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Abstract 

Early Cancer Detection: Is It Achievable? 

by 

Yunlong Ma 

     Cancer is a very serious disease; it is the second leading cause of death 

worldwide. Most cancers can be effectively treated if discovered early, when 

the tumor is in its early stage. Current clinical cancer diagnose methods lack 

the necessary timelines and sensitivity, which needs 20-40 years to diagnose 

the cancer after first parental tumor cell genesis. However, according to the 

present method, it still needs more than ten years for the cancer to be 

diagnosed. In addition, most clinical blood biomarkers lack the requisite 

sensitivity and specificity to detect cancer at early stages. Therefore, there is a 

pressing need for discovering new biomarkers that possess higher sensitivity 

and specificity for diagnosing and prognosing aggressive cancers. We found 

that extracellular vesicle (EV) –exosomes contain many types of known 

biomarker proteins DNA and miRNA. The specific exosomes secreted by tumor 

cells normally contain the biomarkers that can be used to predict the existence 

of cancer. The biogenesis of exosomes is regulated by the machinery of 

endosomal sorting complexes required for lipid ceramide or transport (ESCRT). 

Since exosomes possess large enough density and size that can be isolated 

and purified from blood using ultracentrifugation or magnetic separation 

methods. After re-suspending the isolated exosomes in a pure solution, the 

vi



 

concentration of the specific biomarkers in the exosomes can be significantly 

increased compared to the traditional blood based biomarker method. 

Moreover, the volume of re-suspension solution is controllable, which can 

adjust the concentration of the specific biomarkers accordingly. Therefore, 

exosomes based method is superior over the blood based biomarker method 

and other traditional cancer detection methods.      

     However, it is still unclear how early the exosomes based detection can 

diagnose cancer. In order to demonstrate the feasibility of exosomes based 

cancer diagnosis method, we developed a mathematical model to simulate the 

kinetics of cancer specific exosomes in relation to the growth of tumors that 

begin with a single parental cancer cell. To exemplify a more realistic scenario, 

we primed the model on pancreatic tumor growth using Glypican-1(GPC1) 

circulating exosomes (crExo). The simulation parameters are obtained from 

published literature.       

      As the result, after first parental tumor cell genesis, it requires 940 days 

for tumor cells to secrete 105 numbers of the GPC1 specific exosomes. 

Followed by isolation and purification of the secreted exosomes, the isolated 

and purified exosomes can be re-suspended in any desirable volume of solution, 

which can greatly increase the concentrations of all the biological contents 

including the biomarkers enclosed by the exosomes compared to the traditional 

blood based biomarker. Hence, the required number of secreted exosomes is 

significantly reduced in order to reach the same equipment detection limit. In 

vii



 

comparision, exosome based method can diagnose the cancer in 2.58 years 

compared to about 10 years diagosis timeframe using traditional blood based 

biomarker. 

     My developed mathematical model is capable of predicting the cancer 

detection time and helping the researchers simulate the growth and size for any 

tumor cell type. The model presented here can be extended to virtually any 

solid cancer and associated biomarkers. 
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Chapter 1  

Introduction and Background 

 
1.1 Motivation 

About 90.5 million people exist with cancer in 2015. Around 14.1 million 

new cases occur each year. Cancers cause approximately 8.8 million deaths 

every year, which is 15.7% of human deaths. When the tumor is in its early 

stage, most cancer is curable. All cancers start from a single parental cancer 

cell, and it has twenty to forty years incubation period before it is detectable. In 

other words, it takes decades for tumor cells to grow to the size where the 

clinical symptoms start to appear and can be detected by computer tomography, 

endoscopy or other detection methods. At present, the most sensitive detection 

method is blood based biomarker test, which has the estimated detection time 

for 10 years. [1] In addition, the lack of early cancer biomarkers is temporarily 

a major obstacle for blood-based early detection. We noticed that, the carrier 

of blood biomarker - exosomes is capable of isolated from blood. The 

exosomes secreted by tumor cell can be considered as the carrier of biomarker. 

The correlation between biomarker carrying exosomes levels and tumor 

volume is not well understood. To address these issues, we developed the 

mathematical model to simulate the exosomes based detection process, which 

is capable of predict how early we can detect the caner and the corresponding 

tumor size. 
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1.2 Cancer 

 According to the data source from National Institutes of Health (NIH), 

using pancreatic cancer for instance, the estimated new case in 2017 in the US 

is 53,670. Moreover, the estimated death is 43,090. The percent of surviving in 

5 years is 8.2%.  

1.2.1 Definition and Category 

Cancer is a group of diseases including abnormal cell growth with the 

potential to spread or invade to other organs or tissues of the body. The main 

difference between cancer cell and healthy cell is cancer cell will unlimited 

division itself. Cancer cells can also spread to other parts of the body through 

the blood and lymph systems. As for cancer related diseases, such as 

pancreatic cancer is not one disease. In fact, as many as twenty different 

tumors have been lumped under the umbrella term "cancer of the pancreas." 

Each of these tumors has a different appearance when examined with a 

microscope, some require different treatments, and each carries its own unique 

prognosis (predicted or likely outcome). An understanding of the different types 

of neoplasms of the pancreas is required for rational treatment.  

There are more than 100 types of cancer. Types of cancer usually 

named for the organs or tissues where the cancers form. For example, lung 

cancer starts in cells of the lung, and brain cancer starts in cells of the brain. 

The main types of cancer are as follows: Carcinoma is a cancer that begins in 

the skin or in tissues that line or cover internal organs. And Sarcoma is a cancer 

that begins in bone, cartilage, fat, muscle, blood vessels, or other connective or 

supportive tissue. Leukemia starts in blood-forming tissue, such as the bone 

marrow, and causes large numbers of abnormal blood cells to be produced and 

https://en.wikipedia.org/wiki/Cell_growth
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024408
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022679
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022306
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0025740
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024409
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022807
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022813
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0015661
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022447
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022370
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022306
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024326
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022037
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022306
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022007
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022007
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022037
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022040
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enter the blood; Lymphoma and multiple myeloma are cancers that begin in the 

cells of the immune system. Central nervous system cancers are cancers that 

begin in the tissues of the brain and spinal cord. 

