure 7.5: Live/Dead assay is demonstrated for MCF-7 cells before the capture

experiments. Green cells represent live whereas red cells a) 10x and b) 20x are

dead. Scale bar = 100 µm.
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7.4 CONCLUSION

In summary, EpCAM-positive MCF-7 cancer cells were successfully cultured

in a cell culture incubator at 37 ◦C under 5% of CO2 atmosphere. Once the

cells reached to 85-90% of confluency, they were dissociated from flasks to use

for the microfluidic chips. Furthermore, we have tested the cytotoxicity activities

of SiO2 and p(NIPAAm)@SiO2 particles against MCF-7 cells in different con-

ditions. For this purpose, the cytotoxicity of the SiO2 and p(NIPAAm)@SiO2

particles against MCF-7 cells were analyzed for long-term culturing with SiO2

and p(NIPAAm)@SiO2 particles, MTT assay analysis, and Live/Dead viabil-

ity/cytotoxicity methods. As a result, we did not observe any toxic effects of

SiO2 and p(NIPAAm)@SiO2 particles against MCF-7 cells in terms of culturing

and proliferating cancer cells with these particles for 7 days of culturing according

to the aforementioned analyses. Particularly, p(NIPAAm)@SiO2 particles that we

integrated into the microfluidic platform exhibited higher cell viability than the

cells treated with SiO2 particles. Hence, we decided to employ 100 µg/mL of

particle concentration for further analysis in the next chapter.
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Chapter 8

CAPTURE and RELEASE of

CANCER CELLS via

DIFFERENT-SHAPED SMART

POLYMERS/MATERIALS in

MICROFLUIDICS
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8.1 INTRODUCTION: Significance of Specific

Capture and Release

So far, we have elaborated on fundamental aspects of CTCs isolation through

discussing the challenges in detecting CTCs; providing insights on novel solutions;

and introducing our method, and experimental steps. In this part of thesis, we

expanded this view to employing MCF-7 cells into our microfluidic platform for

cell capture and release regard. Once CTCs are captured, it is essential to com-

prehend their cell heterogeneity and origin to deploy the most effective therapy.

Therefore, their release/isolation from a microfluidic chip is a strong mainstay in

this manner. Particularizing this focus, the release method of cancer cells would

provide phenotype identification, culture expansion, and molecular analysis in

the near future. Hereinto, surface chemistry is the key aspect that enables to

control the release aspect. During this action, cancer cells may have held some

contaminations or structural damages that could possibly hinder the studies af-

ter their release. Keeping performance yield as high as possible would enable

accurate analysis of CTCs in the future. For example, in the circumstance of low

intact cell viability, the impurity of cancer cells hinders true positive signals [47].

To tackle these challenges, we here proposed a solution by harmonizing different

shapes (peanut, square, and oval) of smart-polymers (p(NIPAAm)@SiO2) and

specific anti-EPCAM antibodies into short-distance modification. We aim to effi-

ciently capture MCF-7 human breast cancer cells (high-EpCAM-expression) cells

on-a-chip, and then, release them through the alterations in the 3-D structure of

smart-polymer caused by temperature changes.

8.2 Materials and Methods: Capture and Re-

lease of MCF-7 Cells

In previous chapters, we prepared different-shaped p(NIPAAm)@SiO2

particles-immobilized on microfluidic chips. Here, we decorated anti-EpCAM
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antibodies on the particle surface due to the abundancy of EpCAM biomarkers

on the membrane of MCF-7 cells [1]. In this case, the proper orientation of anti-

EpCAM antibodies were enabled with protein G since the Fc portion of antibodies

have affinity to this protein. Afterwards, 1% of BSA was applied to minimize any

potential non-specific bindings due to the medium used in this experiment. In

Chapter 5, we also optimized and selected the optimized length-dependent sur-

face modification as short (3-MPS). In Chapter 7, we cultured and proliferated

MCF-7 cell lines as a cell model in the designed microfluidic chips. We also

have tested the biocompatibility of these particles (SiO2 and p(NIPAAm)@SiO2)

and observed non-toxic effect of the p(NIPAAm)@SiO2 particles while culturing

them with cells. In this chapter of thesis, we applied MCF-7 cells into microfluidic

chip, which were modified with different shapes of p(NIPAAm)@SiO2 particles

that are modified with anti-EpCAM antibodies and immobilized with a short-

length linkers to the chip surface. After enabling the capture process, we change

the temperature to release the cells from the chip, and consequently, evaluated

their viability again after the release process.

