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Abstract

Cancer is a leading cause of death and is an important barmar¢asdife
expectancy in every country of the worlBlesideswo thirds of cancer death
occurred in less developembuntriesbecause oflelayed diagnosis anigss
accessibléreatmentThe delayed diagnosisould lead tancreased death and
disability from cancer. Thereford, is essential tadevelopa technologyfor
cancer detectionwith universality and less costThe common imaging
technologies such as Magnetic Resonance Imaging (MRI), Computed
Tomography (CT) and Positrdemission Tomography (PE;T¢anbe used for
cancer earlyscreeningAfter early screening,eople who have symptoms and
signs consistent with cancer, require further identification of cathger
pathological diagnoses The traditional invasive biopsy would ause
psychological burden to patients and is limited by sample collection in deep
tumor and sampling bias. It also has risk of tumor metastagiscent decades,
liquid biopsytechniquehas developedjuickly and attractednore and more
attention Compared to invasivieiopsy, liquid biopsy is noninvasive, cheaper,
simple for sample collection with minimum riskhe sensitivity andspecificity

of liquid biopsy technique haalso been improved remarkably due to the
continuous innovation in moleculabiology technology. Liquid biopsy
generally incluésthe detection otirculating tumor cellCTCs) circulating
tumorderived exosomes and circulating tumaicleic acidsCirculating tumor
cells are tmor cellsthat shed fromsolid tumorand circulatein the blood
Circulating tumorderivedexosomesare vesicles thatecret fromtumor cells
containing some ribonucleic acgl (RNA) and protein Circulating tumor
nucleic acids arenucleic acidssheddingfrom tumor cells or releasetly
apoptotic ceB. Compared to circulating tumotderived exocsomes and
circulating tumornuclec acids circulating tumor cellsare integrated cells
carrying more complete informati@bout tumorCirculating tumor cell (CTC)

detection as a burgeoning detection strategy can identify the tumor lesion in the



early stage, and facilitate the understanding of tumorigenesis, tumor
progression, metastasis, and dragistanceAs so far, many technologidsr

CTC detection have been developed. Generally, CTC detection can be divided
into two stages: first is isolation and enrichment of CTCs and second is
downstream analysis of CTC%here are three main challengesxciting in

CTC detection:small number ofCTCs complex blood backgroundand
diversified typing of CTCs. To overcome thesadlifficulties, microfluidic
method has been applied tmprove CTC isolationcombined with Raman
fingerprint spectra and surfaemhanced Raman scattering (SER&}thodto
distinguish CTCs from other blood componer@sirrent microfluidic method
cannot separate CTCs completely from blood, which requires further
downstream analyst® distinguish CTCs from remaining blood cells. Besides,
SERS method might be interfered by complex blood components, which would
reduce detection sensitivity of SERS method. Therefore, blood samples require
pretreatment to reduce the interference obdlcells for SERS detection and
improve repeatability and reliability of detection resulis this thesis,SPION
PEI@Au basedSERS bidogical probeand BTiO> basedSERS biological
probewereprepared for direct detection of CTCs in the blobal improve the
detection sensitivity andaccuracy, microfluidic method was combinéat

blood pretreatmenbefore SERS detection The specific research contents

mainly include the following three parts:

1. Superparamagnetic iron oxide nanoparticegh poly(ethyleneimine)
coated with gold nanop&tes (SPIONPEI@AuU) were synthesized
according tahe previous worlof the research groupn this work,SPION
PEI@Au based SERS biological prolveas appliedon CTC detectionof
clinical blood samplesThe SPION@AuMBA -rBSA-FA SERS bidogical
probeconsised of four parts:SPIONPEI@Aucomposite nhanoparticless
SERS substrate4-mercaptobenzoic acid (MBA) as Ramarporter

reduced bovine serum albumand folic acid (BSA-FA) to recognize



folate receptor (FR) on cancer cell membraimethis work, 32 clinical
blood samplesfrom cancer tumor and 3 clinical blood sampligem
healthy peoplewere detecteddirectly by SPION@AuUMBA -rBSA-FA
SERS biological probe

. Black TiQ; (B-TiO2) nanoparticlesvere used as SERS substréBeTiO>
has advantages dbw cost, high spectral stability and reproducibility,
strong antiinterference ability, and selective SERS enhancertetarget
molecules. The synthesizedB-TiO> showed good SER®nhancement
effectandthe LOD of the AR molecule on-BiO2 can reacho 5x10% M.
The BTiO>-AR-PEGFA biological probeconsisted offour layers.The
innermost layer waB-TiO2 nanoparticlesvith crystal core and amorphous
shell structureThe secondayer was alizarin red (AR) molecukehich was
responsible foproviding Ramanspectral signalThe third layer was thin
NH2-PEG2000COOH layer which was used to improve the dispersion of
biological probe ando providebinding sites of folic acid (FA) and thugto
increaseFA grafting rate The outermostayer was FAmolecule FA was
used tospecifically recognizeancer cells byolate receptor (FR) ooancer
cell membraneThe researctresults showed thahis B-TiO2 based SRES
biological probe hagood specificity anddetectionaccuracywith obvious
Ramansignal It candistinguishpositive FR-expressingancer cell§MCF-

7) from lower FR-expressing cells (A549 and R264.7).

. Because of complex blood componerntse sensitivity and stability of
SERS biological probewould be attenuatd without proper blood
pretreatment.To improve the performance ofSERS biological prohe
microfluidic method was added to isolate CTCs before SERS detection. In
this strategy, theelativelylow specificity and isolatiopurity of microfilter
could be solved byntegrating with highly sensitie and highly specific

SERS spectra detection, whilee microfilter could reducthe interference



of blood backgroundo SERS detection. BesideSERSfluorescencelual
modal in situ imaging methogroved that this stratedyas highspecificity
with detection limitof 2 cancer cells per millilitem rabbit blood.Besides,
the operation process wasnple and higtspeedwith detection time less
than 1.5 hoursThis strategy has also been appliedCtoC detection of

clinical blood sampleandhasdetectedCTCsfrom blood successfully.

These results illustrate that in addition to noble metal nanoparticles
semiconductor nanoparticles calso be used for SERS detection with good
SERS enhancement effect. Althou@ERS method has goodsensitivity in
CTC detection, the performance &ERS methodwould be affected by
complex componentsf blood and inproper blood treatmentMicrofluidic
method wagsombinedio remove the interference of blood cells andhtprove
the repeatability and reliabilityof SERS detectian The combination of
microfluidic method andSERS detection method coutdmplementheir own
shortcomingsand thus to improve the detection efficiencyhis thesis
demonstrated thahe combination ofmicrofluidic method and SERS detection

methodcould open new paths for liquid biopsy.
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Chapter 1 Introduction

Cancer is a leading cause of death worldwide witlteasing incidence and
death cases. In 2021, an estimated 19.29 million new cancer cases occurred and
almost 9.96 million cancer cases caused d&htihere has been consistent
growth in global cancer burden, which imposes enormous stress of health,
emotion and finance on individy family, community, and health systems.
High proportion of the cancer patients in developing countries including China,
are not able to access timely or higinality treatment and diagnosis. The delay

in cancer diagnosis and treatment would increasecetadisability and
mortality. There is consistent evidence showing that the early diagnosis with
timely treatment could reduce cancer mort§lity]. Therefore, early diagnosis

and treatment are critical important during comprehensive cancer control. If the
tumorigenesis and tumor metastasis can be detected earlier by some reliable
detection technologies, the tumors can be strangled in the early thtagby
improving the treatment and prognosis of cancer. However, early clinical
symptoms of tumors are normally atypical, thus, the early diagnosis and
treatment of cancer diseases is a worldwide challenging problem. The
traditional clinical and imagingdiagnostic methods, such as Magnetic
Resonance Imaging (MRI), Computed Tomography (CT) and Positron
Emission Tomography (PET), are difficult to find early tumor tissue and unable
to realize effective diagnosis of early tumors. The inconvenient colleofion

samples caused the stagnant study of solid tumor. In the background of



precision medicine, liquid biopsy technology, with advantages of convenient,
minimally invasive, and able to observe tumorigenesis dynamically, has
developed rapidly and attractedcipasing attention nowadays. Benefit from
the continuous innovation of molecular biology technology, the sensitivity and
the specificity of liquid biopsy have been improved significan@pnsiderable
evidence has emerged that cancer cells and relatedsissauld release
biomarkers such as circulating tumor cells (CTCs), DNA, RNA, and exosomes
into circulating blood. The amount and the type of these biomarkers are closely
related to tumor tumorigenesiLirculating tumor cells are tumor cells
shedding from solid tumor and circulating in the blood, which has been used as
a biomarker in the detection of peripheral blood of cdfterThe comparison
between converdnal invasive biopsy and CTC detection shows that CTC
detection has many advantages apart from high specificity. For examples,
samples could be collected in a gentled way, so that better patient compliance
can be achievedMore importantly, CTC detectiorsinot limited by tumor
heterogeneity, because CTCs could shed from primary tumor as well as
metastatic tumor. Therefore, they are carrying more complete information
about tumor development. Many tumor challenges, such as accurate auxiliary
diagnosis, realime monitoring, therapeutic evaluation, and prognosis
judgment of tumors are expected to be achigfledin addition, CTCs carry a
wealth of information about tumorigenesis, tumor progression, metastadis

drug resistance that can help understand and control tumor diseases. However,



CTC detection is limited by its heterogeneity and extremely small number of
CTCs (210 CTCs per milliliter) in the blood. Therefore, it is necessary to

develop more effeate CTC isolation and detection methods.

In this chapter, research backgrowadt literature review of circulating tumor
cell have been reviewedBasedon the literature review, the limitatisrof
current technologyvould besummarized andonsideredor research design.
Finally, outlines of this thesidocused on theresearch of SERS and

microfluidics-based CTC detection method

1.2 Circulating tumor cells

Circulating tumor cells are tumor cells shedding from the solid tumor,
intravasatng into blood and lymphatic vessels, and translocating to distant
tissues via circulatidB]. Figurel.1 showed the origin of CTCs. During the
process of tumor development, CTCs woudthter circulation system
spontaneously or under the influence of external factors, carrying a large
amount of information about tumorigenesis, tumor progression, metastasis, and
drug resistand®]. The survived CTCs would cause tumor metastasis by
shedding, invasion, intravasation, circulation, extravasation, and formation of
secondary tum¢@t0]. Current studies show that cancer metastasis sause
approximately 90% death of cancer. The detected CTCs in peripheral blood

presage the possibility of tumor metastasis. Therefore, CTCs have been



considered as effective biopsy method and able to realize accurate auxiliary
diagnosis, realime monitoring, therapeutic evaluation, and prognosis

judgment of tumorg].

Blood
vessel

[
i (@) Epithelial-like CTC
‘ QMesenchymal-like CTC

Figure 1.1: The schematic of metastatic process including (1) CTC invasion
into blood vessels from primary tumor; (2) circulation of CTCklood vessel;
(3) extravasation after CTC adhesion to blood vessel walls; (4) metastasis and

formation of secondary tumdd].

1.2.1 Biological properties of CTCs

The biological characteristics of CTCs are commonly affected by protein
expression, gene mutation, singlecleotide variations (SNVs), or copy
number variations (CNVs) of CTCs. The analysis of the biological
characteristics of CTCs can clarify the relaship between CTCs and tumor
progression, guide precise anticancer therapy, distinguishing CTCs from other

cells and evaluate the targeted drug therapy. Thelifealperiod of CTCs



shedding from solid tumor of cancer patients i2.4 h in the circulation
system, related to the immune reactions of CTCs involved in the circulation
systenil2]. CTCs derived from epithelial tumors have the characteristics of
epitheliatmesenchymal transitio (EMT) and mesenchymabpithelial
transition (MET)13]. In the EMT praess, the surface markers of epithelial
cells would be downregulated while the markers of mesothelial cells would be
upregulated. Thus, tumor cells would be promoted to break away from
intercellular adhesion and acquire variability and invasiveness. Icotiteast,

the MET process enables CTCs from EMT process to reverse and restore the
epithelial phenotype, regain the ability of adhesion, and form metddiékses
Because CTCsvere shed from solid tumor, they have the properties of
epithelial cell and mesenchymal cell and can express Epithelial Cell Adhesion
Molecule (EpCAM) antigen on their surface, which can be used to distinguish
CTCs from blood cells. However, isolation inetls only based on EpCAM
may limit the detection specificity of CTCs from other types of cancers, so
organspecific cell surface markers or stem cell markers have been used to
enrich CTCs. For example, in addition to the commonly used EpCAM, the
other bionarkers, such as CK19, HER2, ER, PR, and MUC1, are also used in
breast cancer diagnogi$]; EGR, and PTEN are used for prostate cancer
diagnosifl6]; and EpCAM, ASGPR1, N cadherin, Vimentin, Gpc3, and AFP
are used for hepatocellular carcinoma diaghb3g]s The related biomarkers of

CTCs have been summarized in Tahle



Tablel.1: Biomarkers related with CTCs in different types of cancer

Biomarkers Related Cancer Type

Breast Cancer, Prostate Canc
EpCAM: Epithelial Cell Adhesion Molecule
Hepatocellular Carcinoma

CK19: Cytokeratinl9 Breast Cancer
HER2: Human Epidermal Growth Factor Recepor Breast Cancer
ER: Estrogen Receptor Breast Cancer
PR: Progesterone Receptor Breast Cancer
MUC1: Mucin-1 Breast Cancer
EGR: Early Growth Response Factor Prostate Cancer

PTEN: Gene of Phosphate aff@nsion Homology Deletet
Prostate Cancer
on Chromosome Ten

ASGPRL1: Asialoglycoprotein Recepték Hepatocellular Carcinoma
N cadherin: N Cadherin Hepatocellular Carcinoma
Vimentin Hepatocellular Carcinoma
Gpc3: Glypican3 HepatocellulaCarcinoma

AFP: Alpha Fetoprotein Hepatocellular Carcinoma

1.2.2 Physical properties of CTCs

Due to the abnormal metabolism and metabolic disorder of tumor cells after
entering circulation system, the change of composition of intracellular
substances, ge expression and modification, protein synthesis and
aggregation of S ome pol ar particul at €
physical properties, which are different from normal cells and normal tissue

cells.



Size and density

There have been many studmasasuring the size of tumor cell and blood cell
normally by optical microscopy and flow cytometry. Erythrocytes have a
diameter of 78.5 pm with volume of 100.64 um? and leukocytes are-53 pm

in diameter, including granulocytes with diameter ofZ3 um, lymphocytes

with diameter of 5.20.5 pm, and monocytes with diameter of 94.0.5

UM [18]. In general, the average diameter of leukocytes is less than 10 pm with
wide size distribution. The average diameter of cancer cell lines used to
validate various CTC isolation techniques ranged from 15 to 25 pm, which was
significantly larger than thatfaVBCs. However, cells from cancer cell lines
may be larger than CTCs from cancer patients with same cancer type. For
examples, CTCs of breast cancer have the average diameter of 13 pm while the
diameter of breast cancer cell lines is1Ibum; CTCs of pragtate cancer have

the average diameter of 6:9678 pum, which is much smaller than the diameter

of prostate cancer cell lines, 10-88.92 uyn[19]. The size difference between
CTCs and WBCs is less clear than the difference between cancer cell lines and
WBCs. The size distribution of CTCs and WBCspiartly overlappef@0].
Besides, CTCs from different melanoma cancer patients have different size
distribution. The mamum size of CTCs from two patients is larger than 12
um while some of CTCs from one patient are smaller than 1(J2fh

Therefore, it is limited to only use cancer cell lines treated blood sample for



validation of isolation technology. More realistic samples with variable size

distribution of caner cell lines should be carried out for validation.

CTCs can also be isolated from blood cells by density gradient centrifugation
system depending on the density difference of different[22]lsErythrocytes

and granulocytes have the density higher than separation medium and will
precipitate at the bottom of the pipe after centrifugation, while monocgtes a
lymphocyte have the density smaller than separation medium and will float in
the upper layer of separation medium or suspended in medium. CTCs are
mainly deposited in the monocyte enrichment layer. After using Hramue
medium with a density of 1.07¢/mL, CTCs might be detected in the
Peripheral Blood Mononuclear Cell (PBMC) layer. However, the density of
CTCs is not accurately defined and probably is not uniform. Research shows
that some CTCs from prostate and pancreatic cancer appeared much heavier
and could not be separated with separation medium with density of 1.077
g/mL[23]. Therefore, the isolation methods based on density should be

improved.

Morphology and stiffness
The cell morphology of CTCs and WBCs is different. Some studies have
shown that CTCs have loweoundness than WB{&1]. Most CTCs from

breast, colorectal, and prostate cancer have the roundness @61.55 1.4,



and 1.80.8, respectively, while the roundness of WBCs i$§ 1.8. Apart fran

cell morphology, the deformability difference between tumor cells and blood
cells can also be used for isolation. When cells are encountering forces or
restrictions, they will deform to pass through the pores which are even much
smaller than cel[@5-27]. The cell deformability can be defined by Elastic
properties, such as stiffness and Your
by Atomic Force Microscope (AFNB8], micropipette aspiratig@9], laser
optical trapping30], and microfluidic devid@1]. The stiffness of cells is
represented by Young's modul us, whi ct
deformability. Previous studs show that the stiffness of tumor cells ranges
from 200 to 2000 Pa with that of neutrophils from 1886 P32]. However,

Lee et al. reported that the stiffness of neutrophils is 1848 Pa in center
region, 688801 Pa at the leading edges, and °“83¥ Pa at trailing edge,
which is similar with the stiffness distribution ofntior cell§33]. Besides, the
stiffness of nucleus is higher than that of cytoplasm. Nucleus to cytokeratin
ratio (N/C) is defined as the ratio of nucleaiea to cytoplasmic ard®]. The

N/C ratio of CTCs is higher than 0.8 while the N/C ratio of WBCs is much
smaller than 0J@2]. CTCs from breast, colorectal, and prostate cancer have
N/C ratio of 0.82.8, 1.03.5, and 1.02.1, respectivelg4]. Therefoe, CTCs

are concerned to be stiffer than WBCs. In additions, many researchers have
studied the relationship between cancer metastatic potential and stiffness and

found that CTCs with higher stiffness have lower metastatic pof@4fal



Electrical properties

The cell capacitance can reflect the area of plasma membrane resulting from
cell transport phenomena and metabol&sh Therefore, some researchers use
total capacitance to analyze the morphology and physiological states of cells,
which has been used to quantify metgeneity of breast cancer cell lifigg].
Different cell types have significant differences in the membrane capacitance,
which has been applied on dielectrophoresis (DEP) method to separate
different cell types. Cancer cells have different cell capacitance because of
their abnormal transport phenomena and metabolism as well. Besides, under
the stimulation of external environment, CTCs induce cell gene expression and
the change of membrane skeleton cinite and adhesion, which affects the
surface charge of cell membrane to resist the shear force of blood fluid. It is
reported that breast cancer cells have smaller mean association constant of
hydrogen ions, which means that CTCs have more negative gl3aiigdhe
difference in electric properties combined with size difference between CTCs

and blood cells can facilitate CTC isolation.