 

1.2.2 Stage 

      Staging is a way of describing the size of a cancer, and how far it has 

grown. When doctors diagnose a cancer, they carry out tests to check how big 

the cancer is and whether it has spread into surrounding tissues. They also 

check to see whether it has spread to another part of the body.  

     Cancers can be diagnosed at different stages in their development. Stage 

of cancer diagnosis may be expressed as numbers (for example, I, II, III, or IV) 

or by terms such as “localized,” “regional,” and “distant.” The lower the number 

or the more localized the cancer, the better a person’s chances of benefiting 

from treatment. 

 

Fig 1-1: Cancer stage.  Cancer stage based on tumor size. The early detection 

aim to detect cancer in stage I and Stage II. The traditional diagnosis methods 
generally diagnosis cancer in stage III and stage IV. 
 

1.3 Diagnosis 

There are many traditional diagnosis methods such as CT scan 

Ultrasound, and Endoscopy. Not all clinical symptoms cause by cancer, and 

https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022037
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024410
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024886
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022040
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0025680
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024762
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0022306
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024735
https://www.ncbi.nlm.nih.gov/pubmedhealth/PMHT0024392


 

4 
 

due to the most traditional diagnosis methods are expensive and time time-

consuming. Many patients choose not to take cancer diagnosis, which lead to 

the situation that many cancer diseases detected in its late stage.  

 

1.3.1 Computerized axial tomography scan (CT)  

At present, the most widely used method is x-ray based CT 

(computerized axial tomography scan). CT scans show a slice, or cross-section, 

of the body. The image can indicate a tumor’s shape, size, and location. For 

CT scans detection limit, the minimum lesion detectability is about 1.5 cm in 

diameter. [2] The main disadvantages of CT are the exorbitantly expensive 

price and high radiation. 

 

1.3.2 Ultrasound 

Ultrasound is sound waves with frequencies higher than the upper 

audible limit of human hearing. Medical sonography (ultrasonography) is an 

ultrasound-based diagnostic medical imaging technique used to tendons, 

visualize muscles, and many internal organs, to capture their structure, size and 

pathological lesions with real time tomographic images. Ultrasound has 

become a widely used diagnostic tool. For instance, using Transvaginal 

ultrasonography (TVS) to detect ovarian volumes >10 cm3 in postmenopausal 

women are defined as abnormal, since these values are more than two 

standard deviations above the published mean ovarian volumes for normal 

women in these two groups. The estimated detection limit of ultrasound is 

around 26.7mm in diameter. [3] 
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1.3.3 Endoscopy 

Endoscopy is a nonsurgical procedure used to examine a person's 

digestive tract. Using an endoscope, a flexible tube with a light and camera 

attached to it, doctors can view pictures of your digestive tract on a color TV 

monitor. A surgeon inserts an endoscope through a small cut, or an opening in 

the body such as the mouth. Endoscopy cannot detect diseases that involve 

the submucosal, muscularis, or serosal layers of the intestine. Biopsy specimen 

size is limited by the cup size of the instrument used, generally measuring 2 to 

3 mm. [4] 

 

1.3.4 Summary for traditional diagnosis methods 

Most cancer has 20-40 years incubation period before it is detectable. 

[1] In other words, it takes decades for tumor cell growth to the size that appears 

the clinical symptoms, and can be seen by CT, Ultrasound, Endoscopy or other 

detection method.  

 

1.4 Blood biomarker based detection 

At present, blood based biomarker test is the new concerned area in 

cancer early detection. The word "biomarker" refers to any of body's molecules 

that can be measured to assess candidates’ health. Molecules can be obtained 

from blood, body fluids, or tissue. According to many research, the 

concentration of biomarker is positive correlation with tumor size. [5] The main 

purpose for cancer early detection is accurately detect tumor in its early stage. 

To achieve that, researchers focus on find high sensitivity and specificity blood 

biomarkers—proteins, DNA, RNA or other signatures of cancer that are “shed” 
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(secreted or released) into blood. 

For example, CA125 is a protein biomarker in plasma for ovarian cancer. 

Although CA125 is widely used to monitor ovarian cancer recurrence, it is not 

praised as an excellent early detection biomarker because it lacks sensitivity in 

screening asymptomatic patients, and has a high rate of false positives since 

its elevated presence in many noncancerous cases (menstruation and 

endometriosis, pregnancy, uterine fibroids, liver cirrhosis) as well as non-

ovarian cancers (pancreatic, bladder, breast, lung, liver) [1]. According to the 

mathematical model for CA125 concentration, for an ovarian cancer patient, it 

still needs 8-10 years to becoming detectable by current clinical blood assays. 

T  

Fig 1-2: Cancer detection time. [6] The incubation time for early detection of cancer 
by using a blood biomarker depends on the growth curve of the cancer. An aggressive 
cancer (light blue dots and solid lines) may have a short lead-time for biomarker 
detection, while a slower progressing cancer (dark blue dots and solid lines) may have 
a much longer lead-time. The biomarker incubation time expands in either case (yellow 
arrows) when the biomarker threshold for detection is lowered (pink arrow), but the 
impact on lead-time is differential, with a greater effect on increasing the incubation 
time for slow-growing tumors than for aggressive tumors. 
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Cancer can cause many different symptoms such as continuous 

hoarseness or cough, abdominal pain, and difficult or painful urination. In most 

case, patients only take cancer diagnosis when they have one or more 

symptoms. According to Fig 1, at that time, the tumor diameter is larger than 

4cm, and it is usually hard to cure. Different ages and sexes have different high 

incidence of cancer. Leukemia is more common in children; breast cancer is 

more common in menopausal women; lung cancer is common in men over the 

age of 40. The median age of a cancer diagnosis is 66 years. This means that 

half of cancer cases occur in people below this age and half in people above 

this age. And one-quarter of new cancer cases are diagnosed in people aged 

65 to 74. 

1.5 Treatment 

Most cancers can be more effectively treated if they are discovered 

early, when the tumor is confined in its early stages, surgical resection and 

conventional treatments are often curative. 

