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ARTICLE INFO ABSTRACT

Cell free diagnosis of cancer is one of the crucial fields in new generation of medical technology. In this regard,
cancer detection based on coastal fluids secreted from the tissues (named as secretome) has attracted a lot of
attention. Lipids are important macromolecules could be found with much higher concentrations in secretome of
cancer tissues vs. normal ones. On the other hand, lipids are the main dielectric components of the secretome
with respect to proteins and ions. Here for the first time we introduced an electrochemical lipidomics based on
electrical impedance spectroscopy (EIS) of the secretomes to detect the cancerous samples due to the lipidic
content of their secretions. The EIS sensor was fabricated by multiwall carbon nanotube (MWCNT) arrays as
conductive and super hydrophobic materials to have great interactive surface with the lipidic content of the
solution. Results of the tests on the secretions of more than 100 human biopsied breast tissues showed the
promising match between the charge transfer resistance (Rcr) of samples’ secretions and pathological states of
the tissues with meaningful boundary (up to 8 kQ for normal and more than 13 kQ for cancer samples). Mass
spectroscopic analyses confirmed the higher content of lipids in cancer secretomes. Electrical lipidomics of the
secretome shed new lights in cell free cancer diagnosis and could be applied as a complementary clinical ap-
proach in all of biopsy based diagnoses in future.
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Among the secretion components, lipids are one of the crucial
cancer associated macromolecules. It is known that cancer is the con-

1. Introduction

Secretions of tumor cells contain a rich source of cancer associated
macromolecules such as proteins (Finicle et al., 2018)(Karagiannis
et al.,, 2010)(Me, 2013), lipids (Beloribi-djefa et al., 2016)(Skotland
et al., 2017)(Ackerman and Simon, 2014a)and ionic species (Binnewies
et al., 2018)(Peter et al., 2007) (Bose et al., 2015). Hence, secretome
analysis could be so helpful to detect the malignancy (Apicella et al.,
2018)(Me, 2013).

sequence of an alteration in lipid metabolic enzymes and pathways
(Beloribi-djefa et al., 2016). Cancer cells show an increased lipogenesis
and lipid secretion to mediate some invasive associated pathways such
as angiogenesis (De Palma et al., 2017), immune suppressing
(Binnewies et al., 2018)(Nakanishi and Rosenberg, 2013) and che-
moresistance (Kurtova et al., 2014). Hence, lipids are now considered
as hallmarks of cancer aggressiveness (Beloribi-djefa et al., 2016)(Yue
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et al., 2014) as far as lipid induced facilitation of metastasis becomes
interested for cancer biologists (Luo et al., 2018). Many complicated
and expensive methods have been developed to analyze the lipid con-
tent of cellular secretomes such as liquid chromatography (LC) Mass,
marker binding based enzyme linked immunosorbent assay (ELISA)
(Chen et al., 2018)(Briigger, 2014) and etc. Apart from their chemical
structures, lipids are considered as dielectric components in biological
media (Gramse et al., 2013). The electrically insulating behavior of the
lipids are much stronger than other contents of intercostal and extra-
cellular fluids (Joshi and Maiti, 2018)(Richens et al., 2015) (Nikshoar
et al., 2017). Hence, dielectric spectroscopy might be a simple and
precise alternative for lipid analysis. Here, a cell-free dielectric spec-
troscopic method was applied to investigate the concentration of se-
creted lipids from the breast cell lines as well as biopsied samples from
the patients with breast suspicious tumors. Multiwall carbon nanotubes
(MWCNTs) as highly conductive nanostructures with super hydro-
phobic properties (Nicola et al., n.d.) were grown as impedance re-
cording electrodes to make perfect physical and electrical interactions
with the lipid component of secretion. In this study, the electrical im-
pedance spectroscopy (EIS) of secretions was quantified and compared
with cancerous grades of the samples to find any probable diagnostic
correlation between pathological phenotypes of the samples and di-
electric parameters of their secretions. Charge transfer resistance (Rct)
was derived and categorized as quantitative values in lipid based di-
electric spectroscopy of the tumor secretome. Matching between pa-
thological states of the tissues and Rcr values of their secretomes were
investigated on more than 100 patients. This technique, named elec-
trochemical lipidomics, might shed new light in cancer diagnosis as a
cell free complementary analysis.

2. Results and discussions
2.1. Device characterization

Two concepts must be concerned in choosing the electrodes in
electrochemical lipidomics of secretion. First, surface hydrophobicity
and second, electrical conductance. Hydrophobic surface would apply
well physical adhesion with lipid layer. Well electrical conductance of
the sensing surface would enhance signal transmission. We candidate
the vertically aligned multiwall carbon nanotube (VA-MWCNT) array as
a famous nanostructure in bioelectrical sensing approaches '® (Zhu
et al., 2012) (Zhu, 2017).