1.3 Clinical application of CTCs
In recent years, clinical trials have demonstrated that CTCs have important
value for tumor early diagnosis, prognosis evaluation, therapeutic efficacy,

tumor stage and monitoring of tumor recurrence or metastasis.
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1.3.1 CTCs and early diagnosis

The theoy of CTC detection applied in tumor early diagnosis was based on the
research results of animal moj@8]. Researchers used mice models to study
breast carer, finding that CTCs could be appeared at early stage of primary
tumor formation. In the mice models of pancreatic cancer, CTCs was found in

the blood circulation before the formation of solid tumor.

However, there are two key issues remaining in thdicgtipn of CTC
detection in tumor early diagnosis. First, the clinical research found that benign
disease patients also have the presentence possibility of CTCs. For examples,
Tanaka et al. found that 12% of benign lung disease patients could be detected
with CTC439]; Pantel et al. have also detected CTCs in the 11% of benign
colon diseases patiefd]. Second, the number of CTCs in the blood at the
early tumor stage is extremely lom one milliliter of blood, there are-10

CTCs with 16 white blood cells and Pared blood cellgtl]. Besides, due to

the rarity of CTCs, no relevance has been found between the number of
detected CTCs and tumor volume, tumor classification. Therefore, it is

important to develop more sensitive methods for CTC detection.

Although there are severdifficulties in CTC detection applied in early tumor

diagnosis, it has still been proved that CTC detection is a potential method in
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term of early tumor diagnosis. llie et al. have detected CTCs in patients with
Chronic Obstructive Pulmonary Disease (COPD). Besideshanfollow-up
detection within 14 years, patients with detected CTCs have been diagnosed
with early stage of lung cancer by CT and pathologic bi@@3y Therefore,
CTC detection has important scientific significance and application value for

early diagnosis of tumor.

1.3.2 CTCs and prognosis evaluation

The number of CTCs at different stages of tumor are different which could be
considered as an analysis basic of prognosis evaluation. Cristofanilli et al. have
verified the hypothesis that the level of circulating tursells can predict
survival in metastatic breast candd®]. In this research, they found that the
Progresd-ree Survival (PFS) and the Overall Survival (OS) of patients
correlated with theumber of detected CTCs in circulation. Patients with more
than 5 detected CTCs per 7.5 ml peripheral blood have obviously shorter
survival and worse prognosis. In the following clinical studies, the
corresponding relationship between CTC number and psigror treatment
evaluation has also been proved to be applicable to prostate cancer, colorectal

cancer, and other cancer pati¢fds 45]

1.3.3 CTCs and therapeutic efficacy

Nowadays, growing number of tumor clinical research have considered CTCs

12



as an important value in therapeutic effidd®]. As mentioned above,
Cristofanilli et al. also applied CTC counting to the monitoring of metastatic
breast cancer. In 2006, Budd et al. tested 138 metastatic breast paiiets

with imaging detection and CTC counting before and a median of 10 weeks
after the initiation of therapg7]. They find that patients with more than 5
CTCs in 7.5 mL bloodvere associated with shorter PFS and OS. Besides, by
comparing the use of CTCs to radiology for prediction of OS, they found that
assessment of CTCs was an earlier, more reproducible indication of disease
status than current imaging methods. CTCs may beparior surrogate end
point, as they are highly reproducible and correlate better with overall survival

than do changes determined by traditional radiology.

1.4 CTC detection: isolation and downstream analysis of CTCs

90% of malignant tumor was derivedom the epithelial cells where the
epithelial tissue cells have extremely different gene expression and biological
characteristics compared to other tissue cells, such as blood cells. Therefore,
most of CTC detection methods have been developed dependinteo
difference between epithelial tissue cells and blood cells. However, after
decades of development, CTC detection is still challenged because of the
extremely small number of CTCs in blood and the differences in size,
morphology, molecular marker, gemexpression and mutation of CTCs caused

by the heterogeneity of CT({Z8, 49] In general, the CTC detection has two
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stages: isolation of CTCs (capture and enrichment), and downstream analysis

of CTCs (detection and relealsf)).

1.4.1 Isolation technology of CTCs

CTC isolation methods have been divided into two major categories based on
biological characteristics and physical characteristics. The former is mainly
based on CTCs’ bi ol ogi cal omenbrmal Blood er i st
cells such as expression to epithelial cell adhesion molecule (EpCAM), which
has been classified as latakdpendent methods. The latter is mainly based on
physical differences between CTCs and blood cells such as size, density,
deformabiliyy, and electric properties, which has been classified as- label
independent methods. The lafgelpendent methods could also be classified
into positive isolation and negative isolation. Positive isolation of CTCs is
commonly achieved by EpCAM which is a H#inof cell surface marker
expressed in CTCs. In negative isolation, WBCs are depleted by antibody
against CD45 or other leukocyte antigens. The ldbpkendent isolation has

high specificity but is limited by low surface protein expression level and
inheren heterogeneity of tumor cells. In contrast, the labdependent
isolation does not depend on cell surface marker expression level. Compared to
labetdependent isolation, lab&ldependent isolation can be accomplished in a
low cost, simple and fast wallowever, it suffers from low specificity because

of overlap in size, density, and stiffness between CTCs and WBCs. The
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CellSearch system was one of CTC detection technologies based on biological
characteristics of CTCs and was the first CTC detectionugtogpproved by

U.S. Food and Drug Administration (FDA). It could be used for CTC detection
and enumeration for metastasis breast, colorectal, and prostate cancer. However,
it was limited by its complicated detection process, low purity (< 0.5%) and
sensitvity (high false positive and false negative rae8). Therefore, it is
urgently needed to develop novel approaches to improve the CTC detection
technology, which demands better understanding of biological andcphysi
properties of CTCs. Microfluidics has rapidly developed recently and has
become a promising way to tackle the challenges, which has been overviewed

in Sectionl.5.

1.4.2 Downstream analysis of CTCs

After isolation, there need to be some analysis methods to identify the isolated
cells and distinguish CTCs from background cells. Besides, apart from CTC
counting for preliminary clinical decision, molecular profiling of clinically
relevant CTCs subpopuians is important for the study of tumorigenesis,
tumor progression, metastasis, and drug resistance. The recent technological
for molecular characterization of CTCs are based on cellular morphology,

cellular immunology and cellular molecular.

Compared to the normal blood cells, CTCs have abnormalities of structure,
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function, and metabolism, which is the basics of CTC morphologic cfEjge
CTCs have some common morphologic features, such as large, irregular, and
hyperchromatic nuclei with prominent nucleoli. Besides, the cytoplasm of
CTCs is changed due to secretion, condBos, and keratinization. Therefore,

cell dyeing can be used to identify CTCs through cellular morphology.

CTCs are shed from solid tumor retaining the properties of epithelial cells and
mesenchymal cells. Therefore, they can express gene of epitledlsaland
mesenchymal cells, such as Cytokeratin (CK), Vimentihcaéherin, and N
cadherin. Besides, the specific tumor can express tissue specific gene, for
example, human mammaglobin (hMAM) for breast cancer. CTCs can be
identified by immunofluorescencélF) staining or immunohistochemistry
(IHC). The commonly used genes have been mentioned in Secfiah
Fluorescence in situ hybridization (FISH) can also be used to analyze CTCs
through fluorescence microscopy to localize fluorescent probes binding
specific DNA sequence to parts of the chromos@2¢ In recent years,
SurfaceEnhanced Raman Scattering (SERS) spectroscopy has been developed
in application of CTC angsis. It has been widely applied as optical imaging
and detection tool due to the strong signal intensity, excellent photostability,
biocompatibility, and especially the multiplexing abil§8]. Through

appropriate analysis methods, CTCs can be detected more effectively.
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1.5 Microfluidics for CTC detection

Microfluidics is characterized by dramatic reduction in sample and reagent
consumption, low fabrication cost, simultaneous analysis of hundreds of
samples in short time, and high integration of multiplexing functions such as
sample pretreatment, transpdida, mixing, reaction, separation, and detection

on the same microdevice. It can realize the whole process of sample
pretreatment and analysis onlB4]. Besides, microfluidic platform featured
with chambers, channels, and other nanostructures, such as pillars, tube, rod,
and wires, can be used for cell separation because of their biomimetiesurfac
conditions. Because these characteristics are suitable to CTC isolation and
analysis as well, many microfluidic devices have been developed for CTC
isolatior{55]. The microfluidic methods have also been classified into 1abel

dependent methods and lafredependent methods.

1.5.1 Label-dependent technologies

Labeldependent technologies, also calltinity-based technologies, depend
highly on the expression difference of cell surface markers between CTCs and
normal blood cells. Most labelependent technologies are positive enrichment,
that is, capturing CTCs by EpCAM. In addition to positive emmeht,
negative CTCs enrichment uses leukoegpecific surface markers, such as
CD45 and CD66b, to deplete leukocytes. Figugeshows some typical label

dependent microfluidic methods for CTC isolation, and the performance is
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summarized in Appendix Table

Immunocapture

Immunocapture is the most traditional method among 4dépéndent
technologies for CTC isolation. The surface of microfluidic features or
channels can be coated with ligands or capture molecules which can combine
with the surface marksrof CTCs, as shown in Figule2A[56]. When blood

flows through the chip, CTCs will be captured and stay in the channel while
other blood cells are taken away. In immunocapture method, varieties of
structures are designed to improve the performance of CTC isolation.
Micropost array can create turbulent flow twiease the contact chance of
CTCs with ligand on the channel. Nagrath et al. developed a microfluidic
platform fabricated with EpCAM coated microposts, which has successfully
isolate CTCs from the blo@®l7]. Chaotic mixing is also used to increase the
contact area between CTCs and channel surface. For example, the structure of
grooved herringbone (HB) patteis commonly utilizef20]. Immunocapture
methods also use nanomaterials and nanostructures with highesaredo-
volume ratio to increase surfaceated with antibody, and thereby to improve
the capture efficiency. Tseng et al. introduced a NanoVelcro microfluidic
device employing silicone nanopill#8], silicone nanowirg59], and

nanofibers coated with antibodjé8)].
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Hydrogel-based capture

Hydrogel is a kind of polymer material with thrdenensional (3D) network
structure formed by chemical or physical ctioésng. It can swell in water
instead of dissolving. Compared with other materials, hydrogel has obvious
advantages, such as higlater content, soft properties, high permeability, and
good biocompatibility and so on, which make it widely used in CTC
sepaation61-63]. Using the intelligent response ofdrggel to light and heat,
researchers fabricated a capture substrate for CTC capture and release. As
shown in Figurel.2B, a near infrared (NIR) lightesponsive substrate was
designed to capture CTCs by immunocapture and release CTCs by a kind of
thermosresponsive hydrogel. This method allows single CTC capture and
recovery of captured CT{®}]. Luan et al. developed a hybrid photonic
barcode functionalized with folic acid (FA) to capture and release of CTCs
with methacrylated gelatin (GelMA) gel combined with FA molecules. The soft

propety of GelMA gel allows better cell viability after CTC isolat[d9)].

Immunomagnetic capture

The immunomagnetic method use magnetic nanoparticles coated with
antibodies, aptamers, or peptides, which can capture CTCs and isolate CTCs
from blood cell by a magnetic field. The CellSearch system is based on
immunomagnetic method. The method can be classified into positive isolation

focusing on capture of CTCs and negative isolation focusing on capture of
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leukocytes or erythrocyte. In somegitive isolation methods, the captured
CTCs will be adsorbed in the microchannel, making it difficult for downstream
analysis of CTCs. Therefore, Saliba et al. developed a microfluidic device with
antibody functionalized superparamagnetic beads whickal&assemble with
magnetic traps in the microchannel. The capture efficacy is higher than
949465]. However, the selhssembled magnetic columns used in these
methods are often unstable due to the large hydrodynamic drag force, which
results in low throughput. Figure2C shows a magnetic force gradidsatsed
microfluidic chip which can separate CTCs depending on their expression level
of EpCAM. This device can isolate CTCs from 3 mL blood withirolif66].
Among negative isolation meails, magnetic nanobeads coated with-anti
CD45 antibodies have been commonly used for separating WBCs from CTCs,
thereby enriching CT(87]. Although the recovery rate of this negative
method is higher than that of positive method, the purity of isol@Eds is

relatively low; therefore, further isolation is required.

Immunofluorescence

Fluorescence in situ hybridization (FISH) is a method that uses specific DNA
sequences tagged with fluorophores to detect chromosome or gene status in the
nucleu$68]. Conventional FISH technique is time consuming, labor intensive,
and expensiVjé9]. It usually takes 2 or 3 days to complete analysis and the

reagent required for assay is expensive such as fluorescently labeled DNA
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probes. Therefore, microfluididsased FISH device kdbeen developed to test
CTCs, which can highly reduce time and cost compared to the conventional
FISH. After CTCs isolated from blood by microfluidic chip, FISH is used to
carry out singlecell molecular diagnodig0]. Zhao et al. introduced an
automatic CTC counting method based on microfluidics and line confocal
microscopy. As shown in Figue2D, blood sample was directly labeled with

a variety of antibodies comied with different fluorophores and pumped into
microchannels linked with lireonfocal microscope. Based on the
fluorescence signal, CTCs can be counted automatically. Besides, 1 mL blood
sample can be analyzed within 30 min due to the high floyrHteThe label
dependent technologies can achieve high specific and purity due to specific
expression of CTCs. However, lalldpendent technologies face the
challenges of high cost of antibodies, low flow velocity, and small sample

volume.
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Figure 1.2: Examples of labedependent microfluidic methods for CTC
isolation. (A) Immunocapture isolation method with aptamer grafted SINW
substratfh6]; (B) Hydrogetbased capture isolation method with NIR
responsive celimprinted gelatif64]; (C) Magnetic force gradient based
microfluidic chid66]; (D) Immundluorescence isolation method based on

microfluidics and line confocal microscoiL].

1.5.2 Label-independent technologies
Labetlindependent technologies isolate CTCs from peripheral blood based on
the difference of physical propertibetween CTCs andllood cells. Label

independent methoddas advantages of isolating CTCs from blood without any
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expression of tumespecific surface markers and maintaining CTCs activity.
Figure 1.3 demonstrates some of lalietlependent microfluidic methods for
CTC isolaton, and the performance is summarized in Appendix Table 2. Based
on the physicatlifferences of size, density, stiffness, morphology and electrical
properties, CTCs can be isolated by microfiltering, hydrodynamics, DEP, and

acoustophoresis methods.

Mechanical filtering

Mechanical filtering isolation methods use the differenafe size and
deformability between CTCs and blood celts isolate CTCs from blood.
Almost CTCs have larger cedize and higher stiffness than blood cells. The
microfilter commonly casists of pores, cavities, or geometric obstructions
fabricated with certain arrangempt]. When blood flows through the
microfilter, the smaller RBCs, WBCand platelets will pass the filter while the
bigger CTCs areaptured. However, CTCs captured by microfilter may be
damaged due to high flow rate and filtration pressure. Harouaka et al. designed
a new flexible micro spring arraf¢FMSA) device to minimize the damage of
cell and maintaincell activity, as well as tancrease throughpin3]. The
capture efficiency of this device can reach 3%. However, mechanical
filtering isolation method is limited by clogging aadsorption because of the
accumulation of cells on the filtashich will cause higher fluid driving forces,

damage the captured CTCs, and reduce the isolation performance.
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Hydrodynamics method

The hydrodynamics method is mainly depending on thedsitexrence and the
different movement response to the hydrodynamic force. There are three main
types: Deterministiclateral displacement (DLD), Dean Flow fractionation

(DFF),and Mcrovortex.

DLD is based on the characteristic that CTCs are lahger normal blood cells
and is designed with DLD array wfhich the critical radius is between CTCs
and blood cellsCTCs, which are larger than critical radius, will move to one
side afer collision with arrays, while blood cells which are smaller ttratical
radius will keep the original path flowing through the array. Loutherback et al.
designed a DLD array device that cegparate CTCs with the flow rate of 10
mL/min and achieva cature efficiency higher than 85% without influence on
cell viability[74]. DLD method may also suffer from cloggimghen detecting

clinical samples that may be sticky and contain lots of debris.

DFF also uses the size differenbetween CTCs andlood cells. When fluid
flows in a spiral channel, the velocitistribution of fluid is parabolic, with the
greatest velocity ithe middle of the channel leading to the greatest centrifugal
force, thus, flowing to the outer edgetbé channel. Th#uid near the channel

wall has the smallest velocity and teenallest centrifugal force, so it will be
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pushed by middle fluid. To maintain equilibrium, the Dean flow is formned

the direction perpendicular to the flow of the fl7ifl]. Affected by lift force

and Dean frag force, lageells will move to the inner wall and smaller cells

will move to outer wall, thereby to separate CTCs fronoblgells ashown in
Figure 1.3A[76]. A labeklfree spiral microfluidic devicevas developed which

can separate CTCs from blood with more than 85% recovery rate and 99.99%

WBC depletiofi77].

