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ABSTRACT: This study proposes a vascular endothelial growth factor (VEGF) biosensor for 

diagnosing various stages of cervical carcinoma. In addition, the VEGF concentrations at various 

stages of cancer therapy are determined and compared to data obtained using computed 

tomography (CT) and cancer antigen 125 (CA-125). The increase in VEGF concentrations during 

operations offers useful insight into dosage timing during cancer therapy. This biosensor uses 

Avastin as the biorecognition element for the potential cancer biomarker VEGF and is based on a 

n-type polycrystalline silicon nanowire field-effect transistor (poly-SiNW-FET). Magnetic 

nanoparticles with poly[aniline-co-N-(1-one-butyric acid) aniline]-Fe3O4 (SPAnH-Fe3O4) 

shell-core structures are used as carriers for the Avastin loading and provide rapid purification 

due to their magnetic properties, which prevent the loss of bioactivity; furthermore, the high 
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surface area of these structures increases the quantity of Avastin immobilized. The average 

concentrations in human blood for species that interfere with the detection specificity are also 

evaluated. The detection range of the biosensor for serum samples covers the results expected 

from both healthy individuals and cancer patients. 

KEYWORDS. magnetic nanoparticles; VEGF; poly-SiNW-FET; biosensor; Avastin; cancer 
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1. INTRODUCTION 

 

Angiogenesis is the process of forming a mature cardiovascular system through a series of 

complex changes to an embryonic vascular system, including the differentiation, migration, and 

association of primitive endothelial cells.
1,2

 This activity is necessary in adults to repair normal 

tissues and to remodel female reproductive organs. In addition, this process is highly controlled 

by angiogenic balances, such as the physiological balance between stimulatory and inhibitory 

signals for blood vessel growth.
3
 However, under pathological conditions, uncontrolled 

angiogenesis results from cancer, diabetes, arthritis, ocular neovascularization, and several other 

diseases due to local changes in the balance between angiogenic stimulators and inhibitors.
4–7

 

Various tumor cells secrete excess proangiogenic growth factors for tumor vascularization. 

Of the known angiogenic factors, vascular endothelial growth factor (VEGF) is active for 

angiogenesis, vasculogenesis, and endothelial cell growth and thus increases the proliferation of 

endothelial cells, promotes cell migration, inhibits apoptosis, and induces blood vessel 

permeabilization.
8
 VEGF has been associated with the progression and poor prognosis of several 

tumors, including cervical cancer.
9
 Cervical cancer cells exhibit higher VEGF intratumoral 

protein levels than normal cervical tissues. In addition, this higher VEGF level increases the risk 

of lymph node metastasis. Thus, malignant tumors are often diagnosed using the VEGF protein 

levels in blood. 

With these considerations in mind, several systems for detecting VEGF have been 

developed based on enzyme-linked immunosorbent assay (ELISA),
10

 fluorescence,
11

 

electrochemical technologies,
12

 surface plasmon resonance,
13

 surface-enhanced Raman 

scattering,
14

 and field-effect transistor (FET) techniques.
15,16

 Nanowire-based FETs are one of the 

most promising platforms among these systems for label-free sensing due to their potential 
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advantages for miniaturization, high specificity, and superior sensitivity when detecting charged 

biomolecules. Hence, FETs are being increasingly used to develop biosensors to identify metal 

ions, nucleic acids, penicillin, and viruses.
17–20

 The immobilization of artificial biological 

components on silicon nanowire (SiNW)-FET surfaces yields a high affinity, specificity, and 

selectivity for specific target molecules.  

Avastin (bevacizumab) is a humanized monoclonal antibody of VEGF.
2,3

 As an agent 

approved by the U.S. Food and Drug Administration (FDA), Avastin is widely used in the 

targeted therapy of metastatic colorectal cancer,
21

 advanced ovarian cancer,
22

 renal cell 

carcinoma,
23

 and non-small-cell lung cancer.
24

 The principal action of Avastin is to inhibit the 

natural protein VEGF, which stimulates new blood vessel formation, and it is recognized as an 

extremely potent angiogenesis inhibitor. Due to its specificity for VEGF, the current study used 

Avastin immobilized on a shell-core nanoparticle, poly[aniline-co-N-(1-one-butyric acid) 

aniline]-Fe3O4 (SPAnH-Fe3O4), to develop a modified n-type polycrystalline SiNW-FET 