Fig. 1.a presented the schematic operation of the system. The device
was fabricated by photolithography (See methods) and covered by
grown MWCNTs. Super hydrophobic surface of CNT electrodes was
revealed through analyzing by contact angle method (Fig. 1b). The lipid
free droplet of culture media, Dulbecco's Modified Eagle Medium
(DMEM) without Fetal Bovine Serum (FBS), was formed with the con-
tact angle of 146° meanwhile this angle in lipid contained DMEM so-
lution (by addition of FBS 10%) was 37° (Fig. 1c). Increasing the lipid
concentration of DMEM to 20%, resulted in it's well spreading with the
contact angle of 25° (Fig. 1d). Other mostly used biocompatible na-
nostructures such as zinc oxide nanowires (ZnO-NWs) and Graphene
sheets were also candidates for such electrodes (Zandi et al., 2019b).
Results of wettability tests (discussed in supplementary) showed that
graphene sheets (Fig. S1) exhibited super hydrophilic behavior. So, they
were rolled out in our investigations. Although ZnO-NWs showed hy-
drophobic surface (Fig. S2), their conductivity was at least one order of
magnitude lower than MWCNTs (Fig. S2) (Chaudhary et al., 2018).
Hence, the EIS lipidomics by the CNT decorated electrodes has been
investigated.

2.2. EIS of cellular secretions

EIS of cellular secretion was carried out on the media of normal
(MCF-10A), low grade cancerous (MCF-7), and high grade malignant
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(MDA-MB-231 & MDA-MB-468) breast cell lines cultured with similar
concentration (3 x 10° #/well with total volume of 1ml) and vital
cycles (analyzed by ANXV/PI method (Fig. 1e & f)). Moreover, between
85 and 90% of the cells from each phenotype were in live cycles
meanwhile just less than 8% were in necrosis (Fig. 1f).

Secretions (with the volume of 200 ul) were individually mixed by
0.25ml of 5mM potassium ferricyanide (K3Fe(CN)e) as background so-
lution before electrical scanning. EIS was recorded in the frequencies
ranged between 0.01 to 10° Hz and voltage of 10mv. Fig. 2.a presented
the EIS results of cellular secretions. The diameter of semicircular
curves, as an indication of charge transfer resistance (Rcy), is related to
current blocking ability of lipid contents of the solution (“Impedance
Spectroscopy and Experimental Setup,” 2016). Rcr was observably
greater in secretomes of malignant cells (MDA-MB-231& 468) with
respect to low grade cancerous (MCF-7) and normal cells (MCF-10A).
To better clarify the key role of lipids in EIS responses of the secretions,
the lipid content of culture media from each cell line was individually
extracted and redeposited as a semi-solid hydrophobic layer through a
known process mentioned in Method section. In summary, the super-
natants of the cell lines were collected and their lipids were extracted
by the protocols based on extracting hydrophobic structures (chloro-
form incubation and vacuum drying). So, proteins (as completely hy-
drophilic macromolecules or structures with one hydrophilic head)
wouldn't be captured by this protocol. Then the extracted lipids (Fig.
S4) were individually mixed by 0.25ml of K3Fe(CN)g and the formed
solution was tested by the sensor. Results, presented in Fig. 2.b, showed
that the EIS of lipid parts of the secretions exhibited similar responses to
that recorded from primary secretion before removing their lipids
(Fig. 2.a vs. 2.b). The effect of non-secreted lipids such as FBS (existed
in DMEM standard culture media) was excluded in EIS measurements.
This was conducted by extracting, weighting and EIS measuring the FBS
content of standard media solution (DMEM+10% FBS) to be con-
sidered in our analyses (Fig. 2h).

The lipid free parts of the secretions in all phenotypes of breast cell
lines (MCF10A to MDA-MB468) showed similar EIS responses to each
other which excluded the role of non-lipidic parts of media (such as
proteins or mRNAs) in the response (Fig. 2c). The comparative EIS re-
sponses of the whole, lipid parts and lipid free parts of the secretions
showed that the charge transfer resistance (Rcr) of the whole secretion
was significantly higher than lipid free part of the secretion with direct
dependency to the cancerous state of the cell line while the solution
resistance (Rg) of the secretion didn't change after removing their lipids
(Fig. 2d-f). On the other hand, Ry of lipid part of the secretion was
exactly similar to this value in whole secretion (before lipid extraction)
for all cell lines. The electrical results were quantitatively tabled in
Fig. 2g & h.

When a biological solution is stimulated by AC voltage, macro-
molecules with dielectric behavior (such as lipids in secretome) play the
key role in electrical characteristics of the sample (Hosseini et al.,
2016) (Abdolahad et al., 2014). About one order of magnitude increase
could be observed in the EIS response (Rcr)of lipid contained secretions
of malignant breast cells with respect to their lipid free responses while
this difference is much lower in the secretome of normal breast cells
due to secreting very low concentration of lipids (Fig. S4).

Similar distinguished EIS responses were observed between the se-
creted media of cancerous and normal of kidney (ACHN vs. HEK 293)
(Fig. 3a) as well as primary and progressive grades of ovary cancer (A
2780 vs. OVCAR-3) (Fig. 3b) cell lines all of which were cultured with
same parameters as done for breast cell lines. A comparative EIS dia-
gram (Fig. 3c¢) recorded from the secretomes of breast, kidney, ovary,
prostate (PC-3) and stomach (KATO III) cancer cells showed that
prostate cancer cells might secret higher concentration of lipids while
ovary, stomach and kidney cancer cells secret lower concentration of
lipids in comparison with malignant breast cells. This is in correlation
with previous reports about the comparative concentration and struc-
tures of lipids secreted from prostate and breast cancer cells (Deep and
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Fig. 1. a) Operational schematic of cancer diagnosis by secretion sensing using EIS. The secreted droplets from the cells, which contain various phenotypic correlated
lipid molecules, would be measured by CNT covered EIS device. Presence of cancer cells in the tumor micro-environment is correlated with the indicated intensity of
EIS peak. Contact angle measurement of MWCNT surface, revealed the super hydrophobic surface of this structure as the droplet forming angle was 146°, 37° and 25°
for b) lipid free DMEM, c¢) DMEM contain 10% lipid (FBS) and d) DMEM contain 20% lipid respectively. e, f) ANXV/PI analyses of breast cell lines which their
secretion had been used for lipid analysis. The concentration of the cells before removing of the secretion were similar (2.9 x 10° #/well). It is observable from the
table of panel f that all of the cells showed similar vital cycles when their secretions were removed.