Microvortex is caused by inertial force with suddenly expansmmtraction
construction. Ashown in Figurel.3B, when cells flow through the expansion
contraction construction, cells larger than critical size will be trapped into
vortices.Based on this principle, Renier et al. used microfluidic vortex chip to
isolate CTCs from patients with aalwced prostateancer and isolate CTCs
with the purity of 1.7437.59%78]. However, some microfluidic vortex chip
may causebubblesinside channel. The microfluidic vortex chip can remove
large number of WBCs even there is overlapped part between Ghds

normal blood cellg9].

Electrokinetics method
The DEP method utilizes the translational motion of neutral particles in an
asymmetric electriciéld due to dielectric polarization. The DEP force depends

on the size anthe cell membrane capacitance and suspended media (dielectric
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constant and conductivity), electric field strength and frequency, and the
viscosity of suspended media. The size aetl membrane capacitance of
CTCs are different from blooccells. Therefore, compared with other
conventional separation methods, DEP method has advantages of higher
selectivity, easier control, and higher separation efficiency. Ghiual.
developed an ommally DEP method combined witmicroscopic fluorescent
imagind80]. The purity of isolatedCTCs can reach to 100%. Alazzam et al.
described the design and microfabrication of CTC isolation microfluidic chip
based on DEP. As shown in Figute8C, the device consist¥ a group of
planar interdigitated transducer electrodescdh precisely detect and count
CTCs in the bloof81]. However, DEP method is difficult in manipulation
because it requires Higvoltage and complicate process of resuspending

cellular components in an isotonic medium with lconductivity.

Acoustophoresis method

Acoustophoresis is a method used to separate cells bassalldar volume

and densit{82]. Because cells experiencacoustic force with different
magnitude depending on sizkensity, ad deformation of cells. Acoustic force

will translate cells to the zero periodic pressure variations or maxima pressure
node to reach a balance point. et al. developed an acousbeased
microfluidic device usingilted-angle standing surface acousticwas, which

can successfully separate CTCs from blood cells with high throughput and
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recovery rate higher than 8388]. Augustssoret al. separateprostate cancer
cell lines from WBCs withrecovery rate ranging from 93.6 to 97.9% and
purity ranging from 79.6 to 99.7% using acoustophoresis mghpdrThis
research also found that cell viability is almost well kept when using
acoustophoresis method. Wu et al. repoagdatform integrating acoustics and
microfluidics to separate CTCs from blood witHl cg#ructure, biological and
functional integrity remaining. As shown in Figur&8D, CTCsare separated in
the PDMSglass hybrid channel resonatonder hydrodynamic and surface
acoustic wave for¢85]. However, acoustophoresis method may also cause
cloggingwith large volume blood and high acoustic pressure which can lyse

cells.

Labetlindependent methods have advantages of kigbughput, low cost,
further cell moleculacharacterizatiorand cell culture. However, overlapping

in CTC and WBC sizes reduces the specificity of CTC isolation. The structure
of filtering microchip may cause pores clogging. To sdlvese limitations,

multistep technologies have been considepathprove CTC isolation method.
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Figure 1.3: Examples of labehdependent microfluidic methods for CTC
isolation. (A) DLD CTC isolation with spiral microfluidic cHif6]; (B)
Microfluidic Vortex HT chig78]; (C) DEP CTC isolatiof@1]; (D) Acoustic

CTC isolatiof85].

1.5.3 Multistep technologies for CTC isolation

Due to the heterogeneity of CTCs, the physical and biologicaberties of
CTCs are variable. It is not enough onlyuse one property to separate CTCs
from blood. Thereforemultistep technologies for CTC isolation have been
developed to improve the CTC capture efficiency, targeting twamore
properties of CTCdrigure 1.4 shows some of multistépchnologies for CTC
isolation and the performance is summarized in Appendix Table 3. A CTC
isolation device was developdxhsed on filter microstructure and slzased
hydrodynamicmethod86]. As shown in Figurd.4A, CTCs are prseparated

by hydrodynamic force and further isolated by oscillatboy. Song et al.
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combined immunocapture with DLD arehhanced capture efficiency more
than 300% and achievexll viability of 96%487]. As shown in Figurel.4B

and D, DLD was used to separate CTCs from blood cells and biomarkers
coated micropillars were used to capture CTCs. Multivadgniamer havig
higher binding efficiency with antigen wased as shown in Figue4D while
EpCAM was used as shown in Figufe4B. Besides,CTC-iChip was
developed using DLD, DFF, and immunomagnetic methods for isolating CTCs
[80]. In this designDLD was used to separate nucleated cells from blood and
delete red blood cells, and then inertial force was us@a4giion all the cells

in a line and magetophoresis was uséd remove nontarget cells. This device
can capture more tha®/% CTCs from blood with speed of 8 mL per hour.
Ahmed et al. introduced a new device, combining DLD and immunocapture
methods, in which pillars were immugeatedi88]. It has over 92% capture
efficiency and 82% purity andCTCs were detected from nonetastasis
colorectal patientdy this method. Jack et al. developed an tdpacific
microfluidic technology based on DFF and immunomagnetionprove the
purity and throughout of CTC isolatif@9]. In this design, the blood sample
was presorted by inertiaforce to reduce unwanted cells. CTCs were
subsequentlylabeled by EpCAMunctionalized magnetic beads and then
separated by magnetophoresis. Figlir4C shows a duammunopatterned
microfluidic device with double layersoated by artEpCAM antibody and

antr63B6 antibody respectivg§0]. This device overcame the limitation of
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low EpCAM expression level of CTCs and achieved 94.47% capfficeency.

Although the combined methods have better performance for CTC isolation,
they require complex desigaf microfluidic devices, the integration level
between different parts of methods is low, the operation is omwrglicated,

and fabrication cost is higher. These shortcomings limit downstream analysis
of CTCs and theommercial development of CTC isolation by roftwidics.
Therefore, it is necessary to develop a microfluidic device with simple
operation, high integration arniigh performance for isolation and downstream

analysis of CTCs.

30



m Report“

C *MEPCAM Laye, D / I +
2N &
& T e ; I ! '\ M\ \(—%’ \‘ Muf;l;(i:o:‘:lr:!::t:on

M

In vitro culture

@ . st DLD-Array

7 Capture Release Analysis
o In vitro culture
Mesenchymal- = @ v v v ~ ! ¢ )
like \ vV ow| s A
. Y =X v _z)
Ei v ' ' ‘ 9 - - v ¢ - Sequenlce
3 her N . ' . T Vo o o I
— v Yyv | Wb
Eem— ) Cancercell  Bloodcell [ Micropillar 5 AuNP-SYL3C e GSH

Figure 1.4: Examples of mulkstep methods for CTC isolation. (AJTC
isolation by microfluidic ratchets and hydrodynamic concenti@®jr (B)
Sizedictated immunocapture chip combined immunocapture and DLD
method§88]; (C) Immunocature metld using two types of antibody, anti
EpCAM antibody, and an3B6 antibod{f0]; (D) AP-OctopusChip based on

the DLD and immunocapture meth8d];

1.6 SERS detection method

Surfaceenhanced Raman scattering (SERS) spectroscopy has been widely
applied as optical imaging and detection tool due to the strong signal intensity,
excellent photostability, biocompatibility, andspecially the multiplexing
ability[53]. The SERS phenomenon was first found by Fleischmann in

197491]. It was found thatough metal surface can greatly enhance SERS
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spectral with enhancement multiple of*2M@*, which is called SERS effect.
The discovery of SERS promoted the development of Raman spectral. At
present, the total SERS enhament is considered as the product of the
electromagnetic enhancement (EE) and chemical enhancement (CE)
mechanism®2]. The electromagnetic enhancement mechanism is generally
received as the dominant contributor to SERS enhancf8gntThe
electromagnetic enhancement results from thelification of the light by
excitation of localized surface plasmon resonances (LSPRss light
concentration occurs preferentially in the gaps, crevices, or sharp features of
plasmonic materials, which are traditionally noble and coinage metals with
nanoscale features, for examples, silver (Ag), gold (Au), and copper (Cu). The
electromagnetic enhancement for SERS is affectedhieystructure of the
supporting plasmonic material, which can reach factors 8 1@[94]. The
chemical enhancement nf@mism primarily involves charge transfer
mechanisms, where the excitation wavelength is resonant with the- metal
molecule charge transfer electronic stat€heoretically, the chemical
enhancement factors can reacf. ®bme studies found that the magnitidé
enhancement through charge transfer transitions are highly molecule

specifid95, 96]

1.6.1 Metal-based SERS detection method

Since the electromagnetic enhancement mechanism is the main contributor to
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the Raman signal enhancement, noble metal nanoparticles with plasmonic
features have extensively been exploited as SERS platforms mainly due to their
simplicity of fabricatiof97]. The classic SERS substrates of gold (Au), silver
(Ag), or copper (Cu), were widely used in SERS enhancement. Au and Ag are
the most widely used as SERS substrate because of their stable properties,
while Cu is more reactiveResearchers are striving to optimize substrate
structure and configuration taximize enhancement factors by identify new
plasmonic materials and vary shapes and structure of nanop§8clé9]
Various nethods have been developed for fabrication of different shapes
including nanostaf$00, 101] nanoflaverd102, 103] nanorodgl04, 105]
nanotriangled 06, 107] nanocubg408, 109] and nanocagfklO, 111]
Materials with higher roughness and sharpness could achieve better SERS
enhancement. Besides, the sierand enhanced plasmonic hot spots in sharp
edges and nanogaps drastically increase the surrounding electrical field,
enabling even a single molecule level dete¢fib®]. Based on this
phenomenon, advanced SERS substrates have been developed by modifying
Au and Ag nanoparticles with coatings resulting in structures such as Au
paricles-coated nanospheres and Sehcapsulated Au particlgd3]. In
general, the SERS enhancement factor of Rotd&al nanomaterials can reach

1014114],
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1.6.2 Semiconductor-based SERS detection method

Since 1950s, semiconductor have been widely applied in microelectronics. The
application on SERS activity of semiconductor materials has been further
developed, including Znanocrystald15], ZnO superstructurgkl 6], TiO>
nanospherg$l7], CwO superparticldd18], W1sOs9 nanowirefll19], RhSs
microbowlg120], MoO; NP9121], SnQ NP9122], NOs NP4123], TaOs
nanorodfl24], black TiQ narowired125] and so on. The enhancement
mechanism of the semiconductor SERS effect is mainly attributed to
electromagnetic  (EM) enhancement and  chargesfer (CT)
enhancemefi26]. Compared to metal nanomaterials, semiconductor materials
have advantages of high spectral stability and reproducibility, strong anti
interference ability, and selective SERS enhancemeiarg@ét moleculd427].
However, the enhancement factor of semiconductor substrates is relatively low
(10°-10°)[128]. To overcome this bottleneck, new enhancement mechanism and
novel nanomaterials have been developed, such as crystalline semiconductor
molecule systems, amorphous semiconduetmlecule systems, and crystal
amorphous corshell semiconductemoleculesystems. Metal oxides are the
most used in crystalline semiconduetnoleculesystems. For example, &
superstructure has been developed for SERS enhancement based on the
synergistic effect of chemical enhancement and electromagnetic enhancement,
with 10° M and an EF of 19118]. People found that amorphous structures

could enhance semiconductoolecule interactions and thereby facilitating
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interfacial chargdransfer processes, resulting in improved sensitivity of
semiconduator-based SER[&29]. The amorphous 2D T#Onanosheets were
developed with an ltrahigh EF of 1.8610°[130]. By integrating the
advantages of both crystalline and amorphous structures, Lin et al. designed a
kind of TiO; NPs with crystamorphous corshell structure which have
remarkable SERS activity in visible and na#rared regions with an EF of

4.3 10° [131]. Tablel.2 summarized the previously published results of SERS

active semiconductor nanomaterials.

Table 1.2: SERS performance of previously published SERfve

semiconductor nanomaterials

Semiconductor Probe Molecule Enhancement Factor Limit Of Detection Ref.

Cuw0 R6G 8 10 6°10°M [118]
Superstructure
Diamond MB 3.2x10° 107 [132]
Zno Nanosheets 4-MBA 10%-10* 1310%M [133]
Sio, Spheres CcVv 10t - [134]
Agzs NPs 4-MPY 10%-108 N [135]
Tio, Nanosheets 4-MBA 1.86X10° - [130]
Tioz NPs 4-NBT 4.3x10° 10°M [131]
Tio, Nanowire R6G 1.2x108 1X107" M [125]

1.6.3 Application of SERS detection method in biosensing

With the rapid development of novel SERS materials and continuous
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improvement of enhancement mechanisms, SERS detection method has been
widely applied in biosensing which can be used to detect small molecule,

DNA/aptamer, protein/enzyme/peptide/antibody, cellular and in vivo systems.

SERS detection of small molecule

There are several recent research applying SERSbiflogically relevant
small molecule detection, including the detection of small molecules such as
antioxidants (glutathione and glucose), and small molecule markers such as
biowarfare agents (anthrax). Zitp et al. designed a silver filnover
nanosphere (AgFON) substrates the study of bacillus subtilis spof&36].

As shown in Figurel.5A, the AgFON substrate can achieve a LOD of
~2.6 10° spores which is lower than the anthrax infectious dose ‘o$fdres,
within 11 min procedure. Furthermore, they used atomic layer deposition
(ALD) to deposit a sud-nm alumina layer on AgFON substrates, which can
maintain and stabilize the SERS activity of the underlying silver while present
the surface chemistryf the alumina overlaygk37]. In this optimized method,

the LOD of bacillus spores reduced to =1.& within 10s. Compared to
original AQFON substrates, the ALD modified AQFON substrates have twice
the sensitivity and 6 times shorter data caitettime and 7 times temporal
stability. SERS method can also be used to detect glutathione due teSthe C
stretching band at 660 chshift. Ozaki et al. used Ag to enhance the Raman

spectral of glutathione and achieved a glutathione detection rang¥-80Q
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nM with LOD of 50 Nnj138]. SERS method can also be used for the detection
of many daher small molecule, such asxidized glutathione (GSS{3)39],
nicotinic acid adenine dinucleotide phosph@AADP)[140], glucos§l41l],

lactatg¢142], lipids[143] and so on.

SERS detection of DNA and aptamer

SERS detection method cafso be employed in DNA and aptamer due to its
low LODs and good reproducibility. The common SERS detection method of
DNA is to functionalize Au or Ag noble metal NPs with reporter molecule and
a single stranded piece of DNA. When the single stranded pieDiNA is
hybridized with complementary strand of DNA, the SRES signal of the
reporter molecule can be obserfdetl-146]. Natan et al. reviewed the studies

of using multiple SERS tags for the labeling or detection of DNA associated
with diseasfl47]. This review has discussed the different schemes of Au and
Ag NPs used as SERS substrate for biomolecule measurement. For example,
Barhoumi et al. reported a SERS method for single and dstialeded
thiolated DNA oligomer detgion by binding DNA oligomers to Au nanoshell
based SERS substrates, as showed in Fiiy®f8{148]. They found that the
SERS spectral of DNA oligonucleotides are extremely similar and affected by
the Stokes modes of adenine. Besidrsy introduced a correlation function
analysis which can be used to assess reproducibility and quantify the highly

comgex changes corresponding to modifications in molecular conformation of
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the adsorbate molecules.

SERS detection of protein

SERS detection is also feasible to detect more complicated and larger
molecules, such as protein, enzyme, peptide, antjbhddy Wei et al. used Au
nanoshell substrates to study the SERS spectral of three cysbeitaéning
aromatic peptides, phenylalaniogsteine, tyrosineysteine, and tryptophan
cysteine, withexcellent reproducibilitfd50]. They also obtained the relative
Raman and SERS cressctions of the characteristic Stokes moddebethree
aromatic amino acids, which can be used to reproduce the Raman spectral of
penetratin. Apart from protein identification, the measurements of protein
concentration by SERS method have also been studied. For example, Han et al.
developed a noveBERSbased method to probe protein concentrations in a
solution by collecting the SERS signal of Coomassie Brilliant Blue dye
adsorbed nopecifically to silver colloids to monitor the total protein
concentratiofl51]. In this study, the detection range of protein concentration is
10°-10° g/ml with 200 times lower LOD of 1 ng/ml, as showed in FiguBC.

This studyshows great potential of SERS detection in proteins.

Cellular and in vivo SERS detection
In recent years, applications of SERS detection in cells, tissue and in vivo

detection have been widely developed. Stuart et al. first introduced the in vivo
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application of SERS which is to measure the glucose concentration of the
interstitial fluid. As showed in Figurd.5D, They functionalized AgFON
surfaces with a twgomponent selassembled monolayer and subcutaneously
implanted it in a rat so that the ghse concentration can be measured by
spectroscopically addressing the sensor through an optical WihB@WSERS

has also been developed for cancer marker detection in a live cell. Qian et al.
reported in vivo tumor targeting and detection based on pegylated gold
nanopartites and SER53]. After injecting NPs into the tail vein, SERS
spectral obtained from tumor by usitaygeted nanoparticles can be obviously
distinguished from using netargeted nanoparticles. With a 785 nm laser,
SERS tags were over 200 times brighter than -Biftting quantum dots.
Besides, they could measure SERS spectra at targeted tumor sites up to 2 cm

below the skin.
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Figure 1.5: Application of SERS detection in biosensing. (A) SERS detection
of Bacillus subtilis spores on AgFON substrates; (B) SERS detection of single
and doublestranded thiolated DNA oligomers; (C) Concentratitmpendent
SERS spectra of CBBG from 2a.0° g/ml (0-5); (D) Schematic ofin vivo

glucose measurement by SERS.

1.7 Gold-iron oxide composite nanoparticles

Composite nanoparticles are composed of different functional components,
which have attracted more and more interests of scientists. Composite
nanoparticles have great potential applications in the areas of electronics,
photonics, catalysis, biotechnologgnd nanotechnolo@y54-157] Above
mentioned materials generally have core/shell structure or a binary
nanostructure. The successful applications of composite nanoparticles were
highly depending on nanostructure, components, stability and dispersion of

materials under different conditions. Therefore, researchers were focusing on
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fabrication of different composite nanoparticles to develop advanced- multi

functional materials.

