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ABSTRACT. Within an hour, as little as one disseminated tumor cell (DTC) per lymph node 

can be quantitatively detected using an intraoperative biosensing platform based on silicon 

nanowire field-effect transistors (SiNW FET). It is also demonstrated that the integrated 

biosensing platform is able to detect the presence of circulating tumor cells (CTCs) in the blood 

of colorectal cancer patients. The presence of DTCs in lymph nodes and CTCs in peripheral 

blood are highly significant as it is strongly associated with poor patient prognosis. The SiNW 

FET sensing platform out-performed in both sensitivity and rapidity not only the current standard 

method based on pathological examination of tissue sections but also the emerging clinical gold 

standard based on molecular assays. The possibility to achieve accurate and highly-sensitive 

analysis of the presence of DTCs in the lymphatics within the surgery timeframe has the 

potential to spare cancer patients from an unnecessary secondary surgery, leading to reduced 

patient morbidity, improving their psychological wellbeing and reducing time spent in hospital. 

This study demonstrates the potential of nanoscale field-effect technology in clinical cancer 

diagnostics. 

 

 

 

 

 

 

 

 

Page 3 of 25

ACS Paragon Plus Environment

ACS Nano

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



 

4

Rapid and sensitive molecular analysis of resected human tissues has the potential to drastically 

improve on current cancer patient’s care. An accurate intraoperative molecular diagnosis of 

cancer metastasis could indeed limit the need for extensive surgery by providing critical 

information for classifying tumor spread, establish patients’ prognosis and appropriate treatment 

without delay potentially leading to decreased time spent in hospital,1,2 reduced side effects3,4 

and an improved patient wellbeing.5 The detection of disseminated tumor cells (DTC) in cancer 

patient lymph nodes (LNs) is the most important prognostic indicator in a number of different 

types of cancer.6,7 In current clinical practice, cytological or immuno-histochemical examination 

of resected or biopsied lymph nodes is usually performed to determine the presence of 

disseminated tumor cells. In general, these methodologies are time-consuming, semi-quantitative 

and have a low reliability to detect cancer cells when dealing with minute amounts of biological 

samples,8,9 which is often the case in fine needle biopsied tissues10 and micrometastases with 

diameters less than 2 mm. Quantitative real-time polymerase chain reaction (qRT-PCR)11–13 and 

tissue microarrays14,15 have been developed for intraoperative genetic analysis of lymph node 

metastasis. However, these techniques can be problematic and are often associated with 

amplification error, label dependence and inaccuracy due to cross-hybridization, and nonspecific 

absorption. Recently, the one-step-nucleic acid amplification (OSNA) system is rapidly 

becoming the standard intraoperative method for the detection of DTCs in resected lymph nodes. 

The OSNA system detects the presence of Cytokeratin 19 mRNA and can confirm the presence 

of cancer cells within 1 hour after specimen collection.16,17 The main limitations of the OSNA 

method include the need for amplification of target RNA, false negative signal from the presence 

of inhibitors and requirement of a known sequenced target.  
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Silicon nanowire field-effect transistors (SiNW FETs) provide a promising platform for 

intraoperative biosensor development, owing to their inherent characteristics, which include fast 

measurement response (in the order of minutes),18,19 ultra-high sensitivity (~fM in detection 

sensitivity) and wide dynamic range,19,20 label-free detection nature, and compatibility with 

multiplexed target detection.21,22 In comparison to PCR or other solid state biosensing 

technologies such as Surface Plasmon Resonance (SPR) platforms, biosensor-based SiNW FET 

platforms are in general compact, easy to calibrate, fully compatible with on-chip microfluidic 

integration as well as handheld device development. Herein, we demonstrate a new concept of an 

intraoperative biosensor based on SiNW FETs for ultrasensitive, label-free and rapid molecular 

detection of tumor cells in lymph nodes (LNs). We also demonstrate the versatility and 

sensitivity of this platform for the direct detection of circulating tumor cells (CTCs) in colorectal 

cancer patient’s peripheral blood. The developed intraoperative biosensor displays a high 

detection sensitivity for keratin (KRT) (~ 83 fM in 10% serum), used here as a marker for 