Schlaepfer, 2016) (Beloribi-Djefaflia et al., 2016) (Tirinato et al.,
2017).

2.3. Molecular analysis of lipid content in the cellular secretion

Liquid chromatography-mass spectrometry (LC-MS) analysis was
conducted on cellular secretions to compare the lipid secreted from
different phenotypes of breast cell lines. Extracted lipids (Fig. S4) from
each type of cells' media were analyzed by LC-MS (See Methods). A
detailed discussion about excluding the probable presence of proteins in
extracted lipids from cells' media was presented in supplementary. As
presented in Table 1, total molar masses of secreted lipids from the cells
were in great correlations with their invasive grades. Total abundance
counts of environmental lipids secreted from MDA-MB-468, MDA-MB-
231, MCF-7 and MCF-10A cell lines in to the media were 195130,
75394, 56995 and 38385 respectively. This shows the direct relation
between increase in lipid content of the media and increased EIS re-
sponses (quantified by R¢r) of cells’ secretomes. Moreover, the types of
the lipids in the secretion of each cell line exhibited a meaning full
match with its phenotypic functions (Table 1). The detected lipids with
the mass to charge (m/z) of about 248, the main component in the
secretions of all breast cell lines, is attributed to saturated fatty acids
(Peck et al., 2016). The counts of these lipids were much further in
malignant phenotypes (Table 1). It is indicated that presence of such
fatty acid in tumor micro-environment, facilitates tumor expansion
(Baenke et al., 2013). The lipids with the m/z of 481, 671 and 673 are
related to the exogenous lipids found in tumor micro-environments
named lysophosphatic acids (LPA) and phosphatic acids (PA)(Triebl
et al., 2014). Ratios of such lipids were greatly further in the secretion
of malignant breast cells (MDA-MB-468 and MDA-MB-231, Table 1). It
is in correlation with the reports on over secretion of LPA and PA by
cancer tumors with respect to normal lesions 24,

Moreover it has been reported that the lipid droplets secreted from
cancer cells, contain variable ratios of cholesteryl esters (CEs: m/z of
370) and triglycerides (TAGs: m/z of 507, 515, 520 and 530) with sa-
turated or unsaturated chains (Pol et al., 2014) (Brasaemle, 2007).
Significant amounts of CE and TAGs were traced in the secretions of
malignant breast cells (Table 1). Prostaglandins (PGs: m/z of 384 &
394) as a group of lipids with crucial role in proliferation of breast
cancer cells (Beloribi-djefa et al., 2016) (Wang and Dubois, 2006) were
found with meaning fully higher levels in high grades of breast cancer
cells (Table 1). There were sufficient evidences which revealed that
overproduction of the mentioned exogenous lipids is critical for sur-
vival of cancer cells as far as overexpression of a central lipogenic en-
zyme, named fatty acid synthase (FASN), is strongly correlated with
cancer progression (Ackerman and Simon, 2014b).

MCF-10A cells (normal breast cell), secreted some additional dif-
ferent types of lipid macromolecules as traced by LC-MS. Nonadecanoic
acid (NA: m/z of 187), Phosphatidylethanolamine (PE: m/z of 297) and
Sodiated fatty acid (SFA: m/z of 307) contained half of the secreted
lipids from normal breast cells. It is known that the mentioned lipids
play key role in natural metabolism of normal cells (Tulloch, 1985)
(Tosch et al., 2006) (Hsu et al., 2014) (Hsu and Turk, 2010). Our in-
vestigations show that both the total counts (specially with further m/z)
and Rcr of lipids secreted by breast malignant cells were higher than
benign types. Lipid abundance of MDA-MB-468, MDA-MB-231, MCF-7
and MCF-10A were about 195000, 75000, 57000 and 38000 respec-
tively. Also the recorded Rcr from their secreted lipids by our CNT-EIS

system were 39.9, 15.5, 3.9 and 1.3kQ respectively. Results were
achieved by 5 times repeating the test (STD: = 5%). The suggested
mechanism behind such distinct results between normal and cancer
secretomes is related to the increased charge transfer resistance of the
solutions contain higher concentration of lipidic macromolecules
(cancer samples). In this regard the CNT electrodes greatly transfer all
of the frequency dependent stimulating currents to the media and re-
cord the transmitted current from the solution depend on lipidic com-
ponent of the solution (Rcr in EIS responses) which is in great corre-
lation with cancerous phenotype of the samples. Lipids not only would
extensively attach to the hydrophobic surface of MWCNT electrodes but
also their dielectric ability would increase impedance recorded by the
electrodes which resulted in enhanced Rcr of EIS responses in secre-
tomes of cancer samples.