(poly-SiNW-FET). SPAnH-Fe3O4 nanoparticles are considered to be nontoxic to human 

umbilical vein endothelial cells (HUVECs).
25

 These biocompatible nanoparticles have been 

widely researched as nanocarriers for the targeted delivery of drugs during cancer therapy.
26,27

 

Nanocarriers provide a high surface area for drug loading, and the immobilized drugs are more 

thermally stable than free drugs. In addition, the bound drug is rapidly separated and purified by 

an applied magnetic field, which reduces the risk of denaturation.
28

 The presence of SPAnH can 

prevent the aggregation of nanoparticles and maintain their stability in aqueous solutions. Here, 

SPAnH-Fe3O4-nanoparticle-modified poly-SiNW-FETs were developed to determine VEGF due 

to their abundant bioactive sites and their carboxylic groups, which allow the SPAnH-Fe3O4 

nanoparticles to covalently bind Avastin. Finally, the practical application of the proposed 
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biosensor was evaluated by determining the VEGF levels in human serum samples, including 

both healthy people and patients with cervical or ovarian carcinoma. 

 

2. EXPERIMENTAL SECTION 

 

2.1. Modification of poly-SiNW-FET and fabrication of biochip. The functional 

modification of the poly-SiNW-FET with terminal amine groups was performed as follows. A 5 

µL solution of 2 wt% APTES in ethanol was placed on the poly-SiNW for 1 h to form a 

self-assembled monolayer. The modified chip was then washed with ethanol and dried in an oven 

at 100 °C for 1 h. To add the Avastin-SPAnH-Fe3O4, the chip was further treated with 5% 

glutaraldehyde at room temperature for 1 h, which formed the terminal aldehyde groups for direct 

Avastin-SPAnH-Fe3O4 immobilization after adding the magnetic nanoparticles to the 

poly-SiNW-FET for 1 h. To eliminate non-specific adsorption and residual aldehyde groups, 5 

µL of bovine serum albumin (BSA, at a 5 mg/mL concentration in PBS as a blocking buffer) was 

added to the biochip at 4 °C for 1 h in dark environment. After a final wash with PBS for three 

times, samples were assayed as described. 

 

2.2. VEGF detection on Avastin-SPAnH-Fe3O4/poly-SiNW-FET. We used the response 

current of the FET in 0.5 mM PBS as the baseline current. The h-VEGF165 standard was injected 

into the microfluid channel and reacted for 10 min in the dark at room temperature. The 

unreacted h-VEGF165 was removed by washing for three times, and PBS was re-injected into the 

microfluid channel prior to the measurement. The detection of VEGF in the sera of patients with 

ovarian cancer was performed using three distinct consecutive steps, i.e., reaction, washing, and 

quantification. Initially, samples were washed three times with PBS according to the standard 
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procedure. In all cases, the sample drop volume applied onto the biochip was 5 µL. All of the 

measurements were obtained using a 50 mV bias voltage, VB. We chose a current at a constant 

gate voltage (VG = 2.4 V) as the criterion to quantify the h-VEGF165. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Immobilization and characterization of Avastin-SPAnH-Fe3O4. Figure 1a presents a 

scheme of the prepared SPAnH-Fe3O4 nanoparticles and immobilized Avastin. The average size 

of the prepared Fe3O4 particles was approximately 10 nm (Figure 1b); this size did not increase 

noticeably after coating SPAnH onto the surface (Figure 1c). The presence of SPAnH was 

confirmed via Fourier transform infrared (FT-IR) spectroscopy (Figure 1d). The characteristic 

peak for Fe3O4 was observed at 588 cm
–1

 and is attributed to the stretching mode of Fe–O. The 

additional peaks at 1,593, 1,310, and 1,157 cm
–1

 were assigned to the stretching vibrations of 

C=C, C–N, and N=Q=N from SPAnH, respectively, which indicates that SPAnH-Fe3O4 was 

successfully prepared. The quantity of carboxylic groups (–COOH) on the nanoparticle surface, 

measured using toluidine blue-O (TBO), was approximately 3.1 µmol per mg of SPAnH-Fe3O4. 