 

Fig 1-3: Ovarian cancer treatments method. For instance, the main treatments for 
ovarian cancer are surgery, chemotherapy, hormone therapy, targeted therapy, and 
radiation therapy. Often, two or more different treatments are used, though surgery is 
the main initial treatment for most ovarian cancers. 
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1.6 Tumor 

A tumor, also known as a neoplasm, is an abnormal mass of tissue 

which may be solid or fluid-filled. A tumor does not mean cancer - tumors can 

be benign (not cancerous), pre-malignant (pre-cancerous), or malignant 

(cancerous). In this thesis, we focus on cancer early stage, at which the non-

cancerous and pre-cancerous cells are considered same properties. 

1.6.1 Constituents 

       A tumor includes not only the tumor cell, but also the extracellular 

compartment. The extracellular compartment of tumor cells consists of 2 

components: the extracellular fluids, which include interstitial fluid and blood; 

and the extracellular solids, consisting mainly of connective tissue proteins and 

cement substances. The effect of the extracellular compartment for the 

mathematical model are described in chapter three. 
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Fig 1-4: Partition of water spaces in tumors and liver. [7].The figure indicates that 

the interstitial water space of the neoplastic tissues was very large. The experiment 

calculated that approximately 40-60% of tumor volume is attributed to “cellular space”. 

The decrease of this ratio was due to a reduction of the vascular water space as well 

as to an increase of the interstitial water space of the tumor cells compared with the 

liver of the host. 

1.7 Introduction of Exosomes 

1.7.1 Biogenesis of extracellular vesicles 

Extracellular vesicles (EVs) are classified according to their biological 

function and cellular origin or determined by their biogenesis. As based on their 

biogenesis, the three main classes of extracellular vesicles are microvesicles, 

exosomes and apoptotic bodies. EVs’ functions including: activating cell 

surface receptors via protein bioactive lipid ligands, and biological processes in 

a pleiotropic manner, merging membrane contents with the recipient cell 
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plasma membrane and delivering effectors such as transcription oncogenes, 

factors, non-coding regulatory mRNAs and infectious particles into recipient 

cells. 

1.7.2 Exosomes 

Exosomes are nano-vesicles of size 30-100 nm in diameter. The density 

in source of exosomes is 1.13–1.19 g/ml .They released by various cells, 

including cancer cells [8,9]. The biogenesis of exosomes is mainly regulated by 

the machinery of endosomal sorting complexes required for lipid ceramide or 

transport (ESCRT). Exosomes contain proteins assortment of coding and 

noncoding RNA. Cancer cells exosomes has aberrant alterations in response 

to hypoxic, metabolic or other forms of stress are reflected in protein changes. 

Thus, exosomes from diseased origins or cancer cells can be distinguished 

from exosomes released by healthy cells. [10]  
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Fig1-5: Biogenesis of extracellular vesicles and interactions with recipient cells. 

[11] Exosomes are act as a homogeneous population of vesicles of endocytic origin 

that are formed by the inward budding of the multivesicular body (MVB) membrane. 

Endosomal sorting complex required for transport (ESCRT) and other associated 

proteins sorting into exosomes as cargo. 
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Fig 1-6: EVs transfer of cancer pathogenic components. [12] Cancer cell-derived 

EVs contribute to cancer development, such as angiogenesis and invasion. They carry 

pathogenic components, including proteins and miRNA, which can mediate paracrine 

signaling in tumor microenvironments. Circulating cancer cell derived EVs promote the 

initial steps of formation.  

 

1.8 Isolation and purification 

For analysis the exosomes and its inclusion, we need to isolate the 

exosomes from blood or urine and re-suspension in a small volume solution. 

There three primary Isolation and purification method. 

1.8.1 Ultracentrifugation 

The ultracentrifuge is a centrifuge optimized for spinning a rotor at high 

speeds, capable of generating acceleration as high as 1,000,000 g (approx. 

9 800 km/s²). The mechanism of Ultracentrifugation is letting a heterogeneous 

mixture subjected to a centrifugal force, then particulate constituents in the 

suspension will be sedimented according to their size, density, and shape. 

Centrifugation is usually used to separate and purify particulate materials as 

well as to analyze the hydrodynamic properties of polymeric materials including 
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biopolymers such as nucleic acids and proteins. Depending on the centrifugal 

force applied, particles in a suspension will be separated sequentially according 

to their physical properties and the density and viscosity of the solvent. The 

isolation of exosomes by ultracentrifugation usually consists of a series of 

centrifugation cycles of different centrifugal force and duration to isolate 

exosomes determined by their density and size. 

 

Fig 1-7: Schematic representation of isolating exosomes by differential 

ultracentrifugation. [13] The isolation of exosomes by differential ultracentrifugation 

consists of a sequence of centrifugation cycles of different centrifugal force and 

duration to isolate exosomes determined by their density and size differences from 

other components. During exosome isolation, the supernatant is aspired and 

depending on the centrifugal force used, either the supernatant or the pellet is re-

suspended in an appropriate medium such as PBS and subjected to subsequent runs 

of centrifugation with increasing centrifugal force. At the end, the isolated exosomes 

are once again re-suspended and stored at -80°C until further analysis. 

 

1.8.2 Magnetic separation 

The latest method— lipid nanoprobe (LNP) system for the rapid isolation 

of nEVs, including exosomes from serum-free cell-culture supernatant and from 

blood plasma. [14] This method usually proceed after ultracentrifugation. 

Through ultra-centrifugation and magnetic separation, the system can isolate 

70% intact exosomes from blood.  
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Fig 1-8: Schematic of the LNP system for nEVs enrichment and downstream 
analyses. [14] EVs from either serum-free cell-culture medium (blood) are marked 
with the LP(Labelling probe), followed by magnetic separation with the CP (Capture 
probe). 
 

1.8.3 Acoustic purification 

The acoustic nanofilter was designed to separate EVs (1μm; Figure 1A) 

through in-flow size-fractionation. Particles in an acoustic field through radiation 

forces and migrate toward the pressure nodes (Figure 1B). A radiation force is 

proportional to the particle volume, whereas the viscous drag to the particle size. 