8.2.1 Immobilizing Antibodies to the Microfluidic Chips

We initially modified the microfluidic chips with p(NIPAAm)@SiO2 particles

through a short-length modification (3-MPS), which was detailed in Chapter

5. Later, in order to immobilize anti-EpCAM antibodies on these particles, we

initially decorated the microchannels with protein G, hence enabling the proper

orientation of antibody immobilization through the Fc portion of antibodies.

Here, first of all, 100 µg/mL of protein G (dispersed in PBS) was introduced at a

10 µL min−1 of flow rate and incubated by pausing the injection of fluid when the

channels were filled with the solution at 25 ◦C for an hour. Second, anti-EPCAM

antibodies were diluted and dispersed with PBS to adjust the concentrations to

50 µg/mL. The antibody solution was then applied to the microfluidic platforms

at a 10 µL min−1 of flow rate and incubated by stopping the fluid injection when

the channels filled with the liquid at 25 ◦C for an hour. After the incubation,

the microfluidic chips were cleaned with PBS for 5 minutes at a flow rate of 10
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µL min−1 to remove any unbound moieties, and therefore, the microfluidic chips

were ready for the application of MCF-7 as a CTC model.

8.2.2 Capture and Release of MCF-7 Cells

MCF-7 human breast cancer cells were employed to demonstrate capture and

release yields of the microfluidic chip. For extracting MCF-7 cells from cell cul-

ture flasks, passaging of the cells is needed. Before passaging cells, DMEM and

0.25% of Trypsin-EDTA (Gibco) filled falcons were kept in a water bath at 37
◦C. Once the cells reached around 85-90% confluency, the extraction of cells was

performed. The medium in the cell flask was drawn and discarded using a pipet-

tor. Cell culture flasks and cells were washed and cleaned with 2 mL of PBS,

followed by discarding PBS solution. After this step was repeated two times,

0.25% of Trypsin-EDTA (1 mL) was introduced onto the cells. The flask was

then kept in the incubator (37 ◦C) for 5 minutes, and 3 mL of medium was

applied to the flask to neutralize Trypsin-EDTA interferes the cell membrane if

incubated for long time. Afterwards, the medium containing MCF-7 cells was

added into a falcon tube, and then, centrifuged at 8600 g (6000 rpm) for 5 min-

utes at the room temperature, thereby precipitating MCF-7 cells before applying

them to the chip. After the centrifugation, since the precipitation contains MCF-

7 cells, the supernatant was extracted and precipitation was diluted by using 1

mL of PBS and transferred to a new tube and used in the capture experiments.

Thereafter, MCF-7 cells were stained with Hoechst stain (2 µg/mL) (Hoechst

33342, Trihydrochloride, Trihydrate, ThermoFisher) for 30 min. Hoechst dye is a

type of cell-permeant nuclear counterstain that emits blue color fluorescence with

350/461 nm excitation wavelength when bound to dsDNA. The blue fluorescent

signal was observed using Zeiss Inverted Fluorescence Microscope with a DAPI

filter set. The images were taken from the entire surface area (152 mm2) of the

microfluidic chip.

After that, MCF-7 containing PBS solution was applied into different shapes

of p(NIPAAm)@SiO2 particles integrated microfluidic chips. The particles had
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already anti-EPCAM antibodies, and they are tethered via short length linkers.

before sampling, we also applied 1% of BSA, and then, MCF-7 cells were intro-

duced to the chip surface with a 10 µL min−1 of flow rate for 15 minutes via

syringe pump, followingly incubated for an hour, and washed with PBS for 15

minutes to remove unbound MCF-7 cells. As stated in Chapter 7-section 3.1,

we evaluated different concentrations of MCF-7 cells (60.000 cells/mL, 75.000

cells/mL and 150.000 cells/mL) in order to understand any effects over the cap-

ture efficiency due to the cell concentration. MCF-7 capture experiments in this

chapter were performed for each cancer cell concentration value. After cell cap-

ture and wash, we took images (n=3) from different shapes of p(NIPAAm)@SiO2

integrated chips in order to evaluate the capture efficiency using a fluorescence

microscope (Zeiss Inverted Fluorescence Microscope) and we manually counted

the captured cells. The number of captured cells within a small scale in the chip

was multiplied by a ratio, defined as that the entire surface area of the chip is

divided by the surface area of experimental images. The evaluation of capture

efficiency was depicted as (Equation 8.1):