This high carboxyl concentration favors the immobilization of biomolecular compounds. For 

VEGF, Avastin was chosen as the biorecognition element and covalently immobilized on the 

SPAnH-Fe3O4 through an EDC/sulfo-NHS linkage (Figure 1a). The absorption bands of the 

functional groups were used to probe the secondary structure of the polypeptide chain to 

determine the bioactivity of the immobilized Avastin. The immobilized Avastin peaks in the 

functional and fingerprint regions were similar to those of free Avastin, indicating that the 

conformation was maintained during immobilization. This result can be attributed to the rapid 

purification process. The free biomolecules are traditionally separated from those immobilized on 
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carriers via high-speed centrifugation. However, the generated heat is detrimental to the 

bioactivity. In contrast, the simple, rapid separation of Avastin-SPAnH-Fe3O4 was achieved by 

applying a magnetic field, which avoids the risk of denaturation and preserves the native 

bioactivity. 

The interfacial effect of Avastin-SPAnH-Fe3O4 on a gold electrode was also investigated via 

electrochemical impedance spectroscopy (EIS) in 1 mM Fe(CN)6
3–/4–

 (Figure 1e). The data from 

the bare electrode were approximately linear, which is characteristic of a diffusion-limited 

electrochemical process.
29

 The charge transfer resistance increased to 60 kΩ after modification 

with SPAnH-Fe3O4, indicating the electrostatic repulsion of the negative redox probe 

Fe(CN)6
3–/4–

 by a negative dissociated carboxylic group, –COO
–
. The resistance increased further 

to 80 kΩ upon Avastin-SPAnH-Fe3O4 binding, indicating that the Avastin surrounded the 

SPAnH-Fe3O4 surface and possessed more negative charges. 

In addition, the optimal loading on 50 µg of SPAnH-Fe3O4 was determined by reactions with 

various Avastin concentrations. The Avastin loading can be calculated via an ELISA of the free 

Avastin using a monitoring wavelength of 450 nm. As shown in Figure 1f, the loading clearly 

increased with increasing Avastin concentrations of up to 500 µg/mL of MES buffer, where 

saturation occurred. These results indicate that 18 µg of Avastin can be loaded onto 50 µg of 

SPAnH-Fe3O4. 

 

 3.2. Preparation and characterization of poly-SiNW-FET. The poly-SiNW-FET biosensors 

were based on the principle of sensing through variations in the conductance caused by surface 

charge disturbances. Various wire lengths and widths were developed via the CMOS process 

described in the experimental section to optimize the sensing performance. Figure 2a presents an 

image of the fabricated poly-SiNW-FET. The six-inch wafer can be segmented into 32 chips, 
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with 18 devices on each chip. Figure 2b presents a schematic diagram of the poly-SiNW-FET 

device. The wire lengths and widths for each device were 0.4~13 µm and 0.3~0.5 µm, 

respectively. For example, Figure 2c presents a poly-SiNW-FET device with a 2 µm long, 0.3 µm 

wide wire. These devices were tested in 0.5 mM PBS because most biological interactions occur 

under aqueous conditions, and the transfer characteristics of the devices were analyzed using VG 

values of 1.5~2.0 V (Figure 2d). The 2 µm long, 0.3 µm wide wire yielded a maximum 

conductance of 1.27 µS, indicating its high sensitivity. 

The surface of the highly sensitive device was further modified using 

(3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde (GA) to provide terminal aldehyde 

groups for immobilizing the Avastin-SPAnH-Fe3O4 probe (Figure 3a). In this case, the devices 

were passivated by BSA to prevent non-specific reactions or binding (Figure 3b). The device 

sensitivity was further confirmed by loading Avastin-SPAnH-Fe3O4 onto a poly-SiNW-FET and 

hybridizing with 125 pg/mL VEGF for 10 min. The efficient detection range of a FET biosensor 

is known to be located within the Debye length, which is relative to the ionic strength of the 

solution. Higher ion concentrations yield shorter Debye lengths and shield the charged surface. 