Thus larger particles move faster to the pressure nodes, and capable to be 

transferred into sheath streams to exit. 
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Fig 1-9: Acoustic nanofilter for label-separation of microvesicles (MVs). [15] (A) 

Scanning electron microscopy image of MVs secreted by human brain tumor cells. The 

size of MVs are <1μm. (B) Filter operation. MVs in the acoustic region which under the 

acoustic radiation pressure and transported to the nodes of acoustic pressure region 

(inset). Larger MVs move based on the acoustic force is proportional to the MV volume. 

And sheath flows, positioned at the node region, remove large MVs, while the center 

flow retains small MVs. (C) Device schematic. A pair of IDT (interdigitated transducer) 

electrodes be applied to generate a standing surface acoustic wave across the flow 

direction. Large MVs are collected at the two side outlets, while small MV at the center 

outlet. (D) Micrographs of a prototype device. The IDT electrodes were patterned on a 

piezoelectric (LiNO3) substrate. The fluidic channel was permanently attached to the 

substrate. 

 

1.9 Characterization the biomarker on exosomes 

Exosomes are the carrier of the proteins or miRNAs biomarker. For 

analysis the biomarker, two methods are mainly used in laboratory. 

1.9.1 Enzyme-linked immunosorbent assay (ELISA) 

ELISA is a plate-based assay technique designed for detecting and 

quantifying substances including peptides, proteins, antibodies and hormones. 

In the ELISA, an antigen must be immobilized to a solid surface and then 
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complexed with an antibody that is corresponding to an enzyme. The detection 

completed by assessing the conjugated enzyme activity via incubation with the 

substrate to produce a measureable product. The most crucial element of this 

detection method is a highly specific antibody-antigen interaction. 

A detection enzyme and other tag can be linked directly to the primary 

antibody and introduced through a secondary antibody that recognizes the 

primary antibody. ELISAs can be performed with a number of modifications to 

the basic procedure. The key step is immobilization of the antigen of interest, 

which can be accomplished by direct adsorption to the assay plate or indirectly 

via a capture antibody that has been attached to the plate. Then the antigen is 

detected either directly or indirectly. The most powerful ELISA assay format is 

the sandwich assay. This type of capture assay is called a “sandwich” assay 

because the analyte to be measured is bound between two primary antibodies 

– the capture antibody and the detection antibody. The sandwich format is used 

because it is sensitive and robust. 

 

Fig 1-10: Diagram of common ELISA formats (direct vs. sandwich assays) 
Common ELISA formats. In the assay, the antigen of interest is immobilized by direct 
adsorption to the assay plate or by first attaching a capture antibody to the plate 
surface. Detection of the antigen can then be performed using an enzyme-conjugated 
primary antibody (direct detection) or a matched set of unlabeled primary and 
conjugated secondary antibodies (indirect detection). 
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1.9.2 Fluorescence-activated cell sorting (FACS) 

Fluorescence-activated cell sorting (FACS) is a specialized type of flow 

cytometry. The method sort a heterogeneous mixture of biological cells into two 

or more containers, one cell at a time, based on the specific light scattering and 

fluorescent characteristics of each cell. It is a useful scientific instrument as it 

provides fast, objective and quantitative recording of fluorescent signals from 

single cells as well as physical separation of cells of particular interest.  

 

Fig 1-11: Schematic of FACS analysis exosomes. [16] Typical process for analysis 
exosomes is: Exosomes were attached to 4µm aldehyde/sulphate latex beads 
(Invitrogen) by mixing 30 µg exosomes in a 10 ml volume of beads for 15 min at room 
temperature with continuous rotation. This suspension was diluted to 1 ml with PBS 
and left for 30 min rotating at room temperature. Then the solution can be used in 
FACS analysis. 
 

1.9.3 Bioinformatics (DNA, mRNA, miRNA) 

DNA and mRNA isolation is a process of purification of DNA from sample 

using a combination of physical and chemical methods. Such as recombinase 

polymerase amplification (RPA). In RPA, the isothermal amplification of specific 

DNA fragments is cached by the template DNA. [17] 
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Fig 1-12: Schematic of DNA and RNA analysis from exosomes. [14] Exosomes 
and its cargo contents can then be analyzed by different methods; such as Sanger 
sequencing and NGS sequencing for DNA; RNA staining and NGS for RNA; ELISA, 
BCA (bicinchoninic acid) assay and LC–MS/MS (Liquid chromatography–mass 
spectrometry) for proteins; and cellular-uptake and wound-healing assays for 
functionality. 

 

1.10 The advantages for exosomes 

The tumor cell secret its specific exosomes some of them contain unique 

biomarker, which healthy cells exosomes do not have. For instance, the nature 

14581[5] compared the specificity and sensitivity of GPC1 circulating exosomes 

(crExos) to levels of carbohydrate antigen 19-9 (CA19-9), the clinical standard 

tumor biomarker for patients with PDAC (pancreatic ductal adenocarcinoma). 

CA19-9 levels increased in the serum of patients with benign pancreatic 
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disease (BPD) and PDAC. While GPC1 crExos ROC curve revealed a perfect 

classifier exhibiting a sensitivity and specificity near 100%. Compared with 

GPC1 crExos, CA19-9 was inferior in the function of biomakrers. 

1.10.1 GPC1 circulating exosome 

Glypican-1 which carried by exosomes used as biomarker for pancreatic 

cancer. Glypican-1 (GPC1) is a membrane anchored protein that is 

overexpressed in pancreatic cancer. It was increased in pancreatic cancer cell 

lines compared to non-tumorigenic cells. IG-TEM identified cancer exosomes 

with GPC1, while non-cancer exosomes did not exhibit GPC1. [5] According to 

the paper nature14581, GPC1 shows perfect sensitivity and specificity to 

pancreatic cancer. They use FACS analysis of exosomes to detect GPC1 

protein. IG-TEM identified cancer exosomes with GPC1, while non-cancer 

exosomes did not exhibit GPC. Cancer exosomes from sucrose gradients or 

ultracentrifugation showed GPC1.The percentage of GPC1 crExos increased 

proportionally with tumor size and correlated with tumor burden. 