CaptureEfficiency =
CapturedCellsinChip

ExpectedTotalCellsinChip
x100 (8.1)

After that, the release process was employed at 37 ◦C due to the phase tran-

sition ıon the particles. MCF-7 cells were released from the microfluidic plat-

forms with a 10 µL min−1 of flow rate for an hour via syringe pump at 37 ◦C

(LCST of p(NIPAAm)). Afterwards, we took images (n=3) from different shapes

of p(NIPAAm)@SiO2 integrated chips in order to evaluate the release efficiency

using a fluorescence microscope (Zeiss Inverted Fluorescence Microscope) and

manually counted. The number of released cells within a small scale in the chip

was multiplied by a ratio, defined as that the entire surface area of the chip is

divided by the surface area of experimental images. The release efficiency was

defined as (Equation 8.2):
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ReleaseEfficiency =
CapturedCellsinChip−RemainingCellsinChip

CapturedCellsinChip
x100

(8.2)

8.2.3 Viability Analysis of Released Cells

After the release process, we collected the released MCF-7 cells in Eppendorf

tubes. Each collected sample was centrifuged at 8600 g (6000 rpm) for 5 minutes

at the room temperature, thereby precipitating the released MCF-7 cells. After

the centrifugation, since the precipitation contains MCF-7 cells, supernatants

were removed and precipitation was diluted with 1 mL of PBS and 900 µL of

them were transferred to other Eppendorf tubes. Subsequently, the Live/Dead

(ThermoFisher) reagent consisting of 5 µL of calcein AM stain and 20 µL of

ethidium homodimer-1 was diluted with 1 mL of PBS, and 900 µL of it was

added to 900 µL of MCF-7 cells containing Eppendorf tube (1:1 reagent/cell

ratio). In the Live/Dead assay staining method, the following Equation 8.3

states how the evaluating viability of MCF-7 cells after the release process was

performed:

CellV iability =
LiveCellsGreen

LiveCellsGreen +DeadCellsRed

x100 (8.3)

Later on, we performed flow cytometry analysis (BD Accuri� C6 Plus, Bio-

sciences) in order to evaluate live/dead of MCF-7 cells before capture and after

release. Flow cytometer measures certain cell parameters such as shape and size,

as the cells flow in an environment of fluid stream and a single-file past an ana-

lytical laser light resource that has two specific wavelengths (488/640 nm) [183].

The analysis is mainly performed via emission detection of stained particles after

applying illumination and collecting scatters. For this purpose, specific emission

detectors should be used for different colors. For example, filter 1 (FL1) is mainly

applied for FITC or GFP (533/30 nm) stained samples. Here, with the aiming to

evaluate the viability rate of MCF-7 cells before the capture and after the release,
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we perform flow cytometry. For this purpose, we prepared fresh reagent solutions

only containing 5 µL of calcein AM (diluted with 1 mL PBS) as a positive control,

20 µL of ethidium homodimer-1 (diluted with 1 mL PBS) as a negative control,

and 5 µL of calcein AM stain and 20 µL of ethidium homodimer-1 (diluted with

1 mL PBS) as both staining sample (positively and negatively expressing par-

ticles). Afterwards, by using the released MCF-7 cells as we discussed above

(remaining 100 µL of MCF-7 cells), 50 µL of MCF-7 cells containing sample were

mixed with 50 µL of calcein-AM (PBS diluted) emitting green fluorescence that

stains viable cells (positive control), while the remaining 50 µL of MCF-7 cells

were mixed with 50 µL of ethidium homodimer-1 emitting red fluorescence that

stains dead cells. Furthermore, we took 100 µL of non-stained MCF-7 cells before

the capture and after release as additional control groups. Excitation/emission

values for calcein-AM are 494/517 nm with a FITC or GFP filter set 1, whereas

excitation/emission values are 528/617 nm for ethidium homodimer-1 with an

RFP filter set 3. The stained solutions were placed and incubated for 30 minutes

at 25 ◦C in a dark place, and then, the action was operated.