detection of DTC. In a model mimicking micro-metastasis in lymph nodes, the SiNW FET 

biosensor enabled detection of KRT antigens at a limit of detection (LOD) as low as ~1.3 cancer 

cells/µL in un-purified LN lysates and within an intraoperative timeframe (i.e. 30 minutes). This 

study demonstrates the feasibility of this SiNW FET sensing platform to achieve rapid and 

sensitive detection of DTC in biological specimens and therefore it presents itself as a potential 

alternative to current molecular assays based on the quantification of tumor-specific mRNA 

markers.11–13  
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RESULTS AND DISCUSSION. The SiNW FETs were fabricated at the wafer-scale and then 

on-chip packaged in a CMOS-compatible process, which was modified from our published 

protocol based on electron-beam lithography and tetramethylammonium hydroxide (TMAH) 

wet-etching.23,24 In this work, the SiNW FET sensing platform has been re-designed for 

achieving an optimal compromise between sensitivity and reliability. Details of the electrical 

characterization of the fabricated devices are reported in the Supporting Information, Note 1. As 

shown in Figure 1a, a completed test chip SiNW FET (18 × 8 mm) consists of 2 built-in 

Ag/AgCl reference electrodes, 3 independent sensing channels functionalized with the molecular 

probe (e.g. antibodies), and 1 control channel. Each of the channels consists of 8 identical 

nanowires with thicknesses of 40 nm, widths of 150 nm, 2 µm wire-to-wire distances and 10 µm 

lengths. The nanowires are connected to the same Al/Cr/Ag contact line on each side. A low-

temperature dry oxidized SiO2 (10-15 nm) layer has been formed on the nanowires served as a 

gate dielectric. A thin (~1 µm) passivation layer of SiO2/Si3N4 has been deposited and patterned, 

aiming for electrically protecting the device’s metal contact lines during the wet-measurement. 

The SiNW chips are packaged in a dual in-line package (DIP-24) ceramic sockets for improving 

durability and measurement convenience. Electrical measurement of the integrated SiNW FET is 

performed using a custom-built 16 channel amplifier system (20×10 cm)25 integrated with a 

compact head-stage for simultaneous measurement of up to 8 channels (Figure 1b). All 

measurements were carried out using micro Ag/AgCl reference electrode as liquid front gate.  
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Detection

Lymphoid cells

Keratin protein

One-step lysing

buffer

Lymph node

About 40 mins.About 15 mins.

Cell lysis 

buffer

Purification

Cancer cells

4 µm

SiNWs

S D

Amplifier

PCB headstageb

a c

Ag/AgCl

Intraoperative SiNW FETs biosensor  

Figure 1. (a) Photographic and SEM images (insert) of a typical SiNW FET array connected to 

source-drain (S-D) electrodes. (b) Photograph of the 16 channels measurement amplifier with 

built-in printed circuit board (PCB) head-stage for parallel measurement. (c) Illustration of the 

measurement procedures of the SiNW FET biosensor. Two different sample preparation schemes 

were developed (Supporting Note 3). One-step protocol (~15 minutes): LNs spiked with a known 

number of tumor cells and then directly lysed inside an ultrasonic bath with our developed lysing 

buffer. Two-step protocol (~40 minutes): LNs spiked with a known number of tumor cells were 

first homogenized in a standard cell lysing buffer without adding urea additive. The resulting 

lysate was centrifuged to enrich the insoluble KRT fragments which were later solubilized in the 
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second step of the method. All measurements were performed in 0.01Χ PBS (pH 7.4, RT) after 

thorough washing in 1Χ PBS.  

 

At first, we investigated the performance of FET biosensors for detection of Cytokeratin-19 

(KRT-19) protein spiked in 10% serum. This human recombinant KRT-19 is a single, non-

glycosylated polypeptide chain having a molecular mass of 44,098 Dalton and is broadly used 

for immuno-detection of LN metastases in cancer patients26–28 as well as for detection of CTCs 

in patients’ blood.27,29 In this work, the KRT-19 detection was employed to optimize and 

calibrate the fabricated biosensing devices. A specific challenge associated to bio-FET molecular 

sensors is the detection of targets (e.g. protein or genomic markers) in physiological samples due 

to their inherent high ionic strengths and the resulting very short Debye lengths (typically λD 