Magnetic composite nanoparticles with specific structure were widely studied
in the areas of magnetic fluids, catalysis, data storagesdmaration, and
environmental treatment. To achieve these applications, there were numbers of
methods for synthesis of magnetic composites with different components being
developefll58-160]. Iron oxide (FeOs or gFe03) nanomaterials have typical
structure of cubic inverse spinel. Its inherent magnetic feature, nano size, and
surface effect could profit to construct magnetic hybrid nanocomposites, which
could highly respond to external magnetic field. They could beexppi the
capture of targeted substrates, recyclable nanocatalysis, magmetinic
purposes, and magnetic resonance imd@ig163]. Gold nanoparticles were
generally used in optical imaging, hyperthermia, and the detection of DNA and
proteingl64-167] By adjusting proximities and shapes of AuNPs, the
plasmonic resonance peak of Au could be shifted to the NIR f[&§®h
Besides, it has been studied that the gold shell layer could provide a strong
plasmonic resonant optical response ttee nanoparticle. Therefore, the
magnetic composites of #8, and AuNPs are promising to be with advantages

and propertiefrom both individual FgOy and AuNPs.

1.7.1 Structure and synthesis of gold-iron oxide composite nanoparticles
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The structure of gokiton oxide composite nanoparticles was generally divided
into two types: monodispersed composites and aggregate composites. The
monodispersed composites attracted more attentions from scientists because of
their better reproducibilityand reliable characterizations. In the type of
monodispersed composites, there were core/satellite structooes/shell
structures,multi-layer composite structures, nadombbells and nanoflowers

as shown in Figur&.6. The core/satellite structuresne@generally formed by a
single core linked with numerous smaller nanopatrticles through covalent bonds
or supramolecular interaction. The most common example of core/satellite
structure was RO©s@AuU. The FeO4 cores (58300 nm) were synthesized by
solvothemal reactions and the AuUNPs-2D nm) were synthesized by Au ion
reduction reaction. As shown in Figure 2.6A, Thezecores were covered by

a SiQ shell (350 nm thickness) by sgel reaction and functionalized with
ammonium groups so thatf&a@SiG: NPs could be positively charged. After
that, the negatively charged AuNPs could be attached onto positively charged
FesOs@ SiQ NPs by electrostatic interactions, forming:Gg@SIG:@Au

core/shell/satellite structure nanocomposites.

Gold-iron oxide compos# nanoparticles could be functionalized with
antibodies so that they could be used to target specific cancer cells. There were
three common ways for functionalization: direct attachment or ligand place

exchange of proteins or antibodies through3\inter&tions based on cysteine
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residual thiol groug469-171] coupling reactiondy formation of amide of
antibodies or respective proteihg2, 173] supramolecular interactions of
biotinylated antibodies with streptavidinnctionalized nanocomposi{ég4].
Compared to single nanoparticles, the composite nanoparticleshigtver

surface which could load more ligands and thus improve performance.
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Figure 1.6: Schematic representation ofoldiron oxide composite
nanopatrticles. A) F®y@Au core/satellite structufds5], B) FeOy@Au
core/shell structur¢s76], C) multi-layer FeOy@Au compositgd 75], D) Au-
FeOy dumbbell nanocompositds¥5], E) gradual change from AlbeOy

nanedumbbells to nanoflowelk75].

1.7.2 Applications of gold-iron oxide composite nanoparticles in cell

sorting and separation
Gold-iron oxide composite nanoparticles have a wide range of applications

including magnetic resonance imadihg7], computed tomographi/78],
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fluorescent optical imagingj79, 180] magnetieinduced hyperthermja81],
photoinduced hyperthermja74, 182] drug delivery179], DNA sensofl83],
immunosens¢i84, 185] enzymebased sensf86], cell sorting187], and
catalysi$188-190]. Among these applications, Magnetic separation and
enrichment has become the most commonly used methodsidiorarker
purification, separation and cell sortinflash et al. designed a thermally
responsive copolymer for coating sE® nanoparticles and model biomarker
modified Au nanoparticl¢$91]. The polymer directed the formation of the-Au
FesOs aggregates that could be separated efficiently with a magnet. This
method could be used for pulling down the biomarker from the human plasma
in rapid diagnostic strategies. Wang and Irudayaraj designed two hybOg Fe
Aurod-FesOs nanodumbbells and E@s-Aurod necklacdike structures with
tunable optical and magnetic propeti&d¥]. The FeOs-Aurod necklace's
surface could be conjugated with antibodies relevant to multiple pathogens.
This probe could be used for optical detection @fc#jc pathogens. Moreover,

due to the magnetization and NIR absorption possessed by this nanocomposite,
the target bacteria (E. coli and S. typhimurium) could be separated by the
antibody conjugated B@®s;-Aurod necklace under magnetic field, and after
aborbing sufficient energy from the NIR laser, the nanocomposite was

phototoxic to the specific target pathogen in the mixture.

Liu et al. employed F©s@Au core/shell nanocomposites for the application
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of purifying CD4+ lymphocytes from the spleen of njik®2]. Streptavidin
FITC was conjugated onto the surface of ;AU core/shell
nanocompositegzor the strong noncovalent binding between streptavidin and
biotin, these modified nanocomposites could bind to the biotinlabeled anti
CD4+ antibody, which could also specifically bind to CD4+ lymphocytes. It
was noted that E®s@Au core/shell nanocompos# could successfully pull
down CD4+ T lymphocytes from the whole splenocytes by magnetic

separation.

Yu et al. reported the synthesis of poly (diallyldimethylammonium chleride)
coated Fg€O4 (PDDA-Fex04) nanoparticles by the coprecipitation metfi&a3].
Negatively charged citrateapped Au nanoparticles could biéeetively self
assembled onto the surface of cationic PBE#Osnanoparticles. The Au
FexOs-PDDA aggregated nanocomposites revealed the capability of selectively
enriching cysteineontaining peptides (cytochrome c) through the formation of
Au-S bonds. Th noncysteineontaining peptides could not be extracted by the

same nanocomposites.

In recent decades, aromatic boronic acid derivatives have been employed in the
construction of receptors for saccharides. Boronic acids form covalent bonds
with cis-diol structures, which are present in most sugar moieties, to generate

five- or sixmembered cyclic esters in nonagueous or basic aqueous media.
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1.8 Black titanium dioxide

TiO2 is known as the quintessential prototype photocatalyst. However, an
obvious drawback of the different pure Fighases is a wide bandgap 8.3

eV that limits the absorption of solar energy to only a few percent in the UV
region. Since photocatalytic strption is localized at the surface, surface
modification appears as the direct route for both engineering the band gap and
enhancing the photoactiv[}94, 195] The ideal surface modification would
alter the surface of single crystal Bi®uch that it absorbs the entire spectrum
of solar irradiation from the infrared to the UV. Intuitively, the most efficient
light-harvesting photocatalyst appears black to naked eye. Black firgD
reported by Chen et al. in 2011 is a nanomaterial tlast eveated by surface
modification and distinguished by its black c¢l®6]. This type of black Ti@

is produced by Hreduction of white crystalline Ti§exhibiting a narrow band

gap and enhanced photoactivity attributed to surface disorder. It has bee
widely applied in biomedicine. Ren et al. first reported hydrogenated black
TiO2 (H-TiO2) NPs with near infrared absorption explored as photothermal
agent for cancer photothermal therapy to circumvent the obstacle of ultraviolet
light excitatiof197]. To overcome the low drug loading ability, limited tissue
penetration of UV light, and heating effect of 980 nm NIR on normal tissue,
Ren et al. designed novel mesoporous silicaiQxScoated black Ti@core

shell nanocomposites are designed and constructed as doxorubicin carriers for
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808 nm NIR triggered thermal imaging guided photothermal therapy combined
chemotherapy of breast cancer. Properties of the nanocomposites such as
micro-morphology, size, drug loading ability and release, targeting
performance, and therapy efficiency in vitro and in vivo were eval[ifi8H

As well as therapy applications, black %i@as studied for tumor diagnosis.

Lin et al. successfully designed cryssahorphous corshellstructured TiQ

NPs, the black TiQ NPs exhibitedremarkable SERS activity in visible and
nearinfrared regions, and the EF value can be up to 4.3°xTl@e efficient
interfacial PICT can be attributed to the strong synergistic effect of the novel
crystatamorphous corshell structure ofB-TiO2, NPs. The higkefficiency
exciton transition of crystatore provides sufficient photoinduced charges.
Furthermoe, the interfacial band bending at the crystalorphous
heterojunction enables effective exciton separation and chamjgetion,
resulting in the enrichment of photoinduced charges in the amorphous shell to
facilitate the interfacial PICT between thebstrate and target molecules. Low
Fermi level and high electronic density of states (DOSs) of the amorphous
structure enable strong vibronic coupling in amorphous-sheliecule system.
These properties are confirmed by the density function theory (DFT)
cdculations and Kelvin probe force microscopy (KPFM). In addition, the small
band gaphigh binding energy, and abundant surface defect statesTaDB

are leveraged to form a stable complex and boost RES®nance in the

substratemolecule system. Sigmdantly, the remarkable SERS sensitivity
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endows BTiO2 NPs with thecapability of cancer cell diagnosis.

1.9 Research gap

Based on the literature reviewarger numbersof technologes have been
developed foiICTC detectionHowever, there are some limitations in current
technology requiring for improvementé&s mentioned above, microfluidic
technology couldsolate CTCs from blood cells depending on the difference
between CTCs anHblood cells.The performance dabetdepenént methods
highly depends on expression lewdl biomarkers on CTCs and interaction
between CTCs anbBiomarkercoated surface. Besidesxcessivebinding of
CTCs and specific biprobe might change origin structure of cells which
would affectdownstream analysis of CTGsd increasaletection costThe
labetindependent method has timeain advantage of isolating CTCs from
blood without anyexpression of tumespecific markers. However, it is limited

by low purity and specificity because of olgr existedin some physical
properties between CTCs and blood celffer isolation,there are still tens of
thousands of WBCs remaining, which would disturb the accuracy and
sensitivity of CTC detectiomnd require furtherdentification of CTCs The
commonly usedway to identify CTCs is fluorescent immunolabeling by
characterizing the surface protein expression of CTCs. However, when using
multiple fluorophoreconjugated antibodies, the broadness of fluorescence

spectrum and the crosalking of fluorescent tags often confound the results.
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Besides, the background noise was magnified in a microfluidic system, which
might cause misrecognition of CTCZ3ERS methothas been widely applied in
single cell analysis. However, excessive or unstablde metabasedSERS
biological probes would causgglomeration and thereby cause hotspot effect
leading to false positiveTherefore, it is necessary to develop a novel

downstream analysis strategy of CTCs combined with microfluidic method.

1.10 Outline of the thesis

Refer to the research gamicrofluidic method was selected to isolate CTCs
and SERS method was used for downstream analysis of CTCs. Three strategies
have been adopted for CTC detection in clinical blood samples. In the first
strategy, goldron oxide conposite nanoparticles were selected as SERS
substrate. SPION@AMBA-rBSA-FA SERS biological probes were
reproduced according to the previous work. In this thesis, SPIONIZBA-
rBSA-FA SERS biological probeswere applied into clinical blood sample
detection. 32 blood samples from cancer patients and 3 blood samples from
healthy people have been detected. In the second strategy, bECk BIPs

were used as SERS substrate due to its low cost, high speabiditysand
reproducibility, strong andinterference ability, and selective SERS
enhancement of target molecules. ThdiB>-AR-PEGFA biological probe
consisted of four layers. The innermost layer wasi®; nanoparticles with

crystal core and amorphogsell structure. The second layer was alizarin red
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(AR) moleculewhich was responsible for providing Raman spectral signal.
The third layer was a thin NFPEG2000COOH layer which was used to
improve the dispersion dfiological probes and to provide bindi sites of

folic acid (FA) and thus increase grafting rate of FA. The outermost layer was
FA molecule. FA was used to specifically recogncancer cells by folate
receptor (FR) on cell membranghe experiment results showed that this B
TiO2 based SRES iblogical probe has good specificity and accuradth
obvious Raman signal. It can distinguish folate recegtpressingancer cells
(MCF-7) from low folate recepteexpressing cells (A549 and Raw264.7). In
the third strategy, microfluidic method wasdad to isolate CTCs before SERS
detection. In this strategy, the relatively low specificity and isolation purity of
microfilter could be solved by integrating with highknsitivity SERS spectra
detection, while the microfilter could reduce interferencélobd background
during SERS detection. Besides, SER®rescence duahodal in situ
imaging method proved that this strategy has high specificity of detection with
detection limit of 2 cancer cells per milliliter in rabbit blood. Besides, the
operation pocess was simple and higpeed, with detection time less than 1.5
hours. These results illustrates that both of microfluidic isolation and SERS

detection could open new paths for liquid biopsy.

The thesis was divided into six chapteishow the detailsf researchThe first

chapter introducedancer background and gave the literature review of CTC
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detection.lt has reviewed the importance of CTC detection for cancer, CTC
properties and clinical applications of CTCs. CTC detection was divided into
two parts: isolation and downstream analysis of CTCs. Microfluidic
technologies for CTC isolation have been reviewed, which have been classified
into labetdependent method, labieldependent method, and integrated method.
SERS detection method has been comsitléor downstream analysis of CTCs.
Both metalbased and semiconductoased SERS substrate has been reviewed.
gold-iron oxide composite nanoparticles and black titanium have been
introduced as SERS substrates. $heondchapter described the methodology
used in research: synthesis of SPIBEI@AuUNPsbased SERS biological
probe and application on CTC detection, synthesis di@-based SERS
biological probe and application on CTC detection, and combination method of
microfilter and BTiO2-based SERS biological probe on CTC detectitime
methodology also contained cell culture, treatment of blood samples and
materials and equipment faesearch The third to fifth chaptes were the
experimental results anddiscussion. The fourth chapter was the
characterization and application of SPION@MBA-rBSA-FA SERS
biological probesSPION-PEI@Au were successfully synthesized according to
the previous work of the research group. 32 clinical blood samples of cancer
tumor and 3 clinical blood sampled bealthy people were detected by
SPION@AUMBA-rBSA-FA SERS biological probesThe fifth chapter

showed the experiment results ofTBD2>-based SERS biological prob&he
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synthesized BliO. showed good SERS enhancement effect and the LOD of
the AR moleculeon B-TiO> can reach 5x18 M. The experiment results
showed that this HiO2 based SRES biological probe has good specificity and
detection accuracywith obvious Raman signal. It can distinguish folate
receptorexpressingcancer cells (MCH) from low folate recepteexpressing

cells (A549 and Raw264.7). In the sixth chapter, microfluidic method was
added to isolate CTCs before SERS detection. In this strategy, the relatively
low specificity and isolation purity of microfdr has been solved by
integrating with higksensitivity SERS spectra detection, while the microfilter
could reduce the interference of blood background to SERS detection. Besides,
SERSfluorescence duahodal in situ imaging method proved that this
stratgy has high specificity of detection with detection limit of 2 cancer cells
per milliliter in rabbit blood. Besides, the operation process was simple and
high-speed, with detection time less than 1.5 hours.sbtth chapter contained
conclusion of this mearch and perspective of microfluidic method and SERS

detection method.
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Chapter 2 Methodologies

2.1 Introduction

This chapter has deribal the methodology of three researdhaterials and
equipment used for each research have been introdlicedirst research was
about synthesis of SPIOGREI@AuNPsbased SERS biological probe and
application on CTC detectiohe specificity in cells and thesensitivity and
separation performance in blood of this biological priokee been testedhe
traditional wayfor CTC separation wathe combination oflensity gradient
centrifugation andmagnetic separationThe second research was about
synthesis of BliOz-based SRS biological probe and application on CTC
detection. In this section, the SERS enhancemiéett of BTiO2 was studied
The stability specificity,and sensitivityof B-TiO2 based biological probe was
testedin the mixed cell suspensiofhe thirdresearch was abothe study of
combination method of microfilter and-BO2-based SERS biological probe
on CTC detectionThe performance of BiO2 based biological probe has been
tested in the second research. In this sectimeric simulation has been
performed to compare the flow dynamics of WBC clearance when flowing
through the microfilter with different flow rate at range of-@P mL/min
usng simplified geometry and boundary conditidnysANSY S Fluent software.
The purpose of simulation was to find a proper flow tatavoidplugging of
microfilter andcell damaging.Furthermoresensitivity, specificity, and capture

assay of this methodakie beernested both in mixed cells and blood.
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2.2 Synthesis of SPION-PEI@AuUNPs-based SERS biological probe and
application on CTC detection

2.2.1 Materials and equipment

Materials: Ethylene glycol (@HeO2), sodium acetate anhydrouskGNaQy),
sodium borohydride (NaB), folic acid (GoH1eN7Os), albumin from bovine
serum (BSA), lethyt3-[3-(dimethyllamino)propyl]  carbodiimide
hydrochloride (EDCHCI) as well as Mydroxysuccinimide (NHS) were
ordered fromAladdin Reagent Co. Ltd.Shanghai, China. Iron chloride
hexahydrate (Fe@H >O) was purchasettfom Alfa Aesar.Tetrachloroauric
(1) acid tetrahydrate (HAuGH 20), trisodium citrate dehydrate
(CsHsNasO2H 20) and Hoechst were purchased from Sinopharm Chemical
Reagent Co. Ltd. Shanghai, China. -thercaptobenzoic acid (MBA),
polyethylenimine (Mw~25000), DMSO and MTWas ordered from Sigrra
Aldrich. Lymphocyte isolation was ordered from Slolarbio Life Science Co.
Ltd., Beijing, China. Fetal bovine serum (FBS), incomplete DMEM Kthig
glucose) as well as trypsinll EDTA were ordered from KeyGen BioTech. Anti
CD45 antibody [F189-4] (Alexa Fluor® 488) Alexa and AntCytokeratin 8
antibody [EP1628Y] (Alexa Fluor® 647) were purchased from Ahcam

Zhejiang, China.