2.4. EIS based lipidomics of live tissues

To apply the electrical lipdomics in cancer diagnosis in real clinical
samples, firstly we used from artificial spheroid tumors (prepared from
MDA-MB-231cancer cell lines; Fig. 4a).

In this regard, the growth media of tumoral spheroids prepared from
MDA-MB-231 breast cancer cell lines (see Methods) was removed and
its lipid contents were extracted (Methods). Florescent images showed
the well proliferative live states of the spheroids (Fig. 4.a, DAPI: blue)
with extended filopodia (Fig. 4.a, actin: green) and dense microtubules
(Fig. 4.a, tubulin: red). EIS responses of extracted lipids were measured
similar to that was done for 2D cultured MDA-MB-231 cell lines. After
comparing the results, it was observed that the Rcr of MDA-MB-
231 cells' media in spheroid formation was higher than that in 2D
culture media (Fig. 4b). Also, the weight of the lipids extracted from
spheroids’ media was more than that extracted from 2D culture
(Fig. 4c).

In next step, the tests were conducted on tumors of mice models.
Ten BALB/C female mice (between 5 and 6 weeks) were tumorized by
4T1 (highly wild grade) and MC4L2 (low grade) mouse type breast
cancer cells in two individual cohorts (5 mice in each group). The 4T1
and MC4L2 tumors were dissected when their sizes reached to about 60
and 30 mm? (due to the higher growth rate of 4T1) respectively. Each
tumor was immediately cut in 3 spices and hold in spongy foam to
absorb all of the peripheral liquids from the tumor environment. The
foams were then immersed (soaking and shaking) in standard culture
media (without FBS) and after 5min, the media was processed under
lipid extraction procedure (as described above).

Fig. 4.d presented the EIS responses of the lipids extracted from the
media solutions of 4T1 and MC4L2 tumors in comparison with the li-
pids extracted from the 2D culture media of those tumor cell lines. The
concentration of the cell lines in first day of culturing was similar to the
cells injected to the mice in first day of investigation. Two distinct re-
sults could be observed from the EIS plots. First, the Rcr (Fig. 4d) and
weight (Fig. 4e) of the lipids extracted from 4T1 tumors were further
than that in MC4L2 phenotypes which completely corroborates the
direct relation between progressed grade of cancer cell line and in-
creased EIS responses of their secretomes. Second, the weight of lipids
extracted from the spheroid enviroment were further than that ex-
tracted from the 2D culture media (Fig. 4e). These results supported the
feasibility of using patients’ tumor samples for electrical lipidomic in-
vestigations.
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Fig. 2. EIS spectroscopy of a) the whole secretion, b) extracted lipid parts and c) lipid free parts of the secretion obtained from the different phenotypes of breast cell
lines ranged from normal to metastatic cancer. d) comparative EIS spectra of the secretion of MDA-MB-468 cells in whole secretion, lipid part and lipid free parts.
Whole secretion and lipid free parts exhibited similar responses. EIS responses was significantly decreased in lipid free part. €) comparative plots from the charge
transfer resistance (Rcr) between whole secretion, extracted lipid and lipid free parts of the secretion. Rcr in the total secretion of cancer cells is more than normal
ones meanwhile the lipid free parts of all secretions exhibit similar Rcr. f) comparative plots of the solution resistance (Rs) between whole secretion and lipid free
parts of the secretion which presented similar values in all of the breast cell lines. g) values of Rcr and Rg recorded from the EIS responses of breast cells' secretion in
whole media, lipid part and lipid free part states as quantitative responses of EIS lipidomics system. h) measured weights of extracted lipid parts from different breast

cell lines. Note: all of the tests were carried out in the mixation of 0.25ml K3Fe(CN)g. Results derived from 5 repeats of the tests with STD: = 5%.

2.5. EIS based lipid analysis of clinical biopsied breast samples

To evaluate the ability of the lipidomic EIS in tracing the probability
of cancer involvement in clinical samples, the peripheral media fluid of
the samples resected by core needle biopsy (CNB) with similar sizes
from more than 100 patients, suspicious to breast cancer, were recorded
(See Methods). The secretions of biopsied samples were collected by
spongy foam and the lipids of secretion were extracted and mixed by
0.25ml of K3Fe(CN)g through the same protocol described for cell lines.
In this regard, the same volume (200 pul) of lipid solutions from each
patient's sample were dropped on the surface of the sensor for EIS re-
cording. The reference data for scoring a sample as cancerous (positive)
or normal (benign) lesion was standard hematoxylin and eosin (H&E)
assay reported by the pathologists. As presented in Fig. 5, a matched
range between the Ry of the lipid secretions and pathological diagnosis
of the samples was observed with significantly distinguished border.
Lipid content in secretion of cancerous samples exhibited one order of
magnitude further Rcy than normal samples (10% vs. 10 Q). The cancer
(e.g. Patient #7; Fig. 5b) and normal (e.g. Patient #31; Fig. 5¢) secre-
tomes with nearest Rcy were of 14.8kQ (patient #7) and 7.91 kQ
(patient #31) respectively. This show the promising classification of EIS
lipidomics in tissue free diagnosis.

Similar to that done for cell lines, we presented the whole secretion,

lipid parts and lipid free parts of EIS responses from cancerous patients
(e.g. Fig. 5.d: patient #5 & 5.e: patient #15). It could be also adequate
that the lipid part of secretome has the key role in EIS responses and
diagnostic scoring of the patients’ samples.