 

 

Fig 1-13: GPC1 distinguishes pancreatic cancer from benign disease. [18] EVs 
isolated from the bloodstream of patients with precancerous pancreatic lesions or 
pancreatic cancer have the membrane-anchored proteoglycan GPC1, while this 
molecule is not found at higher-than-normal levels in vesicles in the blood of patients 
with non-cancerous pancreatic disease or of healthy donors.  
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1.11 Re-suspension 

Re-suspension means a renewed suspension of insoluble particles after 

they have been precipitated. This process usually proceed in the FACS for 

analysis exosomes. Briefly, the experiment process is: Exosomes were 

attached to 4-mm aldehyde/sulphate latex beads by mixing 30 mg exosomes 

in a 10 ml volume of beads for 15 min with continuous rotation. This suspension 

was diluted to 1 ml with PBS and go through 30 min rotating at room 

temperature. Then the solution will be mixed with antibody for FACS analysis. 

 

1.12 Summary 

According to the above, exosomes carrying proteins and microRNAs 

which can be used as cancer biomarkers. The key point is that traditional blood 

bio markers scatter around 3150ml of total human plasma [19], while exosomes 

can be isolated from plasma as the carrier of biomarkers. The isolated 

exosomes re-suspension in a small volume solvent for analysis. Therefore, the 

concentration of biomarker will be increased for three or more order of 

magnitudes. 

Recent advances in exosomes provide the method to isolated, purify and 

analysis the exosomes and its cargo. Therefore, the exosomes secreted by 

cancer, in other words, the cancer specific exosomes can be the carrier of 

cancer biomarker and used for cancer early detection.  
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Chapter 2 

Methods 

 
MATHEMATICAL MODEL OF EXOSOMES BIOMARKER KINECTICS 

We establish a mathematical model based on cancer specific exosomes. 

Beginning with a single parental tumor cell. We aimed to quantify the time 

required for a growing malignant tumor cell population to reach a sufficient 

amount of exosomes so that the blood biomarker levels were high enough to 

be detected using current clinical exosomes biomarker assays. The model can 

be used to help identify the biomarker-related parameters that most greatly 

affect blood-based early cancer detection and quantify how far each baseline 

parameter value would need to change to achieve earlier tumor detection. 

 

2.1 Cancer cell growth model 

The number of tumor cells, NT(t), is modeled using the gompertzian function 

[20,21] 

(1 )

,0( )

k tdecayGR

decay

k
e

k

T TN t N e




  

where NT,0 is the initial number of tumor cells (t=0), kGR is the fractional growth 

rate of the tumor cell (day−1), and kdecay is the decaying rate of tumor growth 

(day−1). 

As kdecay→0, the gompertzian function simplifies to the monoexponential growth 

function 

,0( ) GRk t

T TN t N e  
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But the gompertzian growth model is more reasonable since it consider the 

decay of tumor cell, which is the substantial existence physiological process. 

For this thesis, if there is no specific about statement, it is default that we choose 

gompertzian growth model for modeling tumor cell growth. 

2.2 Mathematical model description 

Cancer start from single parental tumor cell, and the growth represented 

by gompertzian growth model (G model) or monoexponential growth model (M 

model). On average each tumor cell secret specific exosomes on the speed of 

RT. These exosomes contain biomarker such as proteins and miRNAs. And the 

part of these specific exosomes enter the blood vessel. In the blood vessel, 

since the degradation, excretion and other physiological process will eliminate 

the exosomes and biomarkers, thus the elimination rate kEL should be 

considered. 

 

Fig 2-1: Model for cancer specific exosomes. qPL is the total number of cancer 
specific exosomes which contain biomarkers in serum or plasma. The change in the 
amount of cancer specific exosomes with respect to time is equal to the difference 
between the influx of exosomes into plasma, as shed by tumor cells u(t), and the out 
flux of exosomes from plasma kELqPL(t). 
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qPL is the total number of cancer specific exosomes which contain biomarkers 

in serum or plasma. All parameter value listed in Table 1. 

 

The change in number of cancer specific exosomes with respect to time is 

( )
( ) ( ) ( )PL

T H EL PL

dq t
u t u t k q t

dt
                    (Eq. 1) 

The rate of cancer specific exosomes into serum is  

,( ) ( )T PL T T Tu t f R N t                        (Eq. 2) 

and from healthy cells, 

,( ) ( )H PL H H Hu t f R N t                       (Eq. 3) 

2.2.1 monoexponential growth model 

Tumor cell growth is represented by the monoexponential equation, 

,0( ) GRk t

T TN t N e                       (Eq. 4) 

The healthy cell population is assumed constant, that is, 

  ,0            H HN t N                   (Eq. 5) 

Combining Eqs. 1-5 gives 

, ,0 , ,0

( )
   )  (GRk tP

EL PL
L

PL T T T PL H H H

dq t
f R N e f R N k q t

dt
             (Eq. 6) 

Eq. 6 can be solved numerically or analytically for      PLq t  

The analytical solution of Eq. 6 can be obtained by taking the Laplace 

Transform,        

, ,0 , ,0

0( ) ( )  
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           (Eq. 7) 

Solving for  PLQ s   gives                                                                                                              
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   (Eq. 8)                                           
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Taking the inverse Laplace transform of Eq. 8 gives 

)   ( GR ELk t k t

PLq A Be Cet


                 (Eq. 9) 
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Eq. 9 is set equal to the number of cancer specific exosomes in serum, and can 

subsequently be solved for determine the earliest possible detection time tD. 

 

2.2.2 Gompertzian growth model 

For the Gompertzian model, we replace Eq. 4 with  

(1 )
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k
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               (Eq. 10) 

The (Eq. 10) cannot use Laplace transform. Thus, Eq. 6 is then solved 

numerically for      PLq t  
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After we calculate qPL - the total amount of cancer specific exosomes in serum, 

we can calculate the concentration of GPC1 protein in human blood. 

PL Gq N
C

V


  

Where V is the total volume of serum around 3.15 liter [19]; C is the 

concentration of GPC1 protein (mol/L). 

t
r

s

C r V
C

V

 
  

Cr represent the concentration of GPC1 proteins in the re-suspension solution. 

r is the recovery rate for exosomes. Because all the isolation method can only 

recovery part of the intact exosomes. The baseline value for r is 0.7 [4]. 