Equipment: The photos of the equipmenwas shown in Figure 3.1The
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nanoparticles were characterized by transmission electron microscopy (TEM,
JEOL. 2100, Tokyo, Japan). The Raman spectra were observed on a confocal
microprobe Raman system (Renishaw inVia Reflex, WeltoderEdge, U.K.).

The laser wavelength was fixed at 785 fiihe time of data acquisition was set

to 3.0 s, and théaser power was 280 mW. The SERS spectra were observed
from liquid samples with homogeneous SERS hotsplwe. zetadistribution of

the nanoprticles was measured at room temperature by dynamic light

scattering (DLS) using a zeta patrticle size analyzer (Malgargland)

Figure2.1: The photos of the equipmeA) Transmission electron microscopy
(TEM, JEOL. 2100, Tokyo, Japan); B) Confocal microprobe Raman system
(Renishaw inVia Reflex, WolteanderEdge, U.K.) C) Zeta particle size

analyzer (MalvernEngland).

2.2.2 Synthesis of SPION-PEI@AuUNPs-based SERS biological probe
Preparation of SPION-PEI

First, 0.68g F&lz»6H-.O was weighedby electronic balancanddispersednto
20 mL Ethylene Glycob by ultrasonic vibration methadSecond,1.8g NaAc

was added intehe abovemixed solution The solution wasnixed uniformly
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by magnetic stirringdevice. Then, 0.75 g PEI was added intioe previous
solution After stirring and heahg at 60  for 20 minutes the mixed solution
was transferred toeaction kettleand heatedat 220 f 2 hroursby baking
oven After reaction and cooling to room temperatuhe reaction product was
washedseveraltimesby deionized water andlcoholand dispersed in 100 mL
deionized water After centrifugation at 1000 rpm for5 minutes, the

supernatantvascollectedand reserved &

Preparation of AUNPs

50 mL of 1 mM HAuCls aqueous solution was heat&dl65 with magnetic
stirring. After boiling, 2.256mL of 1.0% NagCt aqueous solutiowas added
into the boiling solution rapidly. After the color ofsolution changing to
purplish red the solutionwas futherheated for 3 minuteand thencooling at

roomtemperatureAfter cooling the AuNPddispersiorwasr e s er ved at

Preparation of SPION-PEI@AUNPs

First, 900 nL of SPIONPEI wasadded dropwise int8 mL AuNPs solution
Next, the mixed solutionwas transferred tehaking table andscillatedat 200
rpm for 20 minutes at room temperatufdter that the obtainegroduct was
washedrepeaedly with deionized waterby magnet separationThe final
SPIONPEI@AuUNPs werelispersedn 4 mL deionized wateand kept at

fridge.
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Preparation of rBSA-FA

First,50 mg FA was weighednddissolved ir60 mLPBS solution(10mM, pH
7.4). After complete dissolutiod0 mg EDC and 24 mg NH®&ere added into
the primary solutiorstirring at room temperature for 8 houAdter that, he
activated FA was achievedSecond,0.378 g NaBH: and 0.4g BSA were
dissolved in10 mL and 20 mldeionized water respectivel260 nL. NaBHs
was added int@0 mL BSA solutiomandstirredfor 1hourto reduce BSA. After
that,5 mL reduced BSA (rBSAyvas added int60 mLactivated FA and stirred
for 8 hours The obtainedolutionwasadded intaultrafiltration centrifuge tube
and centrifugedat 6000 rpm for 30 minutesThe obtained rBSA-FA was

dispersed at deionized waterd saved aR 0 fridge.

Preparation of SPION-PEI@AUNPs-4MBA-rBSA-FA

The synthesis process &PIONPEI@AuUNPs4AMBA-rBSA-FA was shown in
Figure2.2. 0.000616gMBA was weighed andlissolvedin 2 mL ethanol The
above MBA solution wasliluted t023 10° M. 4 mL MBA solution wasadded
dropwise into 4mLSPION-PEI@AUNPs solutionThe primary solution was
transferred toshaking tableand shock at 200 rpm for 5 minutest aoom
temperatureAfter shaking, he product wasnagneticwashed byPBS solution
several timesnd centrifugated at 1000 rpm for 5 minutéer centrifugation,

thesupernatant was collected for further use.
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SPION-PEI SPION-PEI@AuUNPs  SPION-PEI@AuUNPs-MBA  SPION-PEI@AuUNPs-MBA-rBSA-FA

Figure 2.2: Chemistry synthesis process of SERS SPEEN@AUNPs

4MBA-rBSA-FA biological probg199].

2.2.3 Cell culture

MCF7 is a human breast cancer dele and A549 is ahuman norsmall cell
lung carcinoma cell lingswhich are bought fronBhanghai Institutes for
Biological Science$SIBS). Hela isa humarcervical cancer celine supported
by General Hospital of Eastern Theater Commakitthe cellswerecultured
in complete culture mediun®©90% DMEM, 1® FBS under standard cell
culture condition (5% Cg) 37 €). For experiments, cells wexdetachedoy

0.25%trypsin solutionand resuspendead PBS solution

2.2.4 Specificity of SPION-PEI@AUNPs-based SERS biological probe in
cells

To verify the SERS performance oSPIONPEI@AuNPsbased SERS

biological probe orthe cell membranes and the ability to specifically recognize

the FR on the cancer cell membranes, two cancer cell lines of-Matd

A549 were selected as models and detected by Raman instrument. First, MCF
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7 and Ab549 were separately incubated with PBSutgosl, SPION
PEI@AUNPsMBA-rBSA-FA biological probe and PEI@AuNPsMBA
biological probefor 1 hour and washed by PBS for three times. After that, the
Raman instrument was used to observe the optical image and corresponding

SERS mapping image of celst 785 nm laser

2.2.5 Sensitivity and separation of SPION-PEI@AuUNPs-Based SERS
biological probe in blood

Animal experiments in this study were all carried out accordimgthe
protocols approved by the animal care and use committethe Ningbo
University. The blood samples were drawn fraabbit ears and then injected
into vacutaier tubes, whichcontained lithium heparirMCF-7 cell line was
spiked into rabbit blood at-B00 cells/mL concentration. The blood samples
were then separated by density gradient centrifugation. 2 mL blood sample was
first diluted by adding 2 mL PBS solati. Next, the blood solution was slowly
added to 2 mL lymphocyte separation solution. After centrifugation at 1500
rom for 25 minutes, the sample was separated into four layers (from top to
bottom: plasma, mononuclear cells, lymphocyte separation solutidrplood
cells). The layer of mononuclear cells was collected and washed twice with
PBS solution by centrifugation at 1000 rpm for 5minutes. After washing, 200
nL SERSbiological probesvere added into collected cells and incubated for 1

hour. After incupation, the excesbiological probeswere cleaned away by

59



centrifugation at 1000 rpm for 5 minutdhen, he samples were rinsed thrice
with 200 niL. PBS solution via magnetic separation and measured by confocal

Raman microscopy.

2.2.6 Application in clinical tumor blood detection

To explore the clinical utility of SERBIiological probeblood samples fror@2
cancer patientand 3 healthy peoplerere detectedThe blood samples were
then separated by density gradient centrifugatidre pretreatment of blood
was same as Sectiokh2.5.2 mL blood sample was first diluted by adding 2
mL PBS solution. After centrifugationCTCs were collected by SERS
biological prdeand separatelddy magnetic separatioihen, the samples were
rinsed thrice with 200 PBS solution and measured by confo&dman

microscopyat 785 nm laser

2.3 Synthesis of B-TiO2-based SERS biological probe and application on
CTC detection

2.3.1 Materials and equipment

Materials: Titanium(lV) oxide (P25) was purchased from Acros Organics;
Sodium borohydride (NaB4), Alizarin red, NB-PEG2000COOH (95%),
Folic aci d -hydmxsacdinimide KNHS), -gthyl3-(3-
(dimethylamingpropyl) carbodiimide (EDC), Fluorescein isothiocyanate

(FITC), FITGPEG2006FA were purchased from Aladdin, Shanghai, China;
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Tris-HCI buffer (1.0 M, pH 8.5) was purchased from Macklin, Shanghai, China;
Dialysis bag (50kD) was purchased from Yuanye, ShaingBhina; FITC
linked polyclonal rabbit antibody to FA was purchased from Cloud Clone Corp,
USA,; Alexa Fluor® 647 AntiCytokeratin 8 antibody (CK8) and Alexa Fluor®
488 AntiCD45 antibody (CD45) were purchased from Abcam, Shanghai,

China; Hoechst was purased from Sinopharm Chemical Reagent Co., Ltd

Equipment: The photos of the equipment were shown in Figure Bl
transmission electron microscopy (TEM) and higkolution transmission
electron microscopy (HRTEM) images of theTBD, samples were obtained
by Talos F200x. The powder-day diffraction (XRD) of the BTiO2 samples
were characterized by the BRUKER D8 ADVANCE DAVINCI diffractometer
with Cu Ka radiation (A = 1.54056
Renishaw inVia Reflex strument with 532 nm laser. The fluorescence images

were obtained by laser confocal fluorescence microsdpfCA, TCS SP5)
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Figure2.3: The photos of the equipment A) Transmission electron microscopy
(TEM, JEOL. 2100, Tokyo, Japan); Bligh-resolution transmission electron
microscopy (HRTEM Talos F200x); C) X-ray diffraction (XRD, D8
ADVANCE); D) Confocal microprobe Raman system (Renishaw inVia Reflex,
Wolton-underEdge, U.K.); B Biological laser confocal fluorescence

microscopy(LEICA, TCS SP}.

2.3.2 Synthesis of B-TiO2-based SERS biological probe

Fabrication of B-TiO2 NPs

B-TiO2 was fabricated according to the literat{2€0]. At room temperature

with dry condition, the mixture of 1.5 g P25 and 1.5 g NaBids groumd for

30 minutes. Then the mixture was transferred to porcelain boat and placed into
tube furnace. The heating process started from room temperature to 350 € at a
heating rate of 10 € per minute and kept at 350 € for 4 hours with protection

of argon. Ater natural cooling, the obtained product was washed by water and

62



ethanol three times and dried at 70 €. Finally,TED> NPs was obtained.

Synthesis of SERS biological probe

The SERShiological probeconsisted of four partas shown in Figur84, a
crystatamorphous corshell BTiO2 as a core structure, Raman reporter AR
molecule absorbed on-BO2, a thin NH-PEG2000COOH layer to protect B
TiO>-AR and to improve the dispersion diiological probe and FA to
specificallyrecognize folate receptor on cancer cell membrane. First, 5 mL AR
solution (16?M) was mixed with 5 mL 1 mg/mL HiO2 by stirring for 4 hours

and centrifugating 3 times at 10000 rpm. AR molecule was absorbed onto B

TiO2 by chemical bonding@01].

-0 %

B-TiO, + Alizarin red + NH,-PEG-COOH + Folic acid

Figure2.4: Chemistry synthesis process oflBD, basediological probe

The obtained BliO2-AR was dispersed in 50 mL 10 mM THHCI buffer (pH
8.5). Then, BTiO2 -AR-PEG was obtained by adding 10 mg NPEG2000
COOH into the above solution, stirring for 4 hours and centrifugated 3 times at

10000 rpm.
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FA was first activated by NHS and EDC in phosphate buffer saline (PBS, pH
7.4). First, 50 mg FA was fully dissolved in 50 mL PBS. Then, 40 mg EDC and
24 mg NHS were added into FA solution stirring for 4 hours at room
temperature. After that, the activated FAsmaixed with BTiO>-AR-PEG
solution stirring for 12 hours at room temperatureTiB>-AR-PEG was
modified with FA by the amide interaction between the carboxyl group of FA
and amino group of NHPEG2000COOH. Finally, the BTiO>-AR-PEGFA

was collected and washed by dialysis bag (50 kD) for 36 hours to remove the
excess FA. The obtainedBO>-AR-PEGFA biological probewas dispersed

into PBS solution and saved irf@ fridge.

2.3.3 Cell culture

MCF7 is a human breast cancer cell line. A549 is a humassmati cell lung
carcinoma cell line. Raw264ig amousemonocyte macrophageukemia cell

line. These three cell lineare bought from Shanghai Institutes for Biological
Sciences (SIBS). All the cells were cultured in complete culture medium (90%
DMEM, 10% FBS) under standard cell culture condition (5%,G3@ C). For
experiments, cells were detadnay 0.25% trypsin solution and resuspended in

PBS solution.

2.3.4 FR expression screening of MCF-7, A549 and Raw264.7 cell lines
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The three cell lines were incubated in awéll plate with same cell
concentration. Each cell line was divided into twells. The same amount of
FITC-PEG2006FA was added into one well of each cell line respectively and
incubated for 30 mins. Then the cells were washed by PBS solution and

analyzed by flow cytometry.

2.3.5 FA modification of SERS biological probe

To verify the FA modification, two methods were utilized. For the first one, the
conjugation efficiency of FA on the SER®logical probewvas calculated by a
previous mass balance metf@R]. After the activated FA mixed withB-
TiO2-AR-PEG stirring for 12 hours, the resulting T8D>-AR-PEGFA was
obtained by centrifugation at 10000 rpm for 10 minutes. The supernatant was
collected, and the residu&A content was determined using the calibration
curve of FAstandard solutionsybmeasuring the UWis absorption. For the
second one, a FITC linked polyclonal rabbit antibody to FA was used to
simulate the FA receptors on the cell membranes. It was incubated with FA
modified SERSbiological probeand norFA modified SERSbiological pobe

for 3 hours, separately. Then, after washing by PBS buffer for three times, the
FA modified SERSbiological probeand noRrFA modified SERSbiological

probewere observed by fluorescence microscopy gel image system.

2.3.6 Specificity and sensitivity of B-TiO2-based SERS biological probe in
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the mixed cells

To verify the SERS performance of BO. SERSbiological probeon the cell
membranes and the ability to specifically recognize the FR on the cancer cell
membranes, two cancer cell linesMEF-7 and A549 were selected as models
and detected by Raman instrument. First, MC&nd A549 were separately
incubated withPBS solution B-TiO>-AR-PEGFA b biological probeand B
TiO2>-AR-PEGhbiological probeor 1 hour and washed by PBS for three times.
After that, the Raman instrument was used to observe the optical image and
corresponding SERS mapping image of cells. Second, after incubated-with B
TiO2>-AR-PEGFA biological probe MCF7 and A549 were stainday FITC

and Hoechst and observed by confocal fluorescence microscopy. Besides, AR
can produce its characteristic fluorescence with its excitation and emission

wavelength at 530 nm and 560 nm, respectively.

To verify the ability of BTiO>-AR-PEGFA biological probeto remove
interference from FR negative cells, two cell lines of MCBNnd Raw264.7
were mixed and incubated with-BO.-AR-PEGFA biological probefor 1

hour and washed by PBS for three times. After that, the mixed cells were
stained with Hoec$t (blue, MCF7 positive, Raw264.7 positive), CK8 (red,
MCF-7 positive, Raw264.7 negative) and observed by confocal fluorescence

microscopy.
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To test the sensitivityof biological probe 200 ni B-TiO>-AR-PEGFA
biological probewas mixed with 1.0 mL cell suspensionof MCF7 with
concentration of 4100 cells permilliliter. After incubation forl hour, the
excessdiological probesverecleaned awaypy centrifugation atL000rpm for
5 minutes.The precipitatevas collected and dispersedenlyin 200 nL PBS

solutionfor themeasurment ofconfocalRaman microscopy

2.4 Combination method of microfilter and B-TiO2-based SERS biological
probe on CTC detection

2.4.1 Materials and equipment

Materials: Titanium(lV) oxide (P25) was purchased from Acros Organics;
Sodium borohydride (NaB4), Alizarin red, NB-PEG2000COOH (95%),
Fol ic aci d -hydmex9sacdnimide KNHS), -gthyk3-(3-
(dimethylamino)propyl) carbodiimide (EDC), Fluorescein isothiocyanat
(FITC), FITGPEG2006FA were purchased from Aladdin, Shanghai, China;
Tris-HCI buffer (1.0 M, pH 8.5) was purchased from Macklin, Shanghai, China;
Dialysis bag (50kD) was purchased from Yuanye, Shanghai, China; FITC
linked polyclonal rabbit antibody toARwas purchased from Cloud Clone Corp,
USA; Alexa Fluor® 647 AntiCytokeratin 8 antibody (CK8) and Alexa Fluor®
488 AnttCD45 antibody (CD45) were purchased from Abcam, Shanghai,
China; Hoechst was purchased from Sinopharm Chemical Reagent Cp., Ltd.

Microfilter, PLO1 was purchased from Anfang Biotechnology, Guangzhou,
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China.

Equipment: The photos of equipment were shown in Fig8&8. The
transmission electron microscopy (TEM) and higkolution transmission
electron microscopy (HRTEM) images of tBeTiO, samples were obtained
by Talos F200x. The powder-day diffraction (XRD) of the BTiO2 samples
were characterized by the BRUKER D8 ADVANCE DAVINCI diffractometer
with Cu Ka radiation (A = 1.54056
Renishaw inVia Rééx instrument with 532 nm laser. The fluorescence images

were obtained by laser confocal fluorescence microsdpfCA, TCS SP5)

2.4.2 Cell culture

MCF7 is a human breast cancer cell line. A549 is a humassmati cell lung
carcinoma cell lineRaw264.7 is a mouse monocyte macrophiag&emia cell

line. These three cell lines are bought from Shanghai Institutes for Biological
Sciences (SIBS). All the cells were cultured in complete culture medium (90%

DMEM, 10% FBS) under standard cell culturendiion (5% CQ, 37 €). For

experiments, cells were detached by 0.25% trypsin solution and resuspended in

PBS solution.

2.4.3 Simulation of optimum capture flow rate in microfilter

Numeric simulation was performed to compare the flow dynamics of WBC
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clearance when flowing through the microfilter with different flow rate at range
of 0.1-0.9 mL/min using simplified geometry and boundary conditions by
ANSYS Fluent software. The purposésimulation was to find a proper flow

rate to avoid plugging of microfilter and cell damaging.