Table 2 presented the comparative values between EIS and histo-
pathological results of the biopsied samples, prepared with similar
sizes. The Rcr in the secretion of normally diagnosed samples was less
than 8 kQ (green column) meanwhile this value was more than 14 kQ in
cancerous samples (red column). Secretion of normal samples exhibited
lower Rcr, due to the rare concentration of lipid content, with mean-
ingful margins (~6kQ) from neoplastic samples. After comparison
with pathological results of the tissues, 8 of the samples were falsely
diagnosed as cancer lesions by EIS lipidomics (false positive, Fig. 6.a.1).
Also 3 of the neoplastic samples were falsely missed by EIS lipidomic
system (false negative, Fig. 6.b.1). More evaluations on the false posi-
tives showed considerable amount of fibrofatty lesions existed in the
biopsied samples. H&E images of the neoplastic samples, had been
falsely scored negative by EIS, showed small focis of ductal carcinoma
in-situ (DCIS) or invasive ductal carcinoma (IDC) which might not in-
clude sufficient lipids in their secretion to be detectable by EIS lipi-
domic system (Fig. 5.a.2 & b.2).
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Fig. 3. EIS responses of the secreted lipids between normal and cancerous phenotypes were compared in a) kidney as well as primary and progressive grades of
cancerous (HEK 293 vs. ACHN). b) Ovary (A 2780 vs. OVCAR-3) cell lines. Similar results to that achieved in breast cell lines were also observed here. ¢) Comparative
EIS spectroscopy of the secreted lipids extracted from cancerous Breast (MDA-MB-468 & MDA-MB-231), prostate (PC-3), ovary (OVCAR-3), stomach (KATO III) and
kidney (ACHN) cell lines. Note: All of the tests were carried out in the mixation of 0.25ml K3Fe(CN)¢. Results derived from 5 repeats of the tests with STD: = 5%.



A. Zandi, et al.

Biosensors and Bioelectronics 142 (2019) 111566

Table 1
Individual abundant analysis of lipid contents (based on their molar mass) in the secretion of the breast cell lines ranged from normal to malignant experimented by
LC-MS.
Abundance Lipid Type
Cell type DMEM + 10%FBS MDA-MB-468 MDA-MB-231 MCEF-7 MCEF-10A DMEM
Lipid Molar mass in secretion (m/z)
187 - - - - 1578 - NA
248 4029 73898 20360 14000 13402 - Fatty Acid
267 - - - - 1775 -
297 - - - - 12463 - PE
307 - - - - 2600 - SFA
370 - 9097 6692 5504 1559 - CE
384 - 23580 2460 - - - PG
394 - 9948 21848 13299 - -
481 41610 14960 2794 - - - LPA&PA
507 - - 6093 5299 TAG
515 5152 6670 2529 - - -
520 - 27605 - - - -
530 - 11061 9278 2698 2186 -
647 19556 6706 - 4152 2822 - LPA&PA
671 - 11605 - - - -
673 18137 - 3340 12043 - -
Total 51,035 195,130 75,394 56,995 38,385 -
DAPI+Actin Actin Tubulin

(b)

(d)

. e 1.5E+03
2.5E+03 T MDA-MB-231 Spheroid E)Etr'acted Lipids = 4T1 Tumor Extracted Lipids
Wt MDA-MB-231 Extracted Lipids ¢ MCA4L2 Tumor Extracted Lipids
DMEM + 10% FBS Extracted Lipids 4 4TI Cell Line Extracted Lipids
2.0E+03 + A v MC4L2 Cell Line Extracted Lipids
vy . sammnn DMEM + 10% FBS Extracted Lipids
2 108403 | Lt + DMEM
& B3| AT £ . . .
= je <
= . =
N A7 N
1OE+03 | &
5.0E+02
5.0E+02
0.0E+00 L L L 90800 : . . ; :
0.0E+00 2.0E+03 4.0E+03 6.0E+03 8.0E+03 00E+00  SOE+02  1.0E+03  ISE+03  20E+03  2.5E+03  3.0E+03
7/(Q) ()
sampl Extracted Lipid sampl Tissue Extracted Lipid  Cell Line Extracted Lipid
(c) ample Weight + 0.0001 gr (e) ple Welght + 0.0001 gr Weight + 0,0001 gr
MDA-MB-231 Spheroid 0.0080 411 0.0055 0.0018
MDA-MB-231 0.0064 Mc4L2 0.0014 0.0008
DMEM + 10% FBS 0.0013

Fig. 4. a) optical microscopy, DAPI (blue), actin (green) and tubulin (red) florescent images of MDA-MB-231 cells formed in spheroid shape. b) EIS responses of the
secreted lipids between spheroid and 2D cultured states of MDA-MB-231 cell lines were compared. c) the table of the lipid weight secreted from MDA-MB-231 cells in
spheroid and 2D cultured states. d) comparative EIS responses of the secreted lipids from mice 4T1 and MCFL2 breast cell lines between in-vivo tumor formed and in-
vitro cell cultured states. e) the weight of lipid extracted from the mentioned mice samples. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)



A. Zandi, et al.

(a)