8.3 RESULTS and DISCUSSION

8.3.1 Characterization of Antibody Integration

First, short (3-MPS) linkers were separately modified to the bottom layer of

the microfluidic chips (glass slides), and different shapes of p(NIPAAm)@SiO2

were applied to these substrates. Then, anti-EpCAM antibodies (50 µg/mL)

were applied to the surface after decorating them with protein G (100 µg/mL,

1 hour of incubation time), hence enabling the proper orientation of antibody

immobilization through the Fc portion of antibodies. After the incubation, the

sensors were simply washed with PBS to remove any unbound moieties. After-

wards, to understand any potential non-specific binding due to the medium used

in this experiment, 1% of BSA was incubated for 15 minutes after the antibody

immobilization step. The immobilization of particles and the surface chemistry
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on each step were characterized by SEM and ATR-FTIR. In SEM images, we

observed better distribution of p(NIPAAm)@SiO2 particles in the surfaces of

the microchannels than the other counterparts (Figure 8.1). Moreover, after

the decoration of antibodies, the homogeneous surfaces are not expected to see

because either p(NIPAAm)@SiO2 or anti-EpCAM antibodies are not dissolved

in their solvent. Hence, observing well-distrubuted particles in the microfluidic

channels is a natural result of the applying particle consisting solutions.

Figure 8.1: SEM images are taken for the microfluidic chips which are modi-

fied with smart materials through short linkers. Anti-EpCAM antibodies are

decorated on a) bare surface, b) peanut, c) square, and d) oval shapes of

p(NIPAAm)@SiO2 particles.
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In addition, ATR-FTIR analysis were performed after the application of anti-

EpCAM antibodies to different-shaped p(NIPAAm)@SiO2, which were tethered

via short linkers to the chip surafce (Figure 8.2). The common stretchings

and bending vibrations were observed at between 3300-3500 cm−1 (-NH), 2850-

2950 cm−1 aliphatic groups of (C-H), 1374 cm−1 (C=O), and 1274 cm−1 carbonyl

peaks of maleimide groups, while C-C/=C-H in- vibration observed at 1068 cm−1.

Double bond vibrations –HC=CH- were located at 1468 cm−1 and 1156 cm−1 (C-

N). Symmetrical and asymmetrical peaks of the SiO2 structure were observed

stretchings around 900 cm−1 and 600 cm−1, while the peak of 750 cm−1 indicates

a Si-C signal. As a result of the analysis, anti-EpCAM antibody were successfully

immobilized to all p(NIPAAm)@SiO2 particles, resulting in high signal intensities.

Figure 8.2: FTIR analysis presents the decoration of anti-EpCAM antibodies on

short linker (3-MPS)-modified p(NIPAAm)@SiO2 particles on the chip.
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8.3.2 Analysis of Capture and Release Efficiency of MCF-

7 Cells from the Microfluidic Chips

Captured cells in the microfluidic platforms were observed via the fluorescence

microscope (Upright fluorescence microscope, Zeiss, Excitation = 350 nm and

Emission = 461 nm). The microfluidic chips modified with peanut, square, and

oval shapes of p(NIPAAm)@SiO2 were adjusted under the fluorescent microscope,

and we snapshotted them with three replicates. Using an open-source software

“Fiji - ImageJ Wiki”, the stained and captured MCF-7 cells, which emit blue

light, were evaluated and we counted them manually.