Governing equation

First, a2D numerical model was developed to investigate the WBC clearance
when flowing through a hole with depth of 8fh, top diameter of 6.Bm and
bottom diameter of 16m in the microfilter. The photo of microfilter was

shown in Figure2.5. Only one hole was considered for the sake of saving

computational cost.
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Figure2.5: Optical image of microfilter.

The volume of fluid (VOF) model in Ansys Fluent 15.0 was used to study the
effects of different blood flow rates on the shape and structure of WBCs. In the

VOF model, the volume fractiom can be obtained from the continuity

equationg1) and (2)
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W4 L y@a, =0 1)
ut
Ha. u®a, =0 (2)
pt
where the subscriptrepresentshe continuous phase (blood), and the subscript
d represents the dispersed phase (WBCs). The sum of the volume fractions of
the twophase fluid in eaclsomputational cells 1, i.e.,d@4+a. =1, tis the

flow time, u is the flow velocity which can be obtained from continuity
equation and NavieBtokes equation
P@=0 (3)
F+B(ru(])1)=- P+DOmMPu+bu )]+rg+Fs  (4)
where P and F s are the pressure, and surface tension, respectively. In each

computational cell, the density and dynamic viscosityll are calculated by
Eq. (5) and (6)

r=a.ra,r, (5)
m=a.mt*a,m (6)

The surface tensiofr s is obtained by the continuous phase surface tension

model, as shown in Eq. (7)

i:s=1;s pa (7)
E(rc+rd)

wheres is the surface tension coefficientk is the interface curvature and

k:D@?, i is the surface unit normal calculatedl%yn/n ,andn=Pa.

Wall adhesion is considered by defining a contact agglat the channel wall,

and the surface normal at the reference cell next to the wall is calculated by
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equation (8)

fi=f,cosq, +i,sing,  (8)
Where A, and fw are the unit vectors normal and tangential to the wall,
respectively. The geometrigparameters and material properties in the VOF
simulaion are shown in Tabl2.1 and Table2.2, respectively. The PRESTO!
Interpolation scheme was employed to compute the pressure equation. The
convective and diffusion terms were discretized using seooael upwind
and central difference schemesspectively. The momentum equation adopted
the seconabrder upwind scheme, and the volume fraction was solved by Geo

Reconstruct method.

Table2.1: Geometry of microchannel

Upper Lower Depth of Distance from inlet  Distance from outlet
aperture aperture hole to upper pore to lower pore
6.5mMm 16 mm 30mMm 30mMm 20mm

Table2.2: Physical parameters of leukocytes and bl2ax8]

Density (kg m™) Viscosity Interfacial tension (N m™)  Contact angle (9
(pa s)
Blood 1055.5 0.03 0.027 135
WBCs 1080.0 13

In the previoussimulation, the WBCs are considered as liquid, however the

real WBCs are surrounded by a thin membrane. To capture the interaction
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physics during the contact between the cell membrane and the solid boundary
of the hole in the microfilter, i.e., the walf the micropore as shown in kige
2.6, the simulation was also conducted with the effect of carrier flow simplified
as an axial pressure at the top. Since the inner structure of the cell was
neglected, a homogeneous pressure was applied on the inner boundary of the
cell. The solid mechanicsalculation was performed for the thin membrane of
the cell with a thickness of 0/m, which has contact with the wall of the
micropore. This simulation was conducted using a 3D model by solid
mechanics governed by,
20Y O m 9

Where'O ‘O 0S s the 2 PiolaKirchhoff stress; thus, FS is th&Riola
Kirchhoff stress;O representshe term of volume force. The contact pressure
from the source of contact pair is,

YoM mh ) Qb (10)
wheren —— is the contact pressure penalty fact@, is the
characteristic stiffnessQ is the gap distance. The tangential fort¢ is

computed as

hp "Y; (11)

Y 4 Qe

h

where”Y; ni, Y GQEY Y RYq is the critical value
of tangential force,Y is the cohesion force) is the penalty factor

identified as the spring constantis the friction coefficient defined as
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where’ is the dynamic friction coefficient, is the static friction coefficient,
L is the slip velocity, and  is a decay coefficient. The upper equation is the

equation of dynamic friction, while the lower represents otherwise.

Hm ]
407

. \ |
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Figure 2.6: The schematic of the WBC flowing through a hole of the

microfilter.

2.4.4 Sensitivity, specificity, and capture assay of microfilter combined
SERS spectral detection method in mixed cells

To test the sensitivity and capture assay of this methaoaixed cells the cell
sugension solution of MCF-7, A549, raw264.7 and MCF-7 mixed with
raw264.7, wereadded into microfilter devicat 1-100 cells/mL concentration
The concentration of cell suspensisolution before and after microfiltration

was counted by cell counter. The isolation experiment was performed at
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constant pulling speed (0.4 mL/min) controlled by a micro syringe pump. After
that, the BTiO2> SERSDbiological probevas added into microfluidic dese and
incubated with isolated cells for 1 hour. Then, the microfilter was washed
carefully by PBS solution. After that, the microfilter was illuminated by 532
nm laser of Raman instrument. The SRES detection results were verified by

fluorescence microscep

2.4.5 Sensitivity, specificity, and capture assay of microfilter combined

SERS spectral detection method in blood

To test the sensitivity and capture assay of this meithade blood MCF7

cell line was spiked into rabbit blood at100 cells/mL concentration. The
MCF-7 spiked blood was diluted by PBS solution with volume ratio of 1:2 and
added into microfilter device. The concentration of cell suspension before and
after microfiltration was counted by cell counter. The isolation expatinvas
performed at a constant pulling speed (0.4 mL/min) controlled by a micro
syringe pump. After that, the-BiO> SERSbiological probewas added into
microfluidic device and incubated with isolated cells for 1 hour. Then, the
microfilter was washed cefully by PBS solution. After that, the microfilter
was illuminated by 532 nm laser of Raman instrument. The SRES detection

results were verified by fluorescence microscope.
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2.4.6 Application in clinical tumor blood detection

To explore the clinical utility of SERBiological probe blood samples from 6
breast cancer patients and 2 healthy donors were detected. The blood sample
was diluted by PBS solution with volume ratio of 1:2 before microfiltration.
The diluted blood sample was added into microfluidic device. The isolation
experiment was performed atconstant pulling speed (0.4 mL/min) controlled

with a micro syringe pump. After that, theT8O, SERSbiological probewas

added into microfluidic device and incubated with isolated cells for 1 hour.
After washed by PBS solution, the microfilter wasntinated by 532 nm laser

of Raman instrument. The SERS spectral was gathered to analyze the detection

result.

2.5 Conclusion

This chapter hamtroduced methodology used fasearchMCF-7, A549and
Raw264.7 cell lines were used for experimehe performance oboth
SPIONPEI@AuU based SERS biological probe andTliB, based SERS
biological probehave been teste@2 blood samples from cancer patients and 3
blood samples from healthy people were detected by FREBMDAuU based
SERS biological probeThe sensitivity, specificity, and capture assay of
microfilter combined SERS spectral detection method in mixed cells and blood
have also been studied respectiveljne combined methodhas also been

applied in clinical blood sample detectiohhe corresponding experimental
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results would be shown in Chap&to 5
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Chapter 3 Synthesis of SPION-PEI@AuUNPs-based SERS biological probe
and application on CTC detection

3.1 Introduction

Circulating tumor cells (CTCs) are tumor cells shedding frothe primary or
metastatic tumoand enteringhe peripheral blood circulation syste@TCs
haveincubation periodn the blood. Some o€TCs would translate to other
tissue andform new tumog204, 205] Therefore, CTCsdetection have
important significancdor early diagnosisprognosis evaluation, therapeutic
efficacy, and method selection of cancer treatméfdwever, the number of
CTCs in the blood is extremely smalith only 1-10 CTCs per milliliter,
among 1 million white blood alls (WBCs) and 1 billion red blood cells
(RBCs])48]. Because ofmall amounts o€TCs, theras no effectivemeans to
detect CTCs at presentherefore, developing amltra-sensitive method for

CTC detection igjuite necessary

SERS method is anltra-sensitive methodvhich canbe used for molecular
level detectionThere are mangtudiesusing SERS methotb detect CTCs in
peripheral blood In previous work,an improved SERSactive magnetic
nanopatrticlesfor CTC detectionand analysishas been designed99]. As
shown in Figure.1, superparamagnetic iron oxide nanoparticles (SPION) with
poly(ethyleneimine) (PEI) on the surface (SPKPHI), was assembledvith

AuNPs and then liked with Raman reporter molecule MBA and rBSA
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sequentially CTCs could be enriched by SER#$ological probe using a
magnet and detected by Raman instrument. The SHFBIKRWAUNPsSMBA -
rBSA-FA SERSDbiological probegealized the integration of CTC separation

and detection.

This chapter foclieson the clinical application ocSPIONPEI@AUNPsMBA -
rBSA-FA SERSbiological probse. The specificity andeparation performance
of SPIONPEI@AUNPs SERS®iological probehas been replicatedfter that,
the SPIONPEI@AUNPs SERiological probehas beerappliedto detect
several bloodsamples from cancer patient&he successful CTC detection in
clinical cancer patient bloodiemamstratal that SERS detectiomvas worth to

be further developed and a promising tool for diagnosis and treatment of cancer.
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Figure 3.1: Design of magnetic SER®iological probe and separation

mechanism.a) Design of the magnetic SERI8ological probe SPION

PEI@AUNPsMBA -rBSA-FA; b) Mechanism of the SERS nanoagent for CTC

analysis.

3.2 Characterization of SPION-PEI@AuUNPs-based SERS biological probe
The SPIONPEI@AuUNPs SER®Iological probewas composedaccording to
synthetic steps from Figure.1la. The SPIONPEI was prepared by
solvothermal synthesis meth@hd AuNPs was prepared IBpdium citrate
reduction of chloroauric acid&igure3.2 shows thenorphological featuresf
SPIONPEI, AuNPs SPIONPEI@AUNPs and SPIONPEI@AuUNPsMBA -
rBSA-FA. The TEM imageshowed that the size &luNPswas 36040 nm, and
the size ofSPION-PEI was 200-300 nm (Figure 3.2a and3.2b). Figure 3.2c
showed thatSPIONPEI@AuNPshas Coresatellite structures with size of

250-350 nm.After functionalized by rBSAFA, there wasa layer of film on the
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nanoparticles as shown in FiguBe2d. The Zeta potential ofAUNPs and
SPIONPEI were-47.3mV and +27.7 mV, respectively(Figure 3.3). AUNPs
with negative charge were sel§sembled on the SPIGREI by electrostatic
attraction. After electrostatic attraction, the Zeta @otial of SPION
PEI@AUNPs was changed t83.1 mV. The strong repulsive forcanade
SPIONPEI@AuUNPs of goodiispersibility in water The SERS spectral of
SPIONPEI@AUNPs SPIONPEI@AUNPsSMBA and SPIONPEI@AUNPs
MBA-rBSA-FA were shown in Figur&.4. Because the layer aBSA was
relatively thin, the SERS intensity GPIONPEI@AUNPsMBA-rBSA-FA
showed almost no weakening aftewvered by rBSAFA andhas good stability.
The depth scanning results of SPKPEI@AUNPsSMBA-rBSA-FA showed
that this SERSbiological probehas good stability andiniformity in the

solution.
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100 nm

Figure3.2: TEM images of a) AuUNPs, [§PIONPEI, c)SPIONPEI@AuUNPs

d) the layer off BSA-FA.
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Figure 3.4: a) SERS spectral of SPIOREI, SPIONPEI@AUNPsMBA and

SPIONPEI@AUNPsSMBA -rBSA-FA;

PEI@AUNPsSMBA -rBSA-FA from randomized5 pointsby depth scanning

depth (15) -100, -200, -300, -400, -500 mm. Laser wavelength: 785 nm; lens:

50 xobjective.
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3.3 Specificity of SPION-PEI@AuUNPs-based SERS biological probe in
cells

To test the specificity of SPIOREI@AuNPsbased SER®iological probe
MCF-7 cells and A549 cells were incubated with PBS solution, SPION
PEI@AUNPsMBA and SPIONPEI@AUNPsSMBA-rBSA-FA, respectively.
Figure 3.5 indicatedthat after functionalized by rBSFA, SERSbiological
probes could target FR positive cellBecause A549 cells were FR negative
cells, the FA molecule on the SERflogical probecannottarget A549 cells
Besides, SER®Iiological probewithout FA modification cannot targdblate
receptoron the cell membran®n the other handt, alsoproved thathe SERS
biological probehas been successfully modified B& molecule As shown in
Figure 3.5, there were appreciable SPIONPEI@AUNPsMBA -rBSA-FA
biological probe on the MCF7 cells while there was few SPION
PEI@AUNPsMBA -rBSA-FA biological probeon the A549 cellsFigure 46a
showed the SERS spectral MCF-7 cells and A54%ells after incubated with
SPIONPEI@AUNPsMBA-rBSA-FA. Besides, the stability of SPION
PEI@AUNPsMBA -rBSA-FA have been tested ltge SERS imaging dfingle
MCF-7 cell and A549 celas shown in Figur8.6a. As shown in Figur8.6b,
MCF-7 cells have peak signal at 1076 tmhile there was no peak signal for
A549 cells.Besides, peak intensity at 1076 ‘twas increased when there
were MCF7 cells. Thereforethe Raman peak dt076 cm® was utilized for

mappingbiological probein the cell surface The red area showeagbvious
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SERS intensity at 1076 chand the dark area showed no SERS intensity at
1076 cm'. These resultshowed good specificity and stability of SPION
PEI@AUNPsSMBA-rBSA-FA to FR positive cellswhich could profit CTC
detectionin theclinical blood samplesin addition to the specificityseparation

performance has also bempeated. Figurd.7 showedseparated MCH cells.

Control With SPION-PEI@AuNPs-MBA With SPION-PEI@QAuNPs-MBA-rBSA-FA

MCF-7

A549

Figure 3.5: Optical images of MCH and A549 after incubated with PBS
solution, SPIONPEI@AUNPsMBA SERS biological probe and SPION

PEI@AUNPsMBA -rBSA-FA SERSbiological probe Scale bar: 26m.
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Figure 3.6: a) SERS imaging of MCH and A549 cellat bright, 1076 cm
lintensity peak and merge backgroustale bar: 20m. b) SERS spectral of

MCF-7 and A549.

3.4 Sensitivity and separation of SPION-PEI@AuUNPs-based SERS
biological probe in blood

To study the sensitivity 0SPIONPEI@AuNPsbased SER®iological probe
for CTC detectiondifferent proportionoof MCF-7 cells were addedito health
rabbit blood toimitate peripheral blood environment of cancpatients
Concentration gradient dilution method caccurately control the number of
cancer cells added to rabbit blobg diluting cell suspensioto concentration
of 500, 250, 100, 50, 10and 5cells per milliliter. As shown in Figure3.7,
when therevere SMCF-7 cells added intaabbit blood MCF-7 cellscouldbe

detected and separated.
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Figure 3.7: a) Optical image of separated MZFcells from 5500 cells/mL

mixed cell suspension, Scale bar:r&0; b) Raman spectral of separated cells.

3.5 Application of SPION-PEI@AuUNPs-based SERS biological probe in
the clinical blood samples

SPIONPEI@AuNPsbased SER®iological probehas beemproved to have
gooddetectionefficiency and veracityit has been applietb CTC detectiorof
clinical blood samplesTlo testthe performance dSPIONPEI@AuNPsbased
SERS biological probein clinical blood detection32 blood samples from
tumor patientsand 3 blood samples from healthy peopéve been detected.
Figure3.8 showed detection resuttf healthy people blood sampldisshowed
that there was no p& enhancement at 1076 ¢énFigure3.9 showed SERS
detection results of 32 blood samples. Coregdo healthy bloodesults, there
were obvious peak enhancement at 1076 émalmostspectral. However,
there were still5 tumor blood samples detected without 1076 cpeak as
shown in redrame which could be defined as falsegative resultBesides,
the Raman spectral wasstable due to complex blood backgroumtiere

were many undesired peaks appeared which wdigtlirb determination of
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results. Therefore, the stability of SERMological probein blood should be
improved and it is better toemove the complex background bef@ERS

detection so that the accuracy of results could be improved.
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Figure3.8: SERS detection resultstibod fromhealthy people.
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Figure3.9: SERS detection results 82 tumorblood samples.
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3.6 Chapter conclusion

In summary, SPIONPEI@AUNPsMBA -rBSA-FA SERSbiological probevas
successfullyreproducedand apped for CTC detection. The SERS&ctive
magnetic nanoparticles were demonstrated to have good fspigci and
sensitivity toMCF-7 cells. The LOD of CTC detection waseasured to bb
cell per mL 32 cancermlood sampleand 3 blood samples from healthy people
were testedAlthough the results showed goapecificity and separation
efficacy,there are still somkmitations to be overcome. For exampldensity
gradient centrifugation a®lood pretreament method may causeloss of
targeted celland redundant SER®iological probs could not be effectively
removed, which will causéalse negative results and false positive results
respectively.besides, hespot effect between noble nanoparticles might also

disturb judgment of results.
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Chapter 4 Synthesis of B-TiO2-based SERS biological probe and
application on CTC detection

4.1 Introduction

In the third chaptergold-iron oxide composite nanoparticles were used
SERS substrate for CTC detection. Although it stlieng SERS intensityhe

hot spot efficacy might caudalse positive resultsBesides,the toxicity to

living organisms and nonselective SERS enhancement of targeted molecules
limit their application in CTC detecti¢phl7, 206] It has been reported that
low-cost semiconductor nanomaterials can also exhibit high SERS
performance with advantages of high spectral stability and reproducibility,
strong antinterference ability, and selective SERS enhancement of target
molecule§ll7]. Lin et al. firstly investigated the crystamorphous corshell
heterojunction boosted photoinduced charge transfer (PICT) process for the
enhancement oblack TiO2 (B-TiO2)-moleculesystem and applied it to the
detection of cancer ce]kl8]. The PICT process is formed between the
substrate and the targetolecule§l30]. The strong vibration coupling in a
semiconductor molecule system can effectively increase the molecular
polarizability and amplify the Raman scattering cross sddi®f) The
amorphous structure of T¥kdmproved the PICT efficiengyield an ultrahigh
SERS enhancement factor (EF) and, achieve higher performance of
semiconductebased SERS substrd2d7]. Therefore, semiconductbased

SERS substrate shows great potential in CTC analysis.
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In this chapterplack TiO2 was used as SERS substrate for CTC detection to
reducehot spot efficacyFA-functionalized SER®iological probehas been
designed to distinguish CTCs from the remaining WBCs by targeting the FA
biomarkers on the CTC membranes. The SBR®gical probevas composed

by a crystalamorphous corshell BTiO2 SERS substrate, Raman reporter
alizarin red (AR) molecule, a thin NHPEG2006COOH (PEG) layer to
improve the dispersion djiological probe and FA to specifically recognize
folate receptor (FR) on ceer cell membrane (Figur24). Besides, abundant
amino group of the PEG layer can provide sufficient binding sites for FA
coupling, which is benefit for improving the detection specificity and accuracy
of B-TiO2 basedbiological probeSERSfluorescence bimodal imaging method
verified high detection specificity of this stratedy addition, SERS results
demonstrated that FR positive MTFcancer cells could be captured efficiently
with reliability and specificity compared to FR negatoancer cells (A549 and

Raw264.7 cells).