~0.7 nm30,31 ). At such short Debye length, charges from the targets are screened and therefore, 

not readily detected.30,32 A number of strategies have been proposed to circumvent this issue and 

enable measurements in biological samples. For instance, an advanced microfluidic pre-

isolation/purification concept has been demonstrated.33 However, in most practical applications, 

steady-state measurements carried out after a washing step provide suitable controlled 

measurement conditions. Considering the scope and requirements of the proposed sensing 

platform, namely intraoperative detection of tumour markers associated to lymphatic 

involvement, the later measurement strategy was selected to ensure simple and rapid 

measurements. Prior to measurements, the SiNW FETs were washed with 1Χ PBS and 

subsequently with 0.01Χ PBS, which extended the measurement Debye length to ~ 8 nm. In 

agreement with previous reports, this provided sufficient sensitivity to detect proteinaceous 

targets such as KRT. 
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 Figure 2a displays the response of SiNW FETs measured with various KRT-19 concentrations at 

a constant VDS = -1.5 V. From the graph, it is shown that the transfer characteristic curves shift to 

more positive gate values (increase of the device’s conductance G=IDS/VDS) with increasing 

KRT-19 concentrations from pure serum to 25 nM (~1 µg/mL). In the measured buffer (0.01Χ 

PBS, pH 7.4), the increases of nanowire conductivity is extrapolated by the coupling of 

negatively charged KRT protein (isoelectric point ~5.134 ) to the anti-KRT antibodies on the 

SiNW surfaces. The detection sensitivity of SiNW FET biosensors to the KRT targets is 

dependent on the structure and quality of the devices as well as the Debye length as noted above. 

It is also directly dependant on the distance of the binding site (dBS) of the antigen-antibody 

complexes to the nanowire surface:31,32 low sensitivity where dBS extends beyond λD and high 

sensitivity where dBS is within λD. In typical buffers, the dBS can varied from short (dBS ~ 4-5 

nm) to long (dBS ~14-15 nm) distance depending on the conformation of the binding complex 

target-receptor (Supplementary Table S1, Figure S3). In the immobilization scheme used here, 

surface conjugated antibodies are randomly oriented and separated from each other31,35 which is 

expected to lead to a range of dBS for the proteinaceous target and therefore sufficient sensitivity 

under the experimental conditions used here (λD ~8 nm). Beyond these considerations, the 

charge density of the target protein should also be taken into consideration in determining the 

molecular sensitivity as discussed elsewhere.36 

From these measurements, a LOD of ~80 fM (~3.2 pg/mL) has been calculated with three times 

the standard deviation of nonspecific noise in pure serum (Figure 2b). In comparison with 

immunometric assays (e.g. ELISA and EPISPOT)27 commonly used for the detection of KRT, 

the SiNW FET biosensing platform provided at least two orders of magnitude improved 

sensitivity. The ultra-high sensitivity of the optimized SiNW FET platform is a significant step 
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toward the development of intraoperative sensing device able to detect reliably low 

concentrations of DTC in resected or biopsied biological specimens.  
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Figure 2. (a) Conductance response of a SiNW FET biosensor recorded from 0 – 25 fM – 0.25 

pM – 25 pM and 25 nM of KRT-19; VDS = -1.5 V. The graph shows an increase of the nanowire 

conductance when negatively charged KRT-19 antigens selectively bind to the immobilized 

antibody on the p-type SiNWs. (b) Percentage (%) of nanowire conductance change (error bars 

represent standard deviations from three different sensing channels) vs. logarithmic 

concentrations of KRT-19 biomarkers from 25 fM – 25 nM. The limit of detection was 

calculated to be ~80 fM.  