Biosensors and Bioelectronics 142 (2019) 111566

1.0E+05 - ;
Patient #1
" ¢ Patient #2
i A Patient #3
\ o ® Patient #4
- + 3 ® Patient #5
8.0E+04 H I § A Patient #6
'ga 1 8 “ Patient #7
= l ;‘a > Patient #31
w® . & X Patient #32]
§ 1 5 v Patient #33
6.0E+04 ‘g | s © Patient #34
~~ By % Patient #35
g/ l — Patient #36,
s i 1 - Patient #37
N : “.p“’“oo., o Patient#38
4.0E+04 | 0%, addaa, ', % Patient #39
1 gt Aday %, = Patient #40)
(> ® Patient #41
® Patient #42
® Patient #43/
2.0E+04
o 00 OO
0.0E+00! 24  — ! : L : ) : ;
9. E+00 5.0E+04 ~ < l.OE+05 1.5E+05 2.0E+05 2.5E+05
~
~
~ '
4 ~Z'()
- - - e = o o - e = S
| 6.00E+03 v |
I » Paticat 121
* ratient 332
¥ Paticat 122
I 4s0me03 ¥t 58
Patient #36
I s
—~ © Patlent #38
|% 3.005:403 Wmarkind
I D
| LsoEe0d
1
| OooE00 + L + .
0.0E400 SOL403 10E+04 156404 200404
1 A
(d) (e)
2.0E+04 o,
4 Extracted Lipids (Paticnt #5) LAE+04 + Extracted Lipids (Paticnt #15)
SAPAR v Secretion (Paticnt #5) v Scerction (Paticnt 215)
RS 4aa,, |+ Secrction Wikout Lipids (Patient #5) 1.2E+04 1 aassatasan, «_ Sccrction Without Lipids (Paticat #15)
2 ad’ 'a, At evrvev, “a
5404 - s Aty v N
1.5E+04 “.A'"'" .‘\. vl ~¢.v Tt
P Yo ., > AT
= & M, “a, S.0E+03 s T
aus 3 “ ~ GHEST. 3 W
106404 £ s
b oay st Y 6.0E+03 | g
Aa,V
« sav
4.0E+03 -
S.OE+03 e
—
20E+03
0.0E+00 L L L S L 0.0E+00 L L L
0E+00 16404 2E+04 3E+04 AE+04 SE+04 0E+00 1E+04 2E+04 3E+04 4E+04
2(Q) Z(Q)

Fig. 5. a) EIS spectroscopy of the lipid content of the secretions collected from the breast biopsied tissues of 20 patients suspicious to breast cancer. The size and
volume of the samples were similar. The derived lipids were individually mixed by 0.25 ml of K3Fe(CN)s and then were casted on the sensors. A distinguishable
border could be observed between normal and cancer tissues which were confirmed by parallel H&E pathological method presented in panels b and c for two
cancerous and normal samples as examples respectively. Cancer cells show larger nucleus with increased nucleus/cytoplasm ratio and hyper chromic stain. The nest
of tumor cells with increased nucleus/cytoplasm ratio and hyperchromic nucleus shape with distinguishable shapes in stroma confirmed the neoplastic function of
the cells in biopsied sample. EIS responses of the secretion from two cancerous patients; d) patient #5 and e) patient #15 revealed the meaningful distance between
the impedance spikes of lipid free part and whole of the secretion (all mixed by K3Fe(CN)g before recording) while lipid part of the secretion exhibited great similar

EIS behavior to the primary secretion.

3. Conclusion

In summary, we developed electrochemical lipidomics based on EIS
of the tissue secretions to diagnose cancer samples due to the con-
centration of their lipid contents. Applying MWCNT arrays as con-
ductive nanostructures with super hydrophobic surface, enhanced the
interactive area between secreted lipids and the electrodes to improve
the precision of the R¢r recorded from the secretome. The EIS of lipids
extracted from the media solution of spheroid cell lines, mice model
breast cancer tumors and finally breast CNBs of more than 100 human
samples showed distinguished response profile between normal and

cancer cells. A sharp quantitative boundary of Rcr between normal
(< 8KQ) and cancer (> 13 kQ) was recorded by the system on human
biopsy secretion. By considering both false positives and negatives, EIS
lipidomics showed about 90% precision in cell free (secretion based)
diagnosis of the neoplastic nature of breast biopsied samples without
inducing any disruption on conventional pathological procedures.
Simple use, low volume of required analyte (a droplet of secretion) and
fast analysis without inducing any perturbation to the main biopsied
sample are the distinct advantages of EIS lipidomics in new era of
cancer diagnosis.
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Table 2
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EIS of secretion, H&E, tissue size and Ry results of breast biopsied samples (by CNB) prepared from 100 patients suspicious to breast cancer. Each test repeated for 5

times with STD: * 5%.