4.2 Characterization of B-TiO2-Based SERS biological probe

B-TiO2 NPs have been successfully fabricatdd. shown in Figure4.1, the
color of B-TiO2 was blackwhile the color of P25 was whitéfhe Low
resolution transmission electron microscopy (TEM) and the kgblution

transmission electron microscopy (HRTEM) were used to identify the
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microstructure and morphology of-BO2 NPs. The TEM image showed the
particle size of BIiO2> NPs was ~25m (Figure 4.28. The HRTEM image
showed a crystaeamorphous corshell structure of BliO2 NPs Eigure4.2b).

As shown in Figre 4.3, there was an obvious oxygdeficient amorphous
shell with 2-3 nm thickness on the surface of crystalline core. The feature of
amorphous shell and crystal core structwas further confirmed by the
corresponding fasFourier transform (FFT) image. The diffuse ring for the
shell structure and the points pattéor the core structure were consistent with
the HRTEM characterizatiohe lattice plane distance of the crystalline core
was 0.35 nm, corresponding to the (101) crystal planes of anatase TiO
Meanwhile, Xray diffraction (XRD) showed that both P25daB-TiO, have

the major characteristic diffraction peaks of anatase at@5.4°(101) (Figure

4.4). The XRD image also characterized the crystalline structure of P25 NPs
before and after reduction. It showed that the crystalline degree was reduced
afterthe reduction because of the formation of an oxydgficient amorphous
layer. Besides, the increased half width of the Raman peaks fB2that 145,

196, 400, 517, and 642 cmfrequencies also indicatethe decreased
crystallinity in B-TiO2 NPs (Figire 4.5). At the same concentration of AR; B

TiO2 has much better SERS performance than P2hu(&46).
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Figure4.2: a)TEM image ofB-TiO2; b) HRTEM image of BTiO..
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Figure4.3: FFT image of BliOa.
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Figure4.5: Raman characterization of P25 andiB2 NPs, respectively
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To investigate the SERS performance ofTiB,;, SERS spectra of AR
molecules adsorbed on theTBO2 NPs at different concentrations (58®x

10® M) was measured at 532 nm (Big 4.7). Figure 4.7 showed the Raman
spectra difference between AR and AR absorbed eACB. Before AR
absorbed on HiO2, AR has weak Raman spectral. After AR absorbed on B
TiO2, the Raman spectral of AR has been strongly enhanced, which indicated
that AR has been absorbesh B-TiO2. When the concentration of AR is
reduced to 510 M, the vibration peak could still be distinguished, indicating
that the LOD of the AR molecule onBO; can reach 5108 M. Compared to
some semiconductoes shown in Tablé.5, the SER$erformance of BliO;

was significantly great. The concentration of AR used to fabricate SERS
biological probewas 5x10° M. To show the binding of AR on -BiO>, the
conjugation efficiency of AR absorbed onTBO> was calculated by mass
balance methodFirst, after the centrifugation of -BiO>-AR mixture, the
supernatant was collected, and the residRilcontent was determined using
the calibration curve of ARstandard solutions by measuring the -U¥
absorption peak at 422 n(Rigure4.8a and h) To detemine the residual AR
content more accurately, the supernatant was diluted 3 times before measuring.

The conjugation efficiency (CE) of AR on'BOswascalculated as follows:

00 pmimb (13)

Therefore, the CE of AR inBiO, was 15.1%, which means the amount of AR
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is 15.1 mg per 100 mg-BiO2-AR.

To improve the dispersiorof B-TiO2-AR biological probe and avoid
nonspecific adsorption, NFPEG2000COOH was used to enwrap BO2-AR.
The TEM image of BliO>-AR-PEG showed that there was a thin PEG layer

on the particles (Figre4.9). The thickness of PEG layer was abod Am.

FA was modified to the SERS®iological probeby the amide interaction
between the carboxyl group of FA and amino group 0fIREG2000COOH.

The conjugation efficiency of FA on the SER®logical probewas 2.1%
calculated by mass balance methafler the activated FA mixed with-BiO2-
AR-PEG stirring for 1zhours the resulting BTiO2-AR-PEGFA was obtained

by centrifugation at 10000 rpm for 10 minutes. the supernatant was collected,
and the residudfA cortent was determined using the calibration curve of FA
standard solutions by measuring the-¥ absorption peak at 350 nm (Erg

4.10). The conjugation efficiency (CE) of FA on-BO>-AR-PEGFA was

calculated as follows:

6 0O (14)
To further confirmthe FA modification, BTiO2>-AR-PEGDbiological probeand
B-TiO>-AR-PEGFA biological probe were incubated with FITC linked
polyclonal rabbit antibody to FA, respectively. The fluorescence intensity of B

TiO>-AR-PEGFA biological probeFigure4.11a)was obviously stronger than
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B-TiO2>-AR-PEG biological probe(Figure 4.11b). The SERS intensity oB-
TiO2>-AR-PEGFA biological probewas measured as shown in g 4.12a
Although the intensity was reduced due to PEG layer, it still has strong signal
for satisfying peripheral blood tumor cell detection. The spectra stability of B
TiO2>-AR-PEGFA biological probewas also verified in Figre 4.12h whichis

in favor of CTC detection in complex peripheral blood environment.
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Figure 4.7: SERS spectra of AR, -BiO2> and BTiO2>-AR NPs at different

concentrations (5X18-5x1.08 M).

a 1.0 b 08
Concentration of AR:
| ~———10.00025 M 07
084 ——0.000125 M -
: ‘ —0.0001 M 06 y=0.27945x +0.00938
——0.00005 M ® R?=0.99619
8 2 0s
£ 064 %
@ ‘ \ F
£ \ =
o o 04 .
4 w
2 o
< 044 < 03
AN\ 0.2
0.2
01
0.0 T T T T T 0.0 T T T T T
300 400 500 600 700 800 900 0.0 05 10 15 20 25

Wavelength (nm) Concentration of AR at Peak 422 nm ( x 10 M)

Figure 4.8: a) UV-vis spectra of AR solution. b) Calibration curve of AR

standard solutions at peak 422.nm
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Figure4.9: TEM image of BTiO,-AR-PEG

1.0 b 08
a Concentration of FA
—0.05M 0.7 4
—0.025 M
0.8 -
——002M 064 y—20.1 3769x +0.03496
1 —0.0125 M R°=0.99842
054
§ 0.6 %
© 0.4
g 5
044
§ 2 0.3
0.2+
0.24
0.1
0.0 0.0 T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 55

T T T T
300 400 500 600 700 800 900

Wavelength (nm) Concentration of FA at Peak 350 nm ( x 102 M)

Figure 4.10: a) U\Wvis spectra of FA solution. b) Calibration curve of FA

standard solutions at 350 nm.
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Figure4.11: Fluorescent images of FITC linked polyclonal rabbit antibody to
FA. a) FA modified SERSbiological probe b) nonrFA modified SERS

biological probeScale bar: 59m.
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Figure4.12: a) SERS spectra BiO,-AR-PEGFA compared to BliO>-AR; b)

The SERS spectra of SER®Iogical probeat 5 points

4.3 FR expression screening of MCF-7, A549 and Raw264.7 cell lines
Three cell lines of MCH, A549 and Raw264.7 were used to verify the

performance of this SERBIiological probe First, the function of FR in the

99



three types of cell lines was verified by incubating cells with FIPEZ52000
FA and flow cytometry measurememas carried out. As shown in kige4.13,
MCF-7 had higher affinity for FITGPEG2000FA, while A549 and Raw264.7
showed extremely low affinity. It was demonstrated that MCiwas FR

positive cell while A549 and Raw264.7 were FR negative cells.
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Figure 4.13: Flow cytometry analyses of the function of FR in a) MGH)

A549, c) Raw264.7.

4.4 Specificity and stability of B-TiO2-based SERS biological probe in the
mixed cells

After incubated with BTiO>-AR-PEG biological probeand BTiO>-AR-PEG
FA biological probethere were obvious differences betwd&@F-7 cells and
A549 cells (Figure 4.14). For MCF-7cells, there were BiO>-AR-PEGFA
biological probs on thecells while there was few-BiO>-AR-PEG biological
probeon the cellsFor A549 cells both of B-TiO2>-AR-PEG biological probe

and BTiO>-AR-PEGFA biological probewere not observed on the cell$o
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illustrate detection specificity of -BiO2-AR-PEGFA biological probe MCF7

and A549 cells were also stained by FITC and Hoechst, respectively, as shown
in Figure 4.15. MCF7 cells exhibit red fluorescence on the cell membrane,
while A549 cells with almost no red fluorescence on the cell membrane, where
the red fluorescemc was ome from AR molecule absorbed on the SERS

biological probe

Control With B-TiO,-AR-PEG With B-TiO,-AR-PEG-FA

Figure 4.14: Optical images of MCH and A549 after incubated with PBS

MCF-7

A549

solution, BTiO>-AR-PEG SERSbiological probeand BTiO>-AR-PEGFA

SERSbiological probe Scale bar: 2ém.
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Figure 4.15: Fluorescent images of A549 and MCHncubated with SERS

A549

biological probe Scale bar: 2@m.

Besides, the SERS mapping images of MC&nd A549 cells after incubated
with FA modified SERSbiological probewere shown in Figre 4.16a. The
typical Raman scattering peak of AR molecule at 1449! cnas more
significantly enhanced than that at 1257%rm326 cm exhibited in Figire
4.16b, so the Raman peak at 1449ctmas utilized for mappindpiological
probe in the cell. Three Raman spectra collected from MCBEnd A549
respectively, were shown in kige 4.16b. To make sure the repeatability and
reliability of results in Figre 4.16b, other 10 measurements for MCFand
A549 were provided, respectively as smin Figure 4.17. The Error Bars in
figures and relative standard deviations (RSD) calculated for the SERS
intensity at peak 1449 chdemonstrated the good repeatability of the method.
There was no SERS signal observed on A549 cells while-MG&d obvios

SERS signal on the surface. This result demonstrated that FA modified SERS
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biological probecan effectively target cancer cells with FR expression.

a :
Bright 1449 cm* Merge
o - -
A549 w1
b 3
& e ————— ittty AS49 Point 3
%‘ A549 Point 2
S wetisnnins  A549 Point 1
= MCF-7 Point 3
MCF-7 Point 2
MCF-7 Point 1

800 1000 1200 1400 1600 1800
Raman shift (cm™)

Figure4.16: a) Optical image and SERS mapping image of MCE&nd A549
cancer cell at 1449 ctn Scale bar: 200m. b) SERS spectral of SERS

biological probewith MCF-7, and A549 cancer cell collected from 3 points,

respectively
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Figure4.17: a) SERS spectral of SERfological probewith MCF-7 collected
from 10 points. b) SERS spectral of SER®Ilogical probewith A549
collected from 10 points. ¢) SERS intensity of SER&8ogical probewith

MCF-7 and A549 at peak 1449 ¢m

To verify the antiinterference ability of BliO.-AR-PEGFA biological probe

from FR negative cells, MGF and Raw264.7 cell lines were mixed and
incubated with BTiO>-AR-PEGFA biological probdor 1 hour and washed by
PBS for three times. After stained by CK8 (MZFpositive, Raw264.7
negative) and Hoechst (MEE7 positive, Raw264.7 positive), MCF has red
fluorescence on cell membrane, blue fluorescence on nucleus and green
fluorescence from AR, while Raw264.7 only has blue fluorescence on nucleus
(Figure 4.18). To distinguishthe fluorescence from AR amdlexa Fluor647,

the fluorescence of AR wa®t as green and fluorescem@lexa Fluor 64Avas

set as red.B-TiO>-AR-PEGFA SERS biological probs were obviously
observedin MCF-7 cell membrane, while Raw264.7 with only few SERS
biological probe. This result showed that -BO>-AR-PEGFA SERS
biological probesxhibited good antinterference ability for distinguish MET

cells from the FR negative Raw264.7 cell.

104



CKS8 (Alexa Fluor 647) Nucleus (Hoechst) Merge

o . . . .

MCF-7
& Raw264.7

B-TiO,
-AR-PEG-FA

Figure 4.18: Fluorescent images of MCF and Raw264.7 incubated with

SERSbiological probe Scale bar: 1@m.

4.5 Chapter conclusion

In summary, B-TiO>-AR-PEGFA SERS bieprobes were successfully
fabricated Demonstrated by three cell lines of MCKFR positive), A549 and
Raw264.7 (FR negative), SERological probs of BTiO,-AR-PEGFA
could distinguish FR positive CTCs froRRR negative cellpy targeting FR on
CTC membranesBesides, through SEREuorescence bimodal imaging

method, BTiO2-based SER®iological probehas also been verified with high
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detection specificity and accuracydowever, the detection results were
moderately inaccurate without isolation of CT@ich $ould be improved in

the future work.
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Chapter 5 Combination method of microfilter and B-Tioz-based SERS
biological probe on CTC detection

5.1 Introduction

In thefourth chapter, BriO2 based SER®Iiological probecould successfully
distinguish FR positive CTCs from FR negative cells by targeting FR on CTC
membranes in the mixed cellfo improve the detection accuracy and applied
it into clinical blood samplesnicrofluidic method was combined for blood

pretreatment.

Microfluidics has been widely used in CTC detection based on the different
biological properties and physical properties of CTCs compared with the
counterpart of blood ce[808-210] Microfiltration is one of labefree
microfluidic methods which only depends on the size deformability
difference. It comes to the foreground in recent years benefiting from the
ability of isolating both epithelial and mesenchymal phenotypes, which are
more appropriate for analyses of tumor heterogeneity, and tumor drug
resistanci08]. Although microfiltration can isolate CTCs with high capture
efficiency and simplicity for operation within a few miny&kl, 212] there

are still tens of thousands of WBCs remaining, which would disturb the
accuracy and sensitivity of CTC detection. The traditional way to identify
CTCs is fluorescent immunolabeling by characterizing the surface protein

expression of CTCs. However,hen using multiple fluorophoreonjugated
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antibodies, the broadness of fluorescence spectrum and thetatkisg of
fluorescent tags often confound the re$21t8]. Besides, the backgroumdise
was magnified in a microfluidic system, which might cause misrecognition of
CTCq214]. Therefore, it is necessary to develop a novel downstream analysis

strategy of CTCs combined with microfluidic method.

In this chapterthe combination of SERS method and microfluidic method
couldadvance both advantages of these twcouatas well as overcome their
own limitation. A novel strategy for irsitu isolating and detecting CTCs at
singlecell resolution via combining microfilter CTC isolation method and
SERSbiological probedetection methodvas developedas shown in Figure
5.1. First, the microfilter efficiently isolated CTCs from peripheral blood based
on the size and deformability difference between CTCs and blood cells. Then,
a FA-functionalized SER®iological probehas been designed to distinguish
CTCs from the remaining WBCs by targeting the FA biomarkers on the CTC
membranes. SERSfluorescence bimodal imaging method verified high
detection specificity of this strategy, and the limit of detection (LOD) of CTCs
in rabbit blood can reach to 2 cells/mh addition, SERS results demonstrated
that FR positive MCH cancer cells could be captured efficiently with
reliability and specificity compared to FR negative cancer cells (A549 and
Raw264.7 cells). The whole processes were simple and efficient, which

reduced detection time within 1.5 hours. Importantly, blood samples from
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cancer patients have also been successfully detected based on

microfiltration isolation and BliO2-AR-PEGFA SERS biological probe

detection method.

Red
blood cell

B-TiO, + Alizarin red
- !
T . 3
»| . Bioprobe SERS 'y ——
n‘licroﬁltering c targpting biosensing S
Step1 . Step2 . Step 3 + Folic acid + PEG-NH,

Figure5.1: Scheme ofCTC detection process.

5.2 Simulation of optimum capture flow rate in microfilter

the

The pathway of WBC passing through the micropore has been simulated as

shown in Figire 5.2. The blue part represented blood and the red part

represented WBC3WVhen the flow rate was 0.1 mL/min, WBC cannot pass

through the micropore (Fige 5.2a). When the flow rate reached to 0.2

mL/min and 0.3 mL/min, WBC can pass through the micropore but might be

retained within the micropore with tendency of sticking tortheropore wall
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(Figureb.2b andFigure5.2c). When the flow rate was 0.4 mL/min, the cell can
pass through the micropore with a complete structure and intact skigpes(
5.2d). When the flow rate was 0.5 mL/min and 0.7 mL/min, the structure of
WBC was dghtly affected by flow condition after passing through the
micropore Figureb.2e andFigure5.2g). When the flow rate was 0.6 mL/min,
the shape of WBC was slightly deformédgure5.2f). When the flow rate was
0.8 mL/min, the cell was deformed signdittly after passing through the
micropore Figure5.2h), while the cell was completely damaged when the flow
rate was 0.9 mL/minFigure5.2i). Therefore, the microfilter has the best WBC

clearance performance when the flow rate was 0.4 mL/min.
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(a) (b) (c)

(d) (e)

(8) (h) (i)

Figure5.2: The effects of different blood flow rates on WBCs flowing through

the pore of the microfilter. The blue part represents blood and the red part

represents WBCs. a) u=0.1mL/min, b) u=0.2mL/min, ¢) u=0.4mL/min, d)

u=0.4mL/min, e) u=0.5 mL/min, fj)= 0.6mL/min, g) u=0.7 mL/min, h)=0.8

mL/min, i) u=0.9 mL/min.