Vt is the volume of blood sample to be tested. The baseline value is 10 ml, which 

is widely used for blood test. 

Vs is the re-suspension volume. Figure 3-6 analysis the relationship between 

Cr and Vs . 

Then we can compare the Cr with the detection concentration dc to get the final 

detection time. 

 

2.3 Neglect the specific exosomes secretions from healthy cells 

Nature 14581 performed FACS analysis of exosomes to detect GPC1 

protein. [5] IG-TEM identified cancer exosomes with GPC1, while non-cancer 

exosomes did not exhibit GPC1. According to Fig 2-2 all 190 PDAC patients 

revealed higher levels of GPC1crExos than in healthy donors. These results 

indicated a strong correlation between GPC1 crExos and cancer, particularly 

for PDAC. 
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Fig2-2: Percentage of GPC1crExo beads in healthy donors, patients with breast 

cancer and patients with PDAC [5]. 

 

Therefore, in our mathematical model, for the GPC1 crExos, the specific 

exosomes secretions from healthy cells can be neglect. The fPL,H , RH and NH,0 

can be set to zero. 

 

The eq.1 above can be simplified as   

( )
( ) ( )PL

T EL PL

dq t
u t k q t

dt
   

And the result for M model is  
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The result for G model is 

( )
( )

ELk t

PL

EL

A A e
q t

k




  

      ,

)

,

(1

0 

k tdecayGR

decay

k
e

k

PL T T TNA R ef




  



 

27 
 

                         
Table 1. General parameters for the cancer specific exosomes model. 

Paramet

er 

Description(units) Baseline 

Value 

Range simulated Reference 

fPL,T Fraction of exosomes entering serum 0.1 0.01  to  1 22,23 

RT Exosomes secretion rate per tumor cell  

(# / day per cell) 

4x10-2 10-3  to  1 5 

NT,0 Initial number of tumor cells 1 1  to  1010 — 

kGR Growth rate to tumor cell population 

( /day) 

0.015 0.005  to 0.021 24 

kEL Elimination rate of biomarker from 

serum( /day) 

0.04 0.01  to  21.8 25 

kdecay Rate at which tumor growth rate 

decrease( /day) 

1x10-4 10-6 to 103 — 

dE Detection limit for number of exosomes 1x105 103 to 1012 — 

NG Number of biomarker per exosomes 2x103 101  to 104 5,26,27,28 

 

2.4 Data description 

The molecular mass of the GPC1 is 62 kDa [14]. Expected tumor cell 

density in solid tumor is 106 cells/mm3 [1]. Thus, we can estimate the number 

of tumor cells based on tumor size. 

 

fPL,T  Fraction of exosomes entering serum 

Only 10% cells shedding exosomes goes into serum, the rest 90% goes 

into cells’ endocytosis. Since the one of the function of exosomes is mediate 

intercellular communication. [22,23] 
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RT  Exosomes secretion rate per tumor cell 

According to the tumor cells growth with the increase of GPC1 circulating 

exosome [5]. At week 5, the tumor volume is 100mm3. On the next day, the 

percentage of beads with GPC1 crExos increase 1.3%. By use the other 

parameter in baseline value we can calculate the cancer specific exosomes 

secretion rate is 4x10-2 number of exosomes per day per cell.  

 

NT,0  Initial number of tumor cells 

Assume all tumor cells start with a single parental tumor cell. The range for 

NT,0 can be simulated as cancer cell metastasis to another organ. 

 

kGR Growth rate to tumor cell population 

The growth rate for pancreatic cancer cell is 0.16 per month with variance 

0.46 [24]. Associate gompertzian growth model we use 0.015 for baseline value. 

And the range is 0.005 to 0.021. 

 

kEL Elimination rate of biomarker from serum 

According to average half-life of proteins in serum [25]. Which means 

biomarker no longer works after proteins inactivation. The Elimination rate 

approximately 0.04. The estimated maximum value is 21.8, which is around the 

rate of endocytosis between cells and exosomes. 

 

NG  Number of biomarker per exosomes 

In laboratory, Aldehyde/Sulfate Latex Beads used to catch exosomes. 

After mixing with exosomes and continuous rotation. The number of exosomes 
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per beads around 10-40 [26], and the concentration of beads is 106 per µl. 50% 

of that exosomes are pancreatic cancer specific exosomes with GPC1. [5] For 

a PDAC the GPC1 levels in human exosomes is around 88nM in 1ml serum. 

[27]  

As a result, there are around 2000 number of GPC1 protein per cancer 

specific exosomes. This result is for calculate the concentration of proteins. 

According to the ExoCarta [28], the number of GPC1 is similar to the baseline 

value and the range of protein number is 1x101 to 1x104. 
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Chapter 3 

Results 

3.1 Difference between M model and G model 

The figure 3-1 comperes the difference between the monoexponential 

growth model (M model) and Gompertzian growth model (G model). The “Time 

(days)” indicate the duration after the first parental tumor cell genesis. Generally, 

the number of cells for G model always lower than M model for the same 

number of days. Since the M model is an ideal situation, which neglect the cell 

apoptosis. While the G model considers the cell apoptosis by the parameter 

kdecay. The number of cells for the two models appear significant difference after 

1120 days. 

 

Fig 3-1: Difference between monoexponential growth model (M model) and 

Gompertzian growth model (G model). The number of cells for the two models 

appear significant difference after 1120 days. 
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3.2 Amount of cancer specific exosomes versus time 

We simulate the amount of cancer specific exosomes growth in human 

blood. The number of exosomes in vessel present exponential growth as well 

as the tumor growth. The total simulate time is 15 years, which are considered 

the inferior limit for cancer early detection. As the result in baseline value, after 

the initial tumor cell appear, it needs 940 days (2.58 years) to reach 1x105 

number of exosomes. At that time, the tumor size is 0.7 mm3 and the tumor 

diameter is 1.1mm. Here we used the number of exosomes as the threshold for 

detection. After this step, the model will analysis the proteins of these specific 

exosomes. 