To match the size of the Avastin-SPAnH-Fe3O4 nanoparticle, 0.5 mM PBS with a Debye length 

of approximately 15.2 nm was used for charge screening. The current of the device with the 

highest conductance decreased from 1.16 µA to 0.74 µA, corresponding to a 36.2% decrease in 

the relative current (–∆I/I0 %), the highest among all of the devices (Figure 3c). This phenomenon 

of decreasing conductance and thus increasing resistance accounts for the few positive charge 

carriers present in the n-type poly-SiNW-FET. When negatively charged VEGF binds to the 

probe, it attracts carriers from the substrate to the channel, which decreases the conductance 

between the source and drain electrodes.
30

 In addition, the sensitivity to VEGF is directly 
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correlated to the device conductance, i.e., a higher conductance corresponds to a higher 

sensitivity.
31

 

   

 3.3. Performance of Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensors for the detection 

of VEGF. Real-time FET biosensors have been previously developed based on changes in the 

current measured after injecting specific analytes.
32–35

 The receptors on the surface of such 

devices are exposed to solutions containing charged biomolecules, such as proteins or viruses, for 

specific binding that increases or decreases the conductance. However, without further 

purification, the real-time change in conductance is affected by both binding and non-binding 

species, particularly for analytes from samples containing unpredictably charged biomolecules 

within the Debye length. In this study, additional washing and alternation with PBS was 

performed after hybridization prior to measurement to eliminate the influence of free VEGF and 

other interfering species in the serum. The changes in the current depended on the VEGF binding 

and accurately related the ISD and VEGF levels. The current clearly changed in the presence of 

interfering species, such as immunoglobulin G (IgG, 1,000 ng/dL), immunoglobulin M (IgM, 

192.5 mg/dL), glucose (5 mM), ascorbic acid (AA, 4.3 µg/mL), and uric acid (UA, 0.295 mM) 

(Figures 4a and 4b). The concentrations of these interfering species are typical of human 

plasma.
36–39

 Although these species continued to induce a small current response after washing, 

perhaps due to a small amount of nonspecific adsorption, the washes significantly reduced their 

influence on the measurements. Using an injection–hybridization–wash–measurement procedure, 

the current decreased with increasing VEGF concentrations due to the depletion of charge 

carriers in the poly-SiNW-FET when the negatively charged VEGF (ζ-potential, –5.7 mV) was 

bound to the Avastin-functionalized surface (Figure 4c). Figure 4d presents the change in current 
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as a function of the VEGF concentration. The lowest VEGF concentration detected (an 11.5% 

current decrease) and differentiated from the noise level (a 10% current decrease) based on the 

maximal influence of 1,000 ng/dL IgG was approximately 1.25 pg/mL. The current increased 

linearly upon increasing the VEGF concentration from 6.25 pg/mL to 500 ng/mL, indicating that 

the response was the direct result of VEGF binding to Avastin. Furthermore, various VEGF 

concentrations in the above interfering species were evaluated. Although these values affect the 

presence of interfering species, these variations were insignificant. The binding constant of the 

hybridization between Avastin and VEGF was investigated using the Langmuir adsorption 

isotherms, which are widely used to estimate the binding affinity of antigen-antibody 

interactions.
40

 Accordingly, the reaction between Avastin and VEGF on a poly-SiNW-FET 

followed the Langmuir adsorption isotherm given by  

                                                                

VEGFD

VEGFSD

SD
CK

CI
I

+

∆
=∆

max,                                                       (1)

 

where ∆ISD,max and CVEGF are the saturated net changes in the drain-source current and VEGF 

concentration, respectively, and KD is the binding constant for the Avastin and VEGF protein 

interactions. The binding constant for VEGF to the Avastin-SPAnH-Fe3O4/poly-SiNW-FET 

biosensor was estimated to be 4.48 ng/mL assuming negligible intermolecular interactions 

between the immobilized Avastin and uniform binding sites (i.e., equal binding energy) on the 

nanoparticle surface. This experiment was the first successful determination of the 

VEGF-Avastin binding energy. 

 In previous reports, Avastin was directly immobilized onto the nanowire for hybridization 

with VEGF. However, biomacromolecules obviously had steric hindrance under such a confined 

one-dimensional environment, ultimately decreasing the degree of immobilization and 
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hybridization. The SPAnH-Fe3O4 nanoparticles used in our study contain numerous active sites 

(e.g., carboxylic groups) that are able to immobilize Avastin. The freely suspended 

SPAnH-Fe3O4 nanoparticles successfully increased the degree of immobilization. In addition, the 

rapid separation caused by the application of an additional magnetic field was able to preserve the 

original bioactivity. In the detection of VEGF, the curvature of the nanoparticle surfaces formes a 

three-dimensional structure that provides a high surface area and decreases steric hindrance, 

ultimately increasing the degree of immobilization and hybridization. The aforementioned 

features (including high bioaffinity and surface areas) improves Avastin bioactivity, ultimately 

making the proposed VEGF biosensor superior to previous similar devices in terms of specificity 

across a wide detection range.
12,15,16,41

 