 

Having demonstrated the excellent sensitivity to KRT of the SiNW FET platform, we next aimed 

to demonstrate its applicability to detection of small concentrations of DTC in lymph nodes. A 

major and often overlooked aspect of molecular sensing schemes with biological specimens is 

design of optimal sample preparation methodologies. This is especially significant in the context 

of intraoperative applications where sensitivity and reliability need to be achieved within a short 

time-frame. In order to facilitate the development of the molecular assay, the amount of 
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lymphoid cells in lymphatic tissues was first measured. To this end, a total of 13 rat LNs were 

homogenized to release lymphoid cells which were then enumerated as described in Figure 1c 

and the Supporting Note 3. Figure 3a shows a linear contour distribution of the cell number plot 

against LNs with different weights and average diameters. From the chart, the number of 

lymphoid cells in a LN can be quickly estimated based on its weight and diameter. Next the 

homogenization and lysing of LNs was optimized to enable rapid and reliable dissociation of 

lymphoid tissues and release of intracellular components. In a typical experiment, LN lysates 

containing approximately ~105 lymphoid cells/mL were prepared from frozen rat LNs and were 

then spiked with known concentrations of breast cancer cell MCF-7 lysate. To increase the 

clinical scope of the developed sensing platform, an anti-pan KRT antibody targeting KRT 4, 5, 

6, 8, 10, 13, and 18 was used instead of anti-KRT-19. Anti-pan KRT antibody is the most 

frequently used immuno-marker for the clinical demonstration of micro-metastases or 

disseminated carcinoma cells in LNs.37,38 Figure 3b presents the relative conductivity change of 

the SiNW FET plotted as a function of the logarithm of MCF-7 cancer cell lysate concentrations, 

spiked in a fixed concentration of LN lysate (calculated at ~105 lymphoid cells/mL). From the 

inset Figure 3b, it can be seen that the total conductance of the sensing channels increase when 

the spiked cancer cell concentration rises from 101 to 106. On the other hand, only a minor 

conductivity change is observed for the control channel in the same chip. These measurements 

show the specific nature of the cancer cell detection.  From the measurement data, the detection 

sensitivity is calculated at ~1300 cancer cells/mL of LNs lysate (~105 lymphoid cells), which is 

equivalent to a detection sensitivity of ~1.3 cancer cells in 1 µL detection volume. The total time 

required for both sample preparation and subsequent measurement is 25-30 minutes. Thus, limit 

of detection and total measurement time are comparable to that of previously reported magnetic 
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resonance sensors39 and current intraoperative PCR gold standard assays,12,40 including OSNA.17 

Not surprisingly considering the biological complexity of the un-purified LN lysate, this 

sensitivity is several orders of magnitude lower than that obtained for KRT-19 in serum. In 

addition, this could be related to the suboptimal extraction of the poorly soluble KRT proteins 

from LNs tissue.  
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Figure 3. (a) Linear contour plot representation of cell number distribution in rat LN. Cell 

enumeration has been carried out in triplicate for each sample (see Supplementary Table S2). 

Number of sample plot (n): 13 LNs. (b) Plot of conductance responses of SiNW FET  biosensor 

measured in the un-purified MCF-7 cancer cell lysate (101 - 106 cell/mL, in logarithmic scale) 

spiked in lymphoid cell lysate (105 cells/mL). Inset shows the detection response of sensing 

channels and control channels. The conductance values were calculated at the same operation 

point (VDS = -1.25, VGS = -4.5 V) for all of the SiNW channels. Error bars represent standard 

deviations from three different sensing channels for all the concentration experiments.   
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Aiming to improve the efficiency of KRT extraction and consequently the overall sensitivity of 

the SiNW FET bio-assay, a two-step sample preparation procedure was next developed to enrich 

the insoluble KRT fraction. In this protocol, LNs lysates containing various quantities of cancer 

cells were lysed with a lysing buffer without urea (used to solubilize KRT in the one-step assay) 

and centrifuged to precipitate the insoluble KRT fragments. Supernatants were then discarded 

and insoluble materials were re-dispersed in a KRT solubilizing buffer containing urea. SiNW 

FETs measurements were then conducted following the same methods described for the un-

purified sample. Figure 4 shows the response of SiNW FET biosensors to different 

concentrations of purified lysates. A clear increase of the nanowire conductance has been 

observed in the plot with increasing MCF-7 concentration from 0.1, 10, 100 and 1000 cancer 

cells/mL of background lysate concentration. On the other hand, no significant conductance 

increase (<3% of the nanowires total conductance) was observed for the control channel without 

pan-KRT antibody functionalization, confirming the selectivity of the nanosensor (inset plot 