 

Fig 3-2: Amount of cancer specific exosomes versus time. For estimate possible 
detection time. Based on GPC1 circulating exosome. The orange line (––––) is qPL — 
the total number of cancer specific exosomes which contain biomarkers in serum. The 
blue line (––––) is the estimate detection limit for number of exosomes. As the result 
in baseline value, after the initial tumor cell appear, it needs 940 days (2.58 years) to 
reach 1x105 number of exosomes. 
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3.3 Sensitivity analyses and parameter ranges simulated 

Figure 3-3 A-F and figure 3-4 A-G is the sensitivity analyses for the data 

chosen in Table 1. To test that whether the baseline values for these 

parameters may differ by more than an order of magnitude, we calculated early 

detection times and their corresponding tumor diameter for relatively large 

ranges of parameter values. We performed sensitivity analyses with parameter 

ranges listed explicitly in Table 1 and justified below. 

 

 
Fig 3-3: Sensitivity analyses and parameter ranges simulated for M model. 
Early detection time tD (left y-axis) indicate by years (––––). Tumor diameter at 
detection (right y-axis; ––––) was approximated assuming a cell density of 106 
cells/mm3. Dashed vertical line (– – –) indicates baseline parameter value. (A)fPL,T, the 
fraction of exosomes entering serum. (B) RT, exosomes secretion rate per tumor cell. 
(C) NT,0, the initial number tumor cells. (D) kGR, the growth rate of the tumor cell 
population. (E) kEL, the elimination rate of biomarker from serum. (F) dE, Detection limit 
for number of exosomes. 
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Fig 3-4: Sensitivity analyses and parameter ranges simulated for G model. 
Early detection time tD (left y-axis) indicate by years (––––). Tumor diameter at 
detection (right y-axis; ––––) was approximated assuming a cell density of 106 
cells/mm3. Dashed vertical line (– – –) indicates baseline parameter value. (A)fPL,T, the 
fraction of exosomes entering serum. (B) RT, exosomes secretion rate per tumor cell. 
(C) NT,0, the initial number tumor cells. (D) kGR, the growth rate of the tumor cell 
population. (E) kdecay, the rate at which the tumor growth rate decreases. (F) kEL, the 
elimination rate of biomarker from serum. (G) dE, Detection limit for number of 
exosomes. 
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According to the sensitivity analysis the parameter for tumor cell kGR, 

kdecay and NT,0 have great effects to the detection time. While the parameter for 

secretion and elimination have relative little impacts. The greatest difference 

between G model and M model is the impact from changing kGR. In M model 

increase kGR can enlarge the tumor diameter at detection. While in G model 

increase kGR almost does not change the tumor diameter at detection. In 

addition, for the detection limit dE, one order of magnitude increase will lead to 

approximately 1 year increase in detection time. Thus, the improvement for 

sensitive biomarker detection method is significant. 

 

3.4 Analysis biomarker carried by exosomes 

After we calculate the qPL —— the total amount of cancer specific 

exosomes in serum, we can calculate the concentration of GPC1 protein in 

human blood. 

 PL Gq N
C

V


  

Where V is the total volume of serum around 3.15 liter [19]; C is the 

concentration of GPC1 protein ( mol/L ). 

Then we can isolated the exosomes from serum as the carrier of 

biomarkers. For instance, 10 ml blood are drew from candidates, after 

exosomes isolation process (only 70% intact exosomes can be recover [4]) we 

acquire pure exosomes. Then re-suspension them in small volume of solvent 

such as PBS (Phosphate-buffered saline) for analysis. 

The purpose for the whole process is to increase the concentration of 

biomarker in solution by use the exosomes as the carrier of biomarkers. Figure 

3-5 is the simulate parameter range for NG. To the concentration of GPC1 NG 
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have the same level of impact as the number of exosomes qPL. Figure 3-6 list 

the concentration of GPC1 protein in different solvent. Through re-suspension, 

the isolated exosomes in 1ml solvent can increase the protein concentration by 

one order of magnitudes; and re-suspend in 1 µl can increase the concentration 

by four order of magnitudes. 

 

Fig 3-5: Sensitivity analyses and parameter range for NG. Colorized lines represent 
different number of cancer specific exosomes in human serum. (––––) 107 exosomes; 
(––––) 106 exosomes; (––––) 105 exosomes; (––––) 104 exosomes; (––––) 103 

exosomes. And the dashed vertical line (– – –) indicates baseline parameter value for 
NG. 
 

3.5 Re-suspension in vitro 

All the vitro process should consider the recovery rate of exosomes, 

which means only 70% intact exosomes can be recover from blood sample [4]. 

We can compare the Cr with the detection concentration dc to get the final 

detection time. 
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The detection limit dc we choose is the minimum detection of ELISA (0.1pM). 

[29] 

The figure 3-6 simulate the result of re-suspension in vitro. Under the 

model’s baseline value, when the number of cancer specific exosomes in blood 

reach 105, the concentration of GPC1 in blood is 7x10-17 mol/L. At that time, the 

tumor diameter is 1.36 mm. If we isolate the exosomes and re-suspension them 

in 1 µl solvent, the concentration of GPC1 will be 5x10-13 mol/L = 0.5 pM, which 

is above the detection limit of ELISA (0.1 pM). 

 

Fig 3-6: GPC1 Concentration in different solvent. Colorized lines represent different 
number of cancer specific exosomes in human serum. (––––) 107 exosomes; (––––) 
106 exosomes; (––––) 105 exosomes; (––––) 104 exosomes; (––––) 103 exosomes. And 
the dashed vertical line (– – –) indicates the detection limit of ELISA.  

 

According to the figure, even for the 1µl re-suspension volume only three 

lines exceed the detection limit of ELISA. Thus for achieve earlier detection time, 

there are two main strategies: decrease the volume of re-suspension and a 

more sensitive detection method which has a lower detection limit. In other 
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words, we should decrease the re-suspension volume Vs or decrease the 

detection concentration dc. 