 

3.4. Reproducibility and stability of the VEGF biosensor. The reproducibility of the 

biosensor was tested by repeating the experimental procedures in triplicate, including the Avastin 

immobilization, poly-SiNW-FET modification, and VEGF determination (125 pg/mL). The 

relative responses indicate an acceptable relative standard deviation of 6.4%. The 

Avastin-SPAnH-Fe3O4/poly-SiNW-FET stability at 4 °C in a dry state was also investigated for 

various storage times prior to the VEGF measurements (125 pg/mL). Excluding the relative 

standard of deviation from the reproducibility tests, the biosensor retained 76.4% of its initial 

relative current response after 10 days (Figure 5). The free protein suffered from denaturation and 

conformational changes caused by the surrounding conditions, such as the buffer solution and 

temperature.
42

 The immobilization of Avastin on SPAnH-Fe3O4 may limit its ability to undergo 

drastic conformational changes and thus increase its resistance toward denaturation. Thus, the 
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stability of Avastin can be attributed to its firm immobilization on SPAnH-Fe3O4 and the 

biocompatible microenvironment. 

 

3.5. Determination of VEGF in human serum. VEGF is critical for cancer growth and 

metastasis and is often overexpressed in tumors.
43–45

 Therefore, patients with various solid 

tumors typically have higher serum concentrations of soluble VEGF than healthy individuals.
43,46, 

47
 Cervical carcinoma is a common gynecologic malignancy worldwide. Serum samples were 

collected from patients diagnosed with different stages of noninvasive cervical carcinoma (n = 18) 

to assess the utility of the VEGF biosensor based on an Avastin-SPAnH-Fe3O4/poly-SiNW-FET 

for clinical analyses. The assessment results are presented in Figure 6a. The average VEGF 

concentrations for stages I, II, and III-IV were approximately 262, 537, and 851 pg/mL, 

respectively. The values detected using the proposed biosensors were comparable to those 

obtained from classical ELISA. These results indicate that the developed biosensor is reliable 

with high selectivity and demonstrate the relationship between the VEGF concentration and 

cancer stage, with increasing concentrations with the progression of cancer from stage I to IV.
12,41

 

Furthermore, individual samples from healthy subjects were analyzed (Figure 6b), and the 

proposed biosensor indicated that the VEGF concentrations were all approximately 100 pg/mL. 

Unfortunately, these relatively low concentrations could not be assayed using ELISA (Figure 6c). 

Therefore, the proposed VEGF biosensor using an Avastin-SPAnH-Fe3O4/poly-SiNW-FET is 

preferred when comparing VEGF variations in healthy subjects to those of cancer patients. 

 

3.6. Monitoring the VEGF of a patient suffering from ovarian cancer. Ovarian carcinoma 

is one of the most common gynecologic malignancies and causes over half of all cancer-related 

deaths, making it the most lethal of such tumors.
48

 The high mortality rate of this cancer indicates 
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the importance of early diagnosis. The role of VEGF in ovarian carcinoma has been established 

by many researchers reporting high VEGF levels in the plasma and ascites of patients.
49

 VEGF is 

overexpressed in a variety of tumors, which causes malignant ascites in the peritoneal cavity that 

facilitate the multifocal dissemination of the ovarian tumor cells to the intraperitoneal surface and 

may directly influence the clinical course.
50

 The VEGF concentrations in sera from a single 

patient with ovarian carcinoma at various stages, including pre-operation, post-operation, and 

after Avastin therapy, were traced using the proposed biosensor and compared to the computed 

tomography (CT) and cancer antigen 125 (CA-125) analysis results (Figure 7 and inset). In the 

pre-operative region (yellow), the CT results indicate that the tumor size in the pelvis was 

approximately 10.6 cm with a high VEGF concentration (2,290 pg/mL) and CA-125 response 

(8,921 U/mL). The CA-125 value suddenly decreased after the operation (green region). The 

CA-125 and CT values slowly decreased further after Avastin therapy (white region). The VEGF 

concentrations approximately corresponded to the data determined using CT and CA-125, 

indicating that the developed biosensor is capable of monitoring VEGF concentrations in various 

states. Interestingly, an abnormally high post-operation VEGF concentration was observed 

relative to the pre-operation condition, whereas the CT and CA-125 values decreased. This result 

indicates that the VEGF concentration increases during operation and illustrates an important 

concern regarding the probability of tumor relapse after an operation, which could lead to 

additional clinical research on dosage timing. 