Figure 4). The limit of detection has been calculated to be ~0.01 MCF-7 cancer cells/mL or ~1 

cancer cell/107 lymphoid cells. This result surpasses the detection sensitivity of the unpurified 

LN lysate measurement by several orders of magnitude and is consistent with the KRT protein 

detection in serum. Here, the ultra-sensitivity of the nanosensor is attributed to the efficient 

sample lysing and extraction of the KRT. The improved detection sensitivity emphasizes the 

importance of sample preparation in molecular assays. In comparison with other molecular 

assays (i.e. RT-PCR), the obtained sensitivity is at least 10 times higher than that reported for the 

detection of breast and colon cancer metastases in LNs (about 1 cancer cell per 105-6 healthy 

lymphoid cells).41,42 Moreover, compared with the intraoperative OSNA assay the nanowire has 

an increased sensitivity and would be able to detect isolated tumor cells (≤0.2 mm and <1000 
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tumor cells within a lymph node), which currently is the detection limit of OSNA.17 Although 

the two-step sample preparation method increases the overall assay duration (approximately 55-

60 min in comparison to 30 min for the one-step assay), it allows for full advantage of the 

exquisite sensitivity of SiNW FET biosensors. Importantly, even with the two-step enrichment 

protocol, the completed measurements are acquired within an hour which is comparable to 

current intraoperative diagnosis.16,17 
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Figure 4. Response of the SiNW FET biosensor (%, ∆G/G0) to different concentrations of MCF-

7 cancer cells spiked in LNs (0.1 – 1000 cells/mL, in logarithmic scale). The two-step KRT 

enrichment protocol was used. The inset displays the specific detection of sensing channels vs. 

the control channel. The measurements are carried out at the operational point (VDS = -1.5 V and 

VGS = -4.5 V). 

 

Building on the excellent sensitivity obtained with the LN sample, we next aimed to investigate 

the performance of SiNW FET in examining a patient blood specimen for the presence of 
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circulating tumor cells (CTCs). Detection and phenotypical analysis of CTCs in blood of patients 

is one of the most significant recent developments in clinical diagnostics and prognostics.43,44 

The presence of CTCs in peripheral blood has indeed been linked to early recurrence and 

decreased progression free survival for both metastatic and localized diseases. CTCs are, 

however, typically present in very small numbers in comparison to leukocytes (typically 1-10 

CTC per 106 cells).44–46 Therefore, ultra-high resolution biosensor platforms are required for 

reliable molecular detection of KRT markers associated with the presence of CTCs in the blood. 

The SiNW FET platform was utilized for detection of CTCs in colorectal cancer patient’s blood. 

Blood samples from a colorectal patient with stage IIIB and a healthy donor were collected. The 

presence of CTCs in the blood sample was first confirmed using imaging flow cytometry.47,48 

Imaging flow cytometry which is a combination of flow cytometry and microscopy is 

advantageous for this purpose compared to microscopy alone due to its high throughput 

quantitative nature. Moreover, imaging flow cytometry is also advantageous compared to 

conventional flow cytometry as it offers the ability to visualize events and therefore, enables the 

exclusion of false positives and the inclusion of double positive events which would otherwise be 

excluded (i.e. a KRT + CTC and a CD45+ WBC as one event as in Figure 5a). In this technique, 

CTCs and white blood cells (WBCs) were selectively tagged by florescent antibodies (e.g. anti-

KRT for CTCs and CD45 for WBCs) and later identified through the high-speed imaging system 

(Supporting Note 4).  As shown in Figure 5, 16 CTCs (defined here using the most widely used 

criteria: KRT+, CD45- and DAPI+) could be detected by the imaging flow cytometer in 4 mL of 

patient blood. No KRT positive event was observed in the healthy blood sample control.  