" EIS " "
Patient Secraion Pa(Ahalagn_cal Size Sample
D Diagnosis +0.001cm?
Sensor

EIS
Secretion

Sensor

Patient Pathological
D Diagnosis

Size Sample Rer
+0.001cm® | (KQ)

1.1x0.9x0.3
2.9x2.1x1.0
0.9x0.7x0.2
1.4x1.3x0.8
1.0x0.9x0.4
0.8x0.8x0.7
1.4x1.1x0.5
1.0x1.1x0.3
1.9x0.9x1.0
1.0x0.5x0.5
1.8x1.3x0.9
1.0x1.0x0.2
2.1x1.4x0.4
1.0x0.7x0.6
1.1x1.0x0.3
1.0x1.0x0.4
1.7x1.2x0.2
1.5x1.0x0.5
1.6x1.2x0.4
1.2x1.2x1.0
1.7x1.6x0.5
1.8x0.8x0.8
2.2x1.9x0.4
1.3x0.9x0.3
1.6x1.0x0.5
0.9x0.9x0.7
1.0x1.0x0.5
1.4x1.1x0.2
1.6x1.4x0.6
1.8x0.7x0.7
2.0x2.0x1.0
0.9x0.7x0.2
1.1x0.8x0.5
1.2x1.2x0.4
1.0x0.9x0.9
1.5x1.2x0.8
1.9x1.7x0.6
1.5x0.9x0.9
2.1x1.3x1.1
1.6x1.4x0.3
1.3x0.9x0.8
2.3x2.2x1.0
1.8x1.5x1.1
1.1x1.0x1.0
1.2x1.0x0.5
1.9x1.2x1.0
1.8x1.7x1.0
1.5x1.4x0.6
2.9x1.8x0.5
3.0x2.2x1.0

+

P I R IR IR TR TR T TR T T T T N T T T T S S S S AT S
R T T T S S S A A T T T TR O T

1.9x1.6x0.9
0.8x0.8x0.8
1.7x1.0x1.0
2.1x2.0x1.5
1.2x1.2x1.0
1.5x1.1x0.2
1.8x1.3x0.4
1.1x1.0x0.3
1.0x0.9x0.9 . Normal
1.1x0.9x0.8

1.9x1.5x1.0
1.0x1.0x0.9
0.9x0.5x0.5
1.7x1.2x1.0
2.2x0.9x0.6
1.9x1.5x1.5
1.8x1.4x0.4
1.3x1.1x0.8
1.7x0.9x0.8
0.9x0.9x0.9
1.2x1.2x1.0
2.2x2.0x1.5
1.6x1.4x0.7
1.5x1.0x1.0
1.4x0.9x0.5
1.3x1.1x0.6
1.9x1.4x0.6
1.7x1.2x1.0
1.4x0.9x0.9
0.9x0.8x0.3
1.5x1.5x1.0
1.6x1.1x1.1
2.1x1.7x0.9
1.0x0.9x0.2
1.6x1.4x0.7
1.8x1.0x1.0
2.9x0.8x0.8
2.3x1.7x1.3
1.0x0.2x0.2
1.9x1.2x0.5
2.1x0.5x0.2
1.3x1.3x0.8
1.7x1.2x0.5
0.9x0.4x0.2
1.5x1.5x0.4
2.2x1.0x0.9
0.5x0.5x0.5
1.7x0.9x0.3
1.1x1.0x0.2

Normal Region

Cancerous Region

0.7x0.7x0.3

4. Materials and methods
4.1. Cell culture

Cell lines used in this experiment are MCF-10A, MCF-7, MDA-MB-
231 and MDA-MB-468 human breast normal and cancer cell lines, HEK-
293 & ACHN human kidney normal and cancer cell lines, A-2780 &
OVCAR-3 human ovary primary and progressive grades of cancer cell
lines, PC-3 prostate cancer cell line, KATO-III stomach cancer cell line
and MC4L2 & 4T1 primary and progressive grades of mice breast cancer
cell lines acquired from national cell bank of Iran (Pasteur Institute) and
Iranian Biological Resource Center (IBRC). Cell lines (except MCF-10A)
were kept in DMEM culture medium (Gibco) complimented with 5%
fetal bovine serum (Sigma) and 1% penicillin/streptomycin (Gibco) at
37 °C (5% CO,, 95% filtered air). MCF-10A was maintained in DMEM
culture medium supplemented with 5% horse serum (Invitrogen),
100 pg/ml EGF (Peprotech), 1 mg/ml hydrocortisone (Sigma), 1 mg/ml
cholera toxin (Sigma), 10 mg/ml insulin (Sigma) and 1% penicillin/

streptomycin (Gibco). Manual cell counting method, haemocytometer
neubauer, has been used to determine primary populations of the cell
lines (Camacho-Fernandez et al., 2018).

4.2. Lipid extraction from the secretion

Usually cell media (without FBS or BSA) are lipid free. Most basic
way to measure lipid content is adding equal volume of 1:2
Chloroform/methanol to your media, let the phase separate and collect
the bottom fraction, dry under vacuum to separate a thin-layer of lipid
content directly secreted from the cells. This layer might also contain
hydrophobic proteins named as lipoproteins which we assumed them in
the lipid categories here. To avoid peroxidation of the extracted lipids,
during the procedure or later, all solvents should be used peroxide-free.
This hydrophobic lipid layer then was dropped on the sensor and ex-
tended on it due to super hydrophobicity of CNTs. Then the EIS was
recorded from the sample. The sample was also analyzed by mass
spectroscopy to evaluate the lipid types that might be found. In the case
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(a)

False Positives
Patient Secﬂstion Pathological | Size Sample Rer

D Sensor Diagnosis 1£0.001cm® | (k)
101 + - 1.0x1.1x0.9 | 14.25
102 + - 1.4x1.2x0.5 | 13.91
103 + - 2.1x0.9x0.8 | 15.44
104 + - 1.1x1.0x1.0 | 16.10
105 + - 1.5x1.0x1.0 | 14.79