Firstly, to test the temperature effect on MCF-7 cells release, MCF-7 cells

were introduced to the chip, which was modified with peanut shape of particle

as a model shape for the control experiment, with a 10 µL min−1 of flow rate

for 15 minutes, followingly incubated for an hour, and washed with PBS for 15

minutes to remove unbound MCF-7 cells. We here used 60.000 cells/mL of MCF-

7 cells As can be seen from Figure 8.3a, captured MCF-7 cells were visualized

inside microchannels (n=3). After that, MCF-7 cells were released from the

microfluidic platforms with a 10 µL min−1 of flow rate for an hour via syringe

pump both at 25 ◦C (Figure 8.3b) and 37 ◦C (Figure 8.3b), and we took images

from microchannels. As a result of experiments, the captured cell numbers were

calculated as 6.692 ± 1.647, released cell numbers at 25 ◦C were found as 6.238 ±

2.894, and released cell numbers at 37 ◦C were evaluated as 2.797 ± 458 (Figure

8.3d). Moreover, the capture efficiency was 74.35% ± 18.30%, whereas, the

release yields were 7.97% ± 45.01% and 58.19% ± 6.84% for respectively, 25 ◦C

and 37 ◦C. These results confirmed the temperature-sensitive release of MCF-7

cells as a result of the hydrophilic (25 ◦C) to hydrophobic (37 ◦C) across the

LCST (Figure 8.3e).
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Figure 8.3: Control experiment for analyzing the temperature effect on MCF-

7 cells release is depicted. a) Fluorescent images of captured MCF-7 cells, b)

released MCF-7 cells at 25 ◦C and c) at 37 ◦C. The cells are stained with Hoechst

33342, blue dye. The data is analyzed by performing a non-parametric two-

way ANOVA statistical analysis, and the statistical difference is found as non-

significant. Error bars stand for standard deviations (n = 3). Scale bar = 100

µm.
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The captured cell numbers and capture ratios were evaluated according to

Equation 14. According to our results in Chapter 7-section 3.1, we here

used 150.000 cells/mL of MCF-7 cells. As depicted in Figure 8.4, each type of

shape including peanut, square, and oval shapes of particles modified chips were

able to capture the stained MCF-7 cells. In particular, the captured cell num-

bers were calculated as 15.265 ± 3.397, 8.453 ± 1.283, and 11.116 ± 3.681, and

their capture efficiencies were 72.69% ± 16.18%, 40.26% ± 6.11%, and 52.935%

± 17.53% for the cells captured on peanut, square, and oval shapes of particles,

respectively. This result was comparable to those of the adsorption & desorption

for model protein in the Chapter 6. Moreover, as shown in the BET analysis

(Chapter 3-section 3.3) peanut-shaped particles have a higher surface area

than those of square and oval shapes; hence it was expected that peanut-shaped

particles capture more cells than the other shapes. Moreover, oval-shaped par-

ticles captured more cells than the square-shaped particles; and thereby these

results showed the synergistic effect of morphology to capture yield.
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Figure 8.4: MCF-7 cells (150.000 cells/mL) are captured via different shapes

of p(NIPAAm)@SiO2 particles modified microfluidic chips. Fluorescent images

of MCF-7 cells captured by a-b) peanut, c-d) square, and e-f) oval-shaped

p(NIPAAm)@SiO2 modified chips are shown. g) The captured cell numbers and

h) cell capture ratio are depicted. The cells are stained with Hoechst 33342, blue

dye. The data is analyzed by performing a non-parametric two-way ANOVA sta-

tistical analysis, and the statistical difference is found as non-significant (p>0.05).

Error bars stand for standard deviations (n = 3). Scale bar = 100 µm.
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In order to evaluate the effects of cell concentrations on the capture yields, we

also applied 75.000 cells/mL of MCF-7 cells. As shown in Figure 8.5, the chips

modified with each type of particles including peanut, square, and oval shapes

provided capture efficiencies as 66.43 ± 34.11%, 40.38 ± 21.81%, and 54.88 ±

34.34% for peanut, square, and oval shapes, respectively. In particular, captured

cell numbers were calculated as 7.307 ± 3.752, 4.441 ± 2.339, and 6.037 ± 3.777.