To carry out the SiNW FET analysis, peripheral blood mononuclear cells (PBMC) from blood 

samples were obtained using standard Ficoll gradient centrifugation (Supporting Note 4) and 
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lysed using the two-step-protocol. The conductance responses of the SiNW FETs functionalized 

with the anti-pan KRT was then recorded on the sensing (SS) and control (CT) channels for both 

samples (Figure 5b). Each measurement was conducted in at least 5 different and independent 

channels (n≥5). Sensing channels showed an average increase of 8.9 % of the total conductance 

in response to the positive sample, significantly higher than that measured on the sensing 

channels exposed to healthy blood sample at 2.9 %, P <0.05(Student’s t-test). In addition, control 

channels showed less than 2% of total conductance change after exposure to both healthy and 

positive samples (1.9 ± 0.48 % and 1.1 ±0 .15 % respectively). The latter increases can be related 

to non-specific fouling of the sensor surfaces. Although further studies with a larger number of 

patients are required to fully validate the method, these results demonstrate the potential of the 

SiNW FET platform to detect clinically relevant concentrations of cancer cells in peripheral 

blood. Once validated clinically in a large cohort of patients, the possibility to reliably detect 

CTC concentrations as low as 2.5 cells/mL of blood could establish SiNW FET biosensors as an 

advantageous alternative to the currently used molecular approaches based on RT-PCR.  
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Figure 5. (a)  Scatter plot of leucocyte common antigen (CD45) and KRT fluorescent markers 

produced from a patient’s blood sample using imaging flow cytometry. Inset: typical positive 
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white blood cell (WBCs), double positive WBC and CTC, and CTC. (b) Validation of the SiNW 

FET platform for the detection of CTCs in peripheral blood. SS and CT: sensing and control 

channels, respectively; n is the number of measured channels. 

 

CONCLUSIONS. In summary, the feasibility of an intraoperative sensing method based on a 

SiNW FET platform was demonstrated for ultrasensitive detection of DTC in lymph nodes as 

well as CTCs in peripheral blood. A holistic approach was used to optimize the fabrication and 

integration of the SiNW FET sensing platform as well as to optimize the sample preparation 

methodology. Most significantly, as small as 0.01 tumor cells per milliliter of lymph node lysate 

could be detected within an hour which would translate into the possibility to detect single tumor 

cells in a whole lymph node, surpassing the current and emerging gold standards in both 

sensitivity of detection and speed. While detection of protein or RNA KRTs as markers of the 

presence of tumor cells within biological samples is the current gold standard in 

immunohistochemistry and molecular systems such as OSNA, solid-state sensing platform such 

as the one proposed here could be readily expanded to panels of prognostic markers. Through 

integration of the SiNW FETs with a dedicated microfluidic platform, specific multiplexed 

detection could be developed, for instance for determining specific KRT expression patterns (e.g. 

KRT-16 up-regulation, associated to poor prognostic49 ) or the expression of membrane markers 

of relevance to a specific disease. Such developments have a strong potential to pave the way to 

the implementation of nanoscale FET technology in intraoperative multiplex clinical diagnostics. 
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METHODS  

Fabrication and On-chip Packaging of SiNW FETs. The wafer-scale fabrication process of 

the multichannel SiNW FET arrays is modified from our previous report.23,24 At first, a thin (44 

± 2 nm) homogenous silicon dioxide (SiO2) layer was dry-oxidized on top of  p-type SOI wafers 

(SOITEC; B: 1015
 cm-3; BOX: 145 nm; Si device layer: 70 nm). Aluminium nanostructures were 

then patterned on top of the SiO2 by a lift-off process with e-beam patterning and metal 

evaporation on PMMA photoresist. A subsequent reactive ion-etching was performed to transfer 

the Al patterns to the SiO2 beneath. After removing the entire Al pattern, the wafers were 

subjected in TMAH wet-etching (25wt %; 80oC with agitation, 2-4 minutes) to define the 

nanowires’ width. The wafers were then dry-oxidized again to form ~ 8-10 nm of SiO2 to serve 

as the gate isolator layer. Source and drain contacts of the nanowire were then selectively ion-

implanted (B; 1015 cm-2) followed by an annealing step with a stack of patterned Al/Cr/Ag for 

metal feedlines. Finally, a thin passivation layer of SiO2/Si3N4 (~ 1 µm thickness) was deposited 

using PECVD and patterned with reactive ion etching on the wafers to electrically isolate the 

feed lines during the wet-measurement. The wafers were finally diced in small (18 x 8 mm) 

ready-to-test chips and packaged in a dual in-line package (DIP-24) ceramic socket. Aiming for 

everyday diagnostic test, a customized headstage with two zero-insertion-force (ZIF) sockets has 

been built and integrated with a developed multichannel amplifier. By connecting the SiNWs 

device via the DIP housing inserted in the ZIF sockets, multiple measurements could be 

performed easily without mechanically degrading the metal electrodes due to the frequent 

contact with the needle of a probe station. 