 

3.6 The percentage of tumor volume that consists of tumor cells 

Based on chapter 2.2, the cells, the vessels, the cellular membranes and 

the vascular walls constitute the tumor. Thus the assumption above: tumor cell 

density in solid tumor is 106 cells/mm3 cannot perfectly simulate the realistic 

scenario. Therefore, we consider the percentage of tumor volume that consists 

of tumor cells as value “p”. According to figure 1-4, for the most cell p value is 

40-60%. However, for the pancreatic tumor, the actual p value is unknown. 

Therefore, it is necessary to consider the effect of p value. In the assumption 

above, the relationship between number of tumor cell and tumor volume is:  

106 cells=1 mm3. And the p value is 100% under this assumption. As shown in 

figure 3-7, for p value around 40%-60% tumor diameter is around 2 mm, which 

is larger than the diameter 1.1 mm as 100% p value we calculated above. 

Figure 3-8 and figure 3-9 are the sensitivity analysis to the effect of p value with 

the parameter in Table 1. 
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Fig 3-7: Sensitivity analysis: tumor diameter versus p. Use the baseline 
value according to Table 1. And the Gompertzain growth model (G model). 
When secret 105 cancer specific exosomes, the number of tumor cell is 7x105 

at that time. If we consider the volume ratio of cell to tumor, the tumor size and 
the tumor diameter will be larger than the assumption above, which assume 
p=1.   
 

3.6.1 The effect of p value to monoexponential growth model 

We provide an in-depth analysis of the impact of p on the model 

outcomes by the two-way sensitivity analysis for M model and G model. Figure 

3-8 A-F is the extension of figure 3-3, which consider the value p. 
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Fig 3-8: Two-way sensitivity analysis assuming monoexponential tumor growth. 
Graphs show the change in the tumor diameter (mm) at detection in response to 
simultaneous changes in p (the percentage of tumor volume that consists pf tumor 
cells) and indicated parameter values: (A) fPL,T ,(B) RT ,(C) NT,0 , (D) kGR , (E) kEL , (F) 
dE 

 

3.6.2 The effect of p value to Gompertzain growth model 

Figure 3-9 A-G is the extension of figure 3-4, which consider the value p. 
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Fig 3-9: Two-way sensitivity analysis assuming Gompertzain tumor growth. 
Graphs show the change in the tumor diameter (mm) at detection in response to 
simultaneous changes in p (the percentage of tumor volume that consists pf tumor 
cells) and indicated parameter values: (A) fPL,T ,(B) RT ,(C) NT,0 , (D) kGR , (E) kdecay , (F) 
kEL , (G) dE 

 

According to the two figure above the impact of p value is significant 

when p<0.2, especially for RT , kGR and kdecay . Compare the figure 3-8 F to 3-9 

G, the impact of p is greater in monoexponential growth model than its in 
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Gompertzain growth model. Because at detection, the number of cell in M 

model is more than G model. 

 

3.7 Model-predicted detection capability 

Figure 3-10 indicate the model’s predictive capability. All the parameter 

used in baseline value. The detection time calculate base on the minimum 

detection limit of ELISA: 0.1pM. The dashed vertical lines represent different 

detection methods. Point A represent the traditional blood based biomarker test 

method for GPC1 protein biomarker, which means directly take the blood 

sample from patients and send the sample to biomarker test such as ELISA. 

Point B, C, D and E represent the GPC1 crExo based detection. After 

exosomes isolation and re-suspension, the concentration of GPC1 protein 

increases by 1 to 4 orders of magnitude. According to the figure, the exosomes 

based model is superior to traditional blood based biomarker model, which have 

shorter detection time and smaller diameter of tumor at detection. The optimal 

situation is point E: tumor cell secret 1.4x104 cancer specific exosomes. After 

draw the 10ml blood sample from patient, the exosomes from the sample are 

isolated with 0.7 recovery rate. Next, exosomes re-suspended in 1µl solution 

for taking the ELISA test. The concentration of GPC1 protein from the 

exosomes reach the detection limit of ELISA. The detection time is 823 days 

(2.25years) after first parental tumor cell genesis. 
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Fig 3-10: Model-predicted detection capability of current detection method. 
Colorized and dashed vertical lines represent different detection limit for each 
detection method. (----)Ultrasound, (----)CT(Computed tomography), (----) 
Conventional blood biomarker(such as CA125 and CA19-9). Each point represent 
different volume of re-suspension. (A)GPC1 crExo in blood without exosomes isolation 
or re-suspension (B)1ml re-suspension volume (C)100µl re-suspension volume (D) 10 
µl re-suspension volume (E) 1µl re-suspension volume 
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Chapter 4 

Discussion and Future Work 

4.1 Current strategies and the limitations  

The equation above indicate the main advantages of exosomes based 

detection model. 

t
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As we state above, for a specific C value - the concentration of biomarker 

in blood, we can decrease the re-suspension volume Vs or decrease the 

detection concentration dc to achieve shorter detection time. We can also 

increase r - the exosomes recovery rate, by optimize the isolation method. For 

the Vt  - the volume for test, is hard to increase, since it means draw more blood 

from patients. Therefore, we chose 10ml as baseline value. For re-suspension 

volume Vs, there is a minimum value for it, because the re-suspension 

exosomes need to be analysis in the solution, and the isolation process cannot 

get pure exosomes solid. The whole process should keep exosomes and the 

biomarker proteins’ bioactivity. 

 

4.2 The future work  

The central premise of the whole detection process is that patients take 

the blood test and the cancer diagnosis. Unfortunately, most people in 

developing country do not have this opportunity because of the lack of 

awareness, poverty or outmoded medical treatment facility. In the developed 

country such as the USA, most people only take cancer diagnosis when they 
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have serious symptom. Therefore, increasing the awareness of cancer and 

improving sensitivity of facility are equally important. 

The model indicate that it still needs about 3 years to detection pancreatic 

cancer. The mathematical model aims to simulate the exosomes based 

detection process and predict how early we can detect cancer. Not only for the 

pancreatic cancer simulated above, but also for other cancer such as prostatic 

cancer and lung cancer. As long as we find the cancer specific biomarkers 

which carried by exosomes and the necessary data. The model is capable of 

help researcher estimate the tumor growth, biomarker concentration, detection 

time and other useful result.  
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