The capture yield demonstrated that the microfluidic chips modified with different

particle shapes achieved a consistent capture yield regardless of the concentration

of rare cancer cells values, pointing out that the aforementioned design may have

potential to be used with blood samples consisting of trace numbers of CTCs in

the future [31].
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Figure 8.5: MCF-7 cells (75.000 cells/mL) are captured via different shapes

of p(NIPAAm)@SiO2 particles modified microfluidic chips. Fluorescent images

of MCF-7 cells captured by a-b) peanut, c-d) square, and e-f) oval-shaped

p(NIPAAm)@SiO2 modified chips are presented. g) The captured cell numbers

and h) cell capture ratio are depicted. The cells are stained with Hoechst 33342,

blue dye. The data is analyzed by performing a non-parametric two-way ANOVA

statistical analysis, and the statistical difference is found as p>0.04. Error bars

stand for standard deviations (n = 3). Scale bar = 100 µm.
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After that, the temperature was increased from 25 ◦C to 37 ◦C to evaluate

the phase-transition of the different shapes of p(NIPAAm)@SiO2 particles from

hydrophobic to hydrophilic. Afterwards, in order to observe the release of MCF-

7 cells from the microfluidic chip during the phase change from hydrophilic to

hydrophobic, the temperature was increased from the room (25 ◦C) to the body

(37 ◦C) temperature. After the release process, the remaining cells in microfluidic

platforms were imaged on a fluorescence microscope. The microfluidic chips,

which were modified with different shapes of p(NIPAAm)@SiO2, were adjusted

under the fluorescent microscope, and we then snapshotted each shape of particles

with three replicates. Using an open-source software “Fiji - ImageJ Wiki”, the

remaining MCF-7 cells were evaluated and counted manually. The released cell

numbers and release ratios were evaluated according to the Equation 15. As

depicted in Figure 8.6, the chips modified with peanut, square, and oval shapes

provided the release yields of 43.59% ± 16.63%, 47.67% ± 2.68%, and 42.338%

± 17.78%, respectively. In particular, the released cell numbers were calculated

as 8.610 ± 2.539, 4.423 ± 226, and 6.410 ± 1.976. This stated that the highest

release rate was observed in the peanut shape, whereas the lowest was found in

the square shape proportional to the surface area. In Chapter 6, the desorbed

avidin-FITC’s normalized fluorescent data values were also similar to MCF-7

cell release results. Both model protein (adsorption and desorption studies) and

CTC (capture and release studies) experiments demonstrated high capture and

release yields of our platform. Particularly, due to controllable shape, surface

areas, pore volume, pore size, and diameter differences of p(NIPAAm)@SiO2

particles, we controlled and tuned the interactions between surface-biomolecule.

These investigations confirmed that shape dependency alone would not control

the capture yield of the cells; yet the cell release was also consistent and reliable

as a result of the temperature-dependent phase transition of smart particles.
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Figure 8.6: MCF-7 cells (150.000 cells/mL) are released via different shapes

of p(NIPAAm)@SiO2 particles modified microfluidic chips. Fluorescent images

of MCF-7 cells released by a-b) peanut, c-d) square, and e-f) oval-shaped

p(NIPAAm)@SiO2 modified chips are presented. g) The released cell num-

bers and h) cell release ratio are depicted. The cells are stained with Hoechst

33342, blue dye. The data is analyzed by performing a non-parametric two-

way ANOVA statistical analysis, and the statistical difference is found as non-

significant (p>0.05). Error bars represent standard deviations (n = 3). Scale bar

= 100 µm.
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8.3.3 Viability Analysis for Isolated MCF-7 Cells

Afterwards, we took images to assess cell viability using a fluorescence mi-

croscope (Zeiss Inverted Fluorescence Microscope) and manually counted. For

the investigation of cell viability after MCF-7 release, we poured a drop of the

Live/Dead (ThermoFisher) reagent and MCF-7 containing solution (5 µL), which

was described in Chapter 8-section 2.3 into a glass slide and covered with a

glass slip. Afterwards, we took images to evaluate the cell viability using a flu-

orescence microscope (Zeiss Inverted Fluorescence Microscope), and we counted

them manually. Cell viability was defined as 72.02% ± 1.84%, 74.11% ± 3.76%,

and 72.38% ± 2.48% for the cells released from peanut, square and oval shapes

of particles, respectively. This results showed us that the cell release procedure

had negligible damage to cells compared to 82.33% ± 11.09% before capture cell

viability rate (Figure 8.7).
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Figure 8.7: Live/Dead assay shows the viability for the extracted MCF-7 cells

after the release process from a) peanut, b) square, and c) oval-shaped particles