Figure 5.3 shows the variations of volume in blue and contact pressure in red

during the period when a WBC flows through the micropore. According to the

red curve, the force applied on cell from the source side appears with axial
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displacement from 2Zm to 7.5nm appoximately when there are interactions
between the sides of contact pair. In this simulation, the contact of channel and
cell is dealt with by setting a penalty function, which cause the deformation of
cell described by the volume change shown by theduonee. The stress on the

cell shell from the inner structure is taken into consideration by setting a global
equation to restrict the volume of cell to the initial volume. Therefore, the two
peaks of volume variation correspond to the local maxima of coptassure.

It should be noted that the trends of the curves are not synchronous, but with a
temporal difference since the value of the state variable is adapted in a way that
the associated global equation is satisfiedufEd.4 shows the variations of
volume and contact pressure during the period when a CTC flows through the
micropore. As shown in Fige 5.4, the hysteresis of contact pressure is greater
than that of WBC shown in Fige 5.3, which might be due to the volume of a
CTC is larger thathat of a WBC and the reaction of internal pressure is not so

sensitive as CTC.
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Figure5.3: The variations in cell volume and maximum contact pressure with
regards to the axial displacement of a WBC flowing through a micropore in the

microfilter.
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Figure5.4: The variations in cell volume and maximum contact pressure with
regards to the axial displacement of a CTC flowing through a micropore in the

microfilter.

5.3 Sensitivity, specificity, and capture assay of microfilter combined SERS

spectral detection method in blood
To explore the clinical utility of microfilter combinedith SERS spectral

method, clinical tumor blood model was built to carry out cancer cell capture

113



and detection studies. The clinical tumor blood model was prepared by mixing
1-100 cells/mL MCF7 cancer cells into rabbit blood. The WBC clearance
could reach 96%y counting the cell concentration before and after filtering.
The LOD of this strategy in rabbit blood was 2 cells/mL as shown iar&ig
5.5b. Figure 5.5a demonstraté the schematic diagram of the CTC detection
process via microfilter and SERSological probe which was composed of
CTC microfiltering,biological probeargeting, and SERS detection. The SERS
spectral of 9 MCHF cells after isolation and targeted by SHR&ogical probe

was shown inFigure 5.5d, and SERS signabf the cancer cells exhileitl
relatively high uniform, illustrating efficient SERS detection of CTC in
peripheral blood samplgased on effectivenicrofluidic separation technology.
Then, the captured cancer cells were further verified by CK8 and Hoechst
(Figure 5.5¢), Fluorescentnnage results indicated that the accuracy of this
strategy, which showed that microfilter combined with SERS spectral strategy

has huge application potential in clinical application.
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Figure5.5: a) Schematic illustration of CTC detection steps. b) LOD of CTC
based on the method of combining microfilter and SERS method. c¢)
Fluorescent images of captured cells. Scale bam10d) SERS spectral tifie
captured cancer cells. Laser wavelengti2 B&; power: 0.12 mW, lens: 50x

objective.

5.4 Application in clinical tumor blood detection

The strategy of microfluidigsolation processind B-TiO2-AR-PEGFA SERS
biological probehas been successfully leverageddetect clinical peripheral
blood samples from six breast cancer patients and two health people. The
SERS spectra signal acquired from six blood samples of breast cancer patients
were unambiguous and reproducibleg{ie 5.6), while there was no SERS
signal observed in two health people ({fig5.7). The SERSspectra Cancer

patient blood samples and health people blood samples were carefully
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confirmed by collecting 3 different laser points on the cell examined under a
microscope. Besides, the time of qaeting the whole strategy was less than
1.5 hours. The results illustrated that the CTCs from clinical breast cancer
patients can be accurately distinguished via microfilter combined SERS
spectral detection method. This novel cell isolation and detettathod could

be served as an efficient platform utilized in cancer early screening and
diagnosis, as well as postoperative evaluation, making great contributions to

precision medicine.
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Figure 5.6: Schematic illustration of CTC detection basednaorofilter and
SERS spectrabfg) Optical image and SERS spectraltioé captured cancer
cells from six breast cancer patients. Scale bamf0Laser wavelength: 532

nm; power: 0.12 mW, lens: 50xobjective.
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Figure 5.7: Optical image and SERS spettod captured cells from healthy
people. Scale bar: 20m. Laser wavelength: 532 nm; power: 0.12 mW, lens:

50xobjective.

5.5 Chapter conclusion

In summary, an integrated CTC detection strategy based on microfilter, and
SERS detection method was successfully developed {fsitunisolating and
recognizing CTCs at singleell resolution. For CTC isolation, it could reach to
96% WBC clearance by adjting pulling speed in microfilter and reduce the
complexity of blood environment. The low purity and specificity of microfilter

were also solved by combining higlensitivity SERS spectra detection in this
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study. Demonstrated by three cell lines of MCFFR positive), A549 and
Raw264.7 (FR negative), SERological probs of B-TiO,-AR-PEGFA
could distinguish FR positive CTCs from peripheral blood cells efficiently by
targeting FR on CTC membranes and ruling out false positive interference of
WBCs with reliability and specificity. Besides, through SERBorescence
bimodal imaging method, BiO>-based SER®iological probehas also been
verified with high detection specificity and accuracy. Compared to the
traditional fluorescent immunolabeling meth SERSbiological probecan
distinguish cancer cells from blood cells with high intensity and sensitivity
avoiding the influence of background noise. Besides, the use of microfilter
improved the efficacy of CTC isolation compared to the traditional tensi
gradient centrifugation methodBenefiting by these advantages, the
combination of SERS method and microfilter enhanced the detection efficiency
and veracity, which reduced the detection time within 1.5 hours and make the
LOD of detection reach to 2 ¢&imL. Though the SERS8iological probein

this paper was only suitable for FR positive CTEstill has great practical
values because most of cancer cells are FR overexpressed. These features also
facilitated successful CTC detection in several clin@@ncer patient bloods
which illustrates that the integration of microfluidic isolation and SERS
detection was worth to be further developed apdoaising tool for diagnosis

and treatment of cancer.
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Chapter 6 Conclusion and future perspective

6.1 Conclusion

In summarythree strategies have besuccessfully carrieéor CTC detection

in clinical blood samples. In the first strategy, gotth oxide composite
nanoparticles were selected as SERS substrate. SPIONMBAurBSA-FA
SERSDbiological probe were reproduced according to the previous work. In
this thesis, SPION@&MBA -rBSA-FA SERSbiological probe were applied
into clinical blood sample detectio82 blood samples from cancer patieatsl

3 blood samples from healthy peoplere detectedAlthough the results
showed good specificity and separation efficacy, thegestill some limitations

to be overcome. For examples, density gradient centrifugation as blood
pretreatment method may cause loss of targeted cells and redundant SERS
biological probs could not be effectively removed, which will cause false
negative esults and false positive results, respectively. besidesplodteffect
between noble nanoparticles might also disturb judgment of resulthe
second strategy, blackBO2 NPs were used as SERS substrate due to its high
spectral stability and repradibility, strong antinterference ability, and
selective SERS enhancement of target molecules. Fhi®OBAR-PEGFA
biological probewas composed by a crystamnorphous corshell BTiO>
SERS substrate, Raman reporter alizarin red (AR) molecule, a tHin N
PEG2000COOH (PEG) layer to improve the dispersionbadlogical probe

and FA to specifically recognize folate receptor (FR) on cancer cell membrane.
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Besides, abundant amino group of the PEG layer can provide sufficient binding
sites for FA coupling, Wwich is benefit for improving the detection specificity
and accuracy of HiO> basedbiological probe It could accurately targdiR
positive MCF7 cancer cells from FR negative cancer cells (A549 and
Raw264.7 cells). In the third strategy, microfluidicthre was added to isolate
CTCs before SERS detection. In this strategy, the low purity and specificity of
microfilter could be solved by combining higensitivity SERS spectra
detection, while the microfilter could reduce interference of blood background
during SERS detection. Besides, SER@®rescence bimodal imaging method
verified high detection specificity of this strategy, and the limit of detection
(LOD) of CTCs in rabbit blood can reach to 2 cells/mCompared to
pretreatment of blootly density gradient centrifugatipthe whole processes

of combined methodvas simple and efficient, which reduced detection time
within 1.5 hoursCompaedto the firststrategythere was less undesired peak
in Raman spectralvhich made results easi&r be determined and with more
accuracyThese results illustrates that both of microfluidic isolation and SERS

detection could open new paths for liquid biopsy.

6.2 Future perspective
With the rapid development ofmaterial science angrocessing technology,
microfluidics hasobtained breakthrough progre$®esearchers are no longer

satisfied with chemical reactionsn the microfluidic chip, but also testing
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various analytesvith microfluidics. In recent yeas, optical and spectroscopic
technology ha been developed as a higlnsitive,rapid, efficient, and non

destructivedetection and imaging method which SERShas become one of
the most commonly used spectral metho8&RS method has been widely

applied inbiosensor.

The combination of SERS method and microfluidiethodhas become a new
research trend. SERS method can be used to ddtestow concentration
samples within microfluidic channeWwhile the multichannel design of
microfluidic chip canfacilitate multivariate SERS detectiorSERSmethodcan
provide excellent analysisnethod for microflow platformBesidesthe SERS
substrate made by microfluidics can solve the limitations ircégular
fluctuation of SERSsignal in solutions and thus greatly improvinghe
repeatability and reliabilityof detection. The combination of SERS and
microfluidic chips has provided many new opportunities for the development
of both technologies, and their complementarity has also solved their
respective problems, laying a solid foundation for multifunctional SERS Lab
on-Chip systems. There ialsoa promsing of the opportunityn biological,

chemical detection, medical diagnosis, and other fields

Although the microfluidic SERS detection chip has made remarkable research

progress, the detection specificity and repeatabpilitg improvement of chip
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multi-functionality and integration arthe development directions and research
emphasesn the future in particularof the direct detection ofctual clinical
biological samples. Theeal clinical samplessuch as patient bloodre very
complex, contaimg rich proteins, DNA, and other elementsThese
biomacromolecules mayossessnonspecific noise signals during SERS
detection, which may result in false positive or false negative results and
seriously dfect the reliability of detection results. Therefore, feal samples,

the specificity of microfluidic SERS detection chip is particularly important.
Generally, the specificity of microfluidic SERS detection chip can be solved
from two aspects First, te biological functional modification of SERS
substrate or probean be optimizedo improve the selectivity and accuracy of
substrate or probe in recognizing the analgésondthe number of functional
units of analyte screening can inereasedsuch agphysical size screening or
chemical ligand recognition screening, to eliminate-specific interference of
other substances as much as possible. If microfluidic SERS detection chip can
detectreal complex biological samples with high accuracy, it vgheatly
promote clinical diagnosis and treatment. In addition, -émst automatic
microfluidic SERS detection chip is also one of the key objectives fadues

of researchs to reduce the production cost of the ckigeping theperfect
sensing andanalysis functions. Lowost microfluidic SERS chip has very
important social value and practical significance for biochemical detection

such as disease survaydenvironmental monitoring, in underdeveloped areas.
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Besides, multi-dimensional analysi®f CTCs has been aewly emerging
research areanstead of restricting tthe detection okingle gene orprotein.

As mentioned above&;TCs are heterogeneousphenotype Different cellular
subpopulationgnay exist in individual tumors and some of them have shown
to be responsible for initiating cancer metastasis and accelerating cancer
development. Additionally, during cancer progression and medication, the
phenotypic status of CTCs could dynamically eeolWherefore, it is of great
importance to monitor the phenotypic distribution of CTCs at the resolution of
individual cells rather than acquiring an average information, which could be
more adaptable to predict disease progression and therapeutic effidien
addition, the heterogeneity of CTCs is also reflected among different eancer
bearing patientsFor example, breast cancer has at least three subtypes
categorized according to the cancer cell molecular profiles. Each of these
subtypes has their spécistrategies for treatment and different risks of disease
progression. To some extent, the knowledge of phenotype status in cancer cells
could determine the therapy and therapeutic outcomes. Consequently,
technologies for profiling and categorizing CT@» the basis of the

phenotypic information at singleell resolution are in gredemand.

In the future, SERS and microfluidic chip technology Wwélfurther developd
For example, the integration of laser, spectrometer and other devices on the

chip will play a greater role, making a great contribution to the improvement of
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onsite realtime detection technologybenefiting the development oflife
health science, biomedicine and other aspects. It canWsionedthat with
the continuous improvement déinctions and performance, integrated and
automated SERSdb-on-Chip methodwill inevitably become a very important
technology in the field of biosensor detectitor cancer diagnostics related

biomedical applications
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Appendix

Tablel: Performance of labalependent microfluidic methods for CTC isolation

Cancer cell lines CTCs
Isolation Cancer cell
Cancer type Methods Number of Sensitivity Capture Ref.
marker lines Recovery Capture efficiency Throughput Viability
samples CTCs/ml efficiency
Colorectal CRC: 7.243.4
13 CRC, 25
cancer; prostatic Immunocapture EpCAM PC3 74.2-84.4% - 1 mlh 96% PCa: - [215]
PCa
carcinoma 8.35.0
Lung cancer Immunocapture EpCAM A549 ~90% - 1ml/h Up to 93% 21 - - [216]
Breast cancer | Immunomagnetic capturg EpCAM MCF-7 95.8% - 93.1 £2.6% 10 - 94% [217]
Lung cancer Immunomagnetic capturg EpCAM H-1650 95.7% - 5-25ml/h - 5 31-96 CTCs/ml - [218]
76.5%,82.7%,
Breast cancer;
MCF-7, 83.7% 88%
nonsmaltcell Immunocapture EpCAM - - - - - [219]
NCI-H1650 In 1ml whole
lung cancer
blood
Breast cancer Hydrogetbased capture EpCAM MCF-7 95 +4% 92 +6% 1ml/h 95% 13 3-12 CTCs /ml - [63]
Cervical
Hydrogetbased capture Folic Acid Hela - - - - - - 85% [64]
carcinoma
Breast cancer Immunofluoescence EpCAM Her2 94% - 1ml/30min - 82 90 CTCs /7.5ml - [70]
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Table2: Performance of labe@hdependent microfluidic methods for CTC isolation

Cancer type Methods Cancer cell lines Cancer cell lines CTCs Ref.
Recovery Purity Throughout Viability Number of Sensitivity Purity
samples (CTCs/m)
Lungcancer, \ortex MCF-7 84% 80% 8 ml/min 83.9% +4.0% 22 breast cancer Lung cancer 024.2 - [220]
Breast cancer 15 lung cancer Breast cancer 0.783.25 CTCs/ml
Lung cancer DFF MCF-7, T24 MCF-7: 87.6% - 350 plL/ - 5 breast cancer 20-135 CTCs/ml 1CTC/306 [221]
Breast cancer T2476.4% 5 lung cancer 100WBCs
Lung cancer DFF MCF-7 - - 75 ml/Smin - 58 Lung cancer 82 CTCs/ml - [222]
NSCLC 1650 Breast cancer 55 CTCs/ml
Lung cancer DFF A549 74.4% capture - 25 mL/h - 34 90 %detection rate| [223]
efficiency
Breast, FAST MCF-7, MDA- 95.9 8.1% - >3 mL/min - 142 Breast cancer - [224]
stomach, and MB-231, MDA- 0-540 CTCs/7.5 mL
lung cancer MB-436,HCC78, stomach cacer
AGS 2-485 CTCs/7.5 mL
lung cancer
0-62 CTCs/7.5 mL
Lung cancer Filtering H446, Ab49, SK 90% - 15mL/h - 45 1.8568.45 CTCs/mL - [225]
MES-1
Lung cancer Vortex MCF7 56% 35.1% + - 16 - [226]
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7.3%

Lung cancer

DLD,

filtering

Lung cancer cell

line

86%

200

| stage

5.0 £5.121CTCs/mL
Il stage

8.731 £6.36CTCs/mL
Il stage

16.81 +9.556 CTCs/mL

[227]

Lung cancer

Vortex

A549,H1703

H3255

22

1.32 CTCs/mL

48.4%-96.8%

detection rate

[228]
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Table3: Performance of mulstep methods for CTC isolation

Cancer cell lines CTCs
Isolation
Cancer type Method Cancer cell lines Number of Sensitivity Ref.
marker Recovery Purity Throughout Purity
samples CTCs/ml
>3.5log
Lung, breast
DLD and MCF-7 90% 41 prostate purification 1500
prostate EpCAM - 576 ml/h =0.5CTC/m [229]
Immunocapture PC39 89.7 £4.5% patients WBCs/ml of whole
cancer
blood
DLD and
Breast cancer| Immunomagnetic EpCAM 90% >40% 9.6 mL/min - - - [230]
MCF-7
capture
H1975, H3122, 84.0%
Breast,
DLD and CD16 LNCAP, 38 breast, 96.4%
prostate, lung
Immunomagnetic CD45 PC3, PC3,VCAP, - 15 x10%cells/s prostate, lung 68.5% - [231]
melanoma
capture CD66b MB231, MCF7, melanoma 63.6%o0f patients
cancer
SKBR3
Bladder
PFF and Crossflow - UC13 ~98% 89% 10 cells /h - - - [232]
cancer
Hydrodynamic and 26 pancreatic
Breast cancer EpCAM MCF-7 95% - 1ml/12.5min 80% of patients - [233]
Microsieve patients
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