 

4. CONCLUSIONS 

 

In summary, a label-free electrical method for detecting VEGF was developed using a 

prepared Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensor. SPAnH-Fe3O4 magnetic 
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nanoparticles with shell-core structures provide a high surface area for Avastin loading and have 

rapid purification, which prevents denaturation. Although the specific target is commonly used, 

an additional wash to remove any un-hybridized VEGF or other interfering species ensures the 

sensor’s accuracy and improves its detection for individual samples. The 

Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensor was also used to diagnose patients suffering 

from cervical cancer at stages I to III-IV, demonstrating the correlation between the VEGF 

concentration and the stage of cervical cancer. These results are promising, comparable to those 

obtained using the ELISA method and confirm that the developed biosensor has the potential to 

provide a useful analytical approach for cancer diagnoses. Finally, tracking the VEGF 

concentrations in a patient with ovarian carcinoma across various therapeutic stages demonstrates 

the potential for additional applications and offers a useful basis for the timing of cancer 

therapies.  
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FIGURE CAPTIONS 

Figure 1. (a) Immobilization of Avastin on SPAnH-Fe3O4 nanoparticles. (b) TEM image of the 

SPAnH-Fe3O4. (c) TEM image of the Avastin-SPAnH-Fe3O4. (d) FT-IR spectra of the 

SPAnH-Fe3O4 nanoparticles, Avastin, and Avastin-SPAnH-Fe3O4. (e) Nyquist plot of bare Au 

(■), SPAnH-Fe3O4-modified Au (●) and Avastin-SPAnH-Fe3O4-modified Au (▲) electrodes. (f) 

Optimization of Avastin immobilization (n = 3). 

Figure 2. (a) Photograph of a poly-SiNW-FET wafer. (b) Schematic diagram of a 

poly-SiNW-FET device. (c) FE-SEM image of a poly-SiNW-FET with a wire length × width of 2 

µm × 0.3 µm. (d) ISD-VG curves of poly-SiNW-FET devices with a wire length × width (µm × 

µm) of 2 × 0.3 (■), 4 × 0.5 (▼), 4 × 0.3 (●), 13 × 0.5 (◆), and 13 × 0.3 (▲). 

Figure 3. (a) Sketch of the surface modification of the poly-SiNW-FET devices. (b) Sketch of the 

Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensor preparation. (c) Current changes in the 

Avastin-SPAnH-Fe3O4/poly-SiNW-FET device for various wire length × width (µm × µm) 

combinations after hybridizing with 125 pg/mL VEGF (n = 3). 

Figure 4. (a) ISD-VG curves of Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensors in the absence 

and presence of interfering species. (b) Effects of interfering species on the current variations in 

Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensors before (red bar) and after washing (green 

bar) (n = 3). (c) ISD-VG curves of Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensors with 

various VEGF concentrations. (d) Calibration curves of current responses to VEGF 

concentrations based on Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensors with (▓) and without 

(○) interfering species (n = 5). 
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Figure 5. Variations in the Avastin-SPAnH-Fe3O4/poly-SiNW-FET biosensors in response to 

VEGF (125 pg/mL) after storing at 4 °C (n = 3) for various days. 

Figure 6. (a) VEGF concentrations in serum samples from patients suffering from the various 

stages of cervical cancer based on ELISA (red bar) and the 

Avastin-SPAnH-Fe3O4/poly-SiNW-FET (green bar) (n = 3). (b) VEGF concentrations in serum 

samples from healthy subjects based on the Avastin-SPAnH-Fe3O4/poly-SiNW-FET (n = 3). (c) 

Optical density (O.D.) calibration curve for VEGF concentrations based on ELISA (n = 3). 

Figure 7. The VEGF (n = 5), CA-125, and CT (inset) measurements obtained pre-operation 

(yellow), post-operation in progress (green), and post-operation with Avastin therapy (white). 

Page 22 of 30

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

23

Figure 1 
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Figure 2 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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For TOC only 
 

 

 

 

The VEGF (n = 5), CA-125, and CT (inset) measurements obtained pre-operation (yellow), 

post-operation in progress (green), and post-operation with Avastin therapy (white). 
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