modified chips. d) Overall cell viability comparison of after release (different

shapes of particles) and before capture. Green cells represent live, whereas red

cells indicate dead. The data is analyzed by performing a non-parametric one-

way ANOVA statistical analysis, and the statistical difference is found as non-

significant. Error bars represent standard deviations (n = 3). Scale bar = 100

µm.
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Additionally, these cells were investigated by the flow cytometry method before

the capture and after the release processes (Figure 8.8). Before capturing MCF-7

cells, the dead (live/dead) rate was found as 13.6%, whereas after releasing them,

the dead (live/dead) rate of the isolated cells was around 21.4%, confirming our

fluorescence data and pointing out that the released MCF-7 cells experienced

minimal damage, and they were highly viable.

Figure 8.8: Flow cytometry analysis (live/dead) is shown for MCF-7 cells a)

before the capture and b) after the release processes.
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8.4 CONCLUSION and FUTURE PROSPECTS

CTCs/CTM are unique elements to comprehend insights of cancer metasta-

sis, biology, progression, and treatment possibilities along with conventional and

emergent cancer biomarkers. Practically, “biopsy” is the most broadly used tech-

nique for the diagnosis of cancer, and it guides and benchmarks the associated

therapies. On the other hand, the heterogeneity characteristics of the tumor

environment and the rarity of cancer cells lead to the disintegration of the can-

cer cells subpopulation, and subsequently, this biological limitation intereferes in

developing biomedical methods to find out cancer cells. Regarding this aspect,

new-fangled methods are essential to implement more sophisticated platforms

in the aspects of daily clinical evaluations. By gaining benefits of uncovered

biomarkers including EpCAM for specific CTCs isolation, firstly, CellSearch®

was launched as a validated CTCs isolation technique. During the progression

of cancer investigation, the requirement for CTCs investigations was not only

limited to capturing or releasing rare tumor cells, and also, isolating them along

with smart material-assisted methodologies by using external stimuli is a crucial

aspect; thereby, we have elaborated different aspects of CTCs isolation in terms

of smart material-utilized platforms.

In this thesis, we aimed to fabricate an efficient, easy-to-use, accurate, and

label-free microfluidic chips that address unmet needs in the capture and release

of CTCs for isolation of them. There are some researches performed and on-

going focusing on microfluidic platforms to capture and release cancer cells [1].

However, their surface area hinders the capture and release efficiency. To hurdle

this limitation, we here implement varying shapes of bio-inspired silica particles

(peanut, oval, and square shapes) to change, enhance, and control the surface

area in the microfluidic chips. For this purpose, at the first glance, hematite

(α-Fe2O3) hard templates with peanut, square, and oval morphologies were fab-

ricated. Afterwards, different-shaped hard templates were homogeneously coated

with silica-gel without any agglomerations. The produced Fe2O3@SiO2 core-shell

structures were treated by using HCl acidic mixture in order to remove the core

structure for forming different shapes of hollow silica-gel structures. By using
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the surface-initiated ATRP method, harmonizing shape-dependent silica particles

with thermo-sensitive p(NIPAAm) compounds enabled to produce 3-D structures,

where surface area and so that the interactions between cancer cells with the mi-

crofluidic platform can be controlled precisely. Later, surface modifications with

succinimide and maleimide functional groups were employed to the outer shells

of p(NIPAAm)@SiO2 colloids for further surface chemistry approaches.

Before implementing these particles to the microfluidic chips, we performed

numerical simulations with the aim of stabilizing flow velocity and shear stress

profile in the microchannels. We have optimized the laminar flow characteristics

to immobilize biomolecules into the channels with 10 µL min−1 of flow rate.

Moreover, typical shear stress profiles of microfluidic devices along with 50 µm

of channel height was found suitable for biomolecule immobilization due to the

low shear stress profiles. Furthermore, the fabricated microfluidics was tested by

applying biotin protein to the glass surface with surface chemistry.

After that, we immobilized the bio-inspired silica particles to the microfluidic

chips. In this regard, we also characterized after the immobilization process, and

the outcomes from five distinct characterization methods contact angle, AFM,

XPS, SEM, and Upright fluorescence microscopy complementary assessments ex-

hibited that the short (3-MPS) modification was able to create highly active

surfaces than the medium (Silane-PEG-SH 1k) and long (Silane-PEG-SH 5k)-

distance modifications. Thus, we decided to continue with the short (3-MPS)

modification for further experiments.