Surface Functionalization. Based on our previously developed protocol,50 the surface 

functionalization of SiNWs has been performed by employing 3-aminopropyl triethoxysilane 
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(APTES) vapor-phase silanization followed by reaction with glutaraldehyde and finally with a 

monoclonal antibody against cytokeratin. Only the sensing channels were functionalized with the 

antibody and a control channel was kept un-functionalized to serve as a reference for non-

specific adsorption events.  A blocking solution composed of 1% BSA and 0.1% Tween 20 was 

finally used in all channels to minimize non-specific adsorption. 

SiNW FETs measurement. Typically, ~40 µL of sample solution was incubated for 10 minutes, 

followed by 3-5 minutes of intensive washing with 1Χ PBS (pH 7.4). Electrical characterizations 

were performed simultaneously in the sensing and control channels with fresh 0.01Χ PBS (pH 

7.4, room temperature) though the whole biological measurements in this work. The sensitivity 

of the device was calculated from the relative change of the nanowires conductivity (∆G/G0, %) 

in response to the presence of the antigen at the device maximum transconductance (gm). The 

maximum gm was determined from the transfer characteristic curves at the beginning of the 

experiment and was kept constant during the concentration measurement. G0 is the initial 

conductance of the nanowires measured in the fresh 0.01Χ PBS. 

Lymph node lysate preparation protocols 

Un-purified sample preparations: A lysing buffer containing 0.1M Tris-HCl, 1M NaCl, 0.1M 

EDTA (pH 8.0), 8 M Urea, 1% Sodium Deoxycholate, 1% Triton-X100, 10% Glycerol, 5% SDS 

and 2mM DTT has been prepared and used fresh to separately lyse and solubilize the total 

protein from lymph node and MCF-7 cancer cell line samples. All reagents and solvents (reagent 

grade) were from Sigma-Aldrich (US) and used as received. For extraction and solubilisation of 

total protein in one-step, the number of lymphoid cells was first estimated based on the average 

diameter and weight of the LNs. To assist the cell lysing, a quick homogenization (3 minutes) 
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has been performed on ice in the prepared buffer. Next, the homogenizer was washed and the 

cell solution was sonicated in an ultrasonic bath for 10 minutes. In the meantime, MCF-7 cells 

were harvested and lysed in the developed lysing buffer inside an ultrasonic bath for 10 minutes. 

The prepared cell lysates were freshly used.   

Purified sample preparations: In this protocol, LNs were first homogenized with a dounce 

homogenizer. Lymphoid cells were then pre-cleaned and harvested with centrifugation. Both 

lymphoid and MCF-7 cells were then subjected to the cell lysing step using ultrasonic bath (10 

minutes) in a cell lysis buffer (Tris-HCl 0.1 M, NaCl 1 M, EDTA 0.1 M, Urea 1 M, Sodium 

deoxycholate, Triton X-100, Glycerol, SDS 10% , milliQ water; pH 7.4). Next, the cell lysate 

solutions were centrifuged (14000 rcf, 15 minutes, 4 oC) and supernatants were discarded. The 

insoluble pellets were finally dissolved in the protein extraction buffer (Tris-HCl 0.03M, Urea 

9.5 M, DTT 0.002M, EDTA 0.002M; pH 8.0), followed by a short ultra-sonication for 3 minutes. 

For confirming the lysis process, all of the lysed samples were checked under microscope for cell 

debris and later with UV-vis for total protein extraction. The cell harvesting, lysing and protein 

extraction were all performed on ice (4oC) to prevent the protein denaturation. 

 

Supporting Information. Detail of the electrical characterization; calculation of Debye 

screening length and dBS length; lymph node homogenization and enumeration; cancer patient 

blood preparation protocol and detail of imaging flow cytometry. This information is available 

free of charge via the Internet at http://pubs.acs.org.   
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