As proof-of-concept or preliminary work, we have shown adsorption &

desorption of model proteins through temperature-sensitive different-shaped

p(NIPAAm)@SiO2 particles modified microfluidic platforms. Not only adsorb-

ing proteins but also desorbing them with high yield, especially at body tem-

perature (37 ◦C) demonstrated the phase alterations from hydrophobic to hy-

drophilic. This bioinspired strategy also has enabled the controlled adsorption &

desorption rate via changing the shape of particles. With that, we revealed the

temperature-induced phase transformation that could also lead to the isolation

and release of cancer cells; thereby, we continued with this experimental design,
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setup, and parameters for further the capture and release experiments.

After that, the EpCAM-positive MCF-7 cells were cultured in an incu-

bator. Furthermore, we have tested the cytotoxicity activities of SiO2 and

P(NIPAAm)@SiO2 particles against human breast cancer cells (MCF-7) in ver-

satile conditions for observing the biocompatibility of our platform by long-term

culturing , MTT assay analysis, and Live/Dead viability/cytotoxicity analyses.

As a result, we did not observe any toxic effects and influences on the cell viability

of MCF-7 caused by SiO2 and p(NIPAAm)@SiO2 particles.

Finally, we decorated anti-EpCAM antibodies on different shapes of particles,

which were tethered with a short linkers (3-MPS) to the chip surface. After un-

derstanding the successful binding of anti-EpCAM antibodies, we applied MCF-7

cells into the microfluidic chips. As a result, MCF-7 cells were captured with high

efficiencies (40% to 70%) with different concentrations (60.000 cells/mL, 75.000

cells/mL to 150.000 cells/mL). In particular, while employing the peanut shapes

particles, the highest number of cells (15.265 ± 3.397) along with the maximum

capture efficiency (72.69% ± 16.18%) were captured in the chips, and this might

be due to the higher surface area. Again, in the chips modified with peanut

shapes of particles, the number and ratio of released MCF-7 cells were was the

highest. On the other hand, the lowest data was observed in the square shape.

Finally, cell viabilities (live/dead) were investigated. Before capture and after the

release process, the cell viabilities (live/dead) were not statistically different than

those in control sample, pointing out that the cell capture and release procedures

had negligible damages to cells.

On the other hand, even if this platform has enabled a high capture and release

efficiency, aforementioned strategy have some limitations that can be further im-

proved in the future. First of all, repeatability of the microfluidic platform is

slightly limited due to the fact that the surfaces of microchannels did not provide

a homogeneous distribution of p(NIPAAm)@SiO2 particles, as can be seen from

Figure 5.12, 8.1. Despite the fact that the short (3-MPS) modification has been

distinguished in terms of biomolecules loading capacity, we tried only one concen-

tration value by inspiring our previous work [74], yet surface chemistry would be
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more active if the concentration value of 3-MPS increases in order to create uni-

form surfaces. By creating more homogeneous substrates, the standart deviation

values of CTCs capture and release yields also can be decreased. Additionally,

despite the high capture ratio, the release yield can be enhanced by increasing the

flow rate and release time of the MCF-7 cells; yet there is a potential to damage

cell viability and cellular intactness during this process. Therefore, the future

works can integrate different heating strategies such as laser that will also enable

for local release of cells or harmonize different polymers such as polypyrrole that

can provide a high heat capacitance. With these strategies, a higher release ratio

can be achieved [184, 185, 186]. Moreover, for the investigation of specificity,

different cell lines such as low- or non-EpCAM expressing cells can be tested on

this platform. We therefore proved the accuracy and validation of the system in

terms of non-dependency of cell concentrations, this aforementioned design can

be also used for spiked samples or blood samples consisting of trace numbers of

CTCs. In other words, there is always room for raising the quality and capability

of our platform with much superior performance. Nevertheless, the way to reach

a simplified and expedited fabrication process will enable a better understanding

for CTCs as a liquid biopsy that will also enhance the reproducibility of these

platforms.
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