Biosensors and Bioelectronics 142 (2019) 111566

(c)

False Negatives
" EIS - "
Patient Secretion Pathological | Size Sample | Rer
3
ID Sensor Diagnosis 10.001cm (k)
106 - + 1.3x1.0x1.0 | 5.31
107 - + 0.9x0.9x0.8 | 2.74
108 - + 1.9x1.4x0.4 | 6.38

(d)

Fig. 6. a) false positive, b) an example from H&E image of a sample falsely scored positive by EIS which contains breast fatty tissues, c) false negative results of EIS
responses recorded from biopsied breast samples, d) an example from H&E images of a neoplastic samples negatively scored by EIS showed small foci of DCIS (~ 1%)
in the lesions which might not include sufficient lipids in their secretion to be detected by EIS lipidomics.

of tissue sample, similar volume of tissues from normal or cancer
phenotypes were prepared through standard protocols of surgery or
biopsy and then held on a dry spongy foam to absorb the secreted and
peripheral solution of the tissue for about 10 min. Then the foam was
held in non-polar chloroform solution for 10 min in a shaker. Then the
foam was removed and the methanol was added to secretion containing
chloroform sample in the ratio of 1:2 chloroform: methanol. Then the
lipid extraction process was carried out as described above.

4.3. Electrical measurement

In order to carry out the dielectric spectroscopy on cellular secre-
tion, the lipid extracted from similar concentration of cell lines or si-
milar volume of tissues were mixed by 0.25 ml of potassium ferricya-
nide (K3Fe(CN)¢) and casted on CNT covered fabricated integrated
sensor. The response was recorded using portable electrochemical
analyser (IVIUM, Compactstat.h) in three —electrode electrochemical
impedance spectroscopy (EIS) mode. The aforementioned electrodes
were calibrated using potassium ferricyanide (K3Fe(CN)g). The EIS was
performed at 10 mV AC voltage sweeping the frequency from 100 kHz
to 0.01 Hz at 255 points.

4.4. Mass spectrometry

Liquid chromatography Mass Spectrometry (LC-MS) was performed
using an Agilent LC/MS-6410 Triple Quadruple mass spectrometer in-
terfaced with electrospray ionization (ESI) ion source. In order to di-
agnose and determine the lipid content, the negative selected ion
monitoring (SIM) mode were chosen. Nitrogen at flow rate of 6 L/min
was used as drying and nebulizing gas adjusted at 15 psi. The capillary
voltage and desolvation temperature were 4.0kV and 300 °C respec-
tively. MassHunter software used to process the data.
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4.5. Fabrication of the device

The fabrication process of the device was started by coating the
Si02/glass surface with a thermally grown Ni layer, followed by pat-
terning using standard photolithography. Finally, the sample is placed
in a direct-current plasma enhanced chemical vapor deposition (DC-
PECVD) reactor to grow vertically aligned multi-walled carbon nano-
tubes (MWCNTSs) on desired places in a manner reported elsewhere
(Zandi et al., 2019a). The CNT beam length and diameter range from 8
to 12pum and 20-75nm, respectively. Fig. 1a.4 depicts the patterned
CNT sensor which the working, counter and reference electrodes has
been defined. All three mentioned electrodes made from the grown
CNTs. Fig. 1.a.5 shows the SEM image of the device. Highly ordered
CNTs have been achieved with desired patterns and geometries. Fig. S6
depicts process flow of the fabricated sensors.

4.6. Biopsy sample preparation

4.6.1. Core needle biopsy (CNB)

This process was carried out to prepare live specimen from the
tissue suspicious to malignancy. A hollow steel tube was applied to
withdraw small cylinders (or cores) of tissue of the targeted region in
the breast or sentinel lymph nodes by the interventional radiologist or
surgeon. The core needle was put in 3-6 times to detach multiple
samples, or cores. The process was done under ultrasonic guidance to
put the needle into the right place.

4.7. Pathological procedure

Hematoxylin and eosin (H&E) has been used as a popular staining
technique in histopathology. Combination of two dyes, hematoxylin
and eosin used for illustration of nucleus and cytoplasmic inclusions in
clinical specimens. Hematoxylin containing alum (alum acts as mor-
dant) stains the nucleus light blue. Presence of acid would turn it to red
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if differentiation was achieved by exposing the tissue to acid solution.
Red color within the nucleus (initial soluble color) turns to an insoluble
blue color during the bluing step. As the counterstaining, eosin brings
pink color to the cytoplasm. The biopsied tissue H&E staining process
will be initiated by deparaffinizing the section, flaming the slide on
burner, and locating it in the xylene. The treatment would be repeated
followed by hydration though reducing the concentration of alcohol
baths and water (100, 90, 80, 70%). Staining by hematoxylin for
3-5min was then done followed by washing in running tap water until
sections “blue” for 5min or less. Next, the differentiation in 1% acid
alcohol (1% HCIl in 70% alcohol) for 5min would be carried out.
Sequential washing the sample in running tap water and dipping in an
alkaline solution (eg., ammonia water) until the sections being blue
were the final steps. The sample was then stained in 1% eosin Y for
10 min and washed in tap water for 1-5min, and then dehydration in
increasing concentration of alcohols and clearing in xylene were done.

4.8. Spheroid formation procedure

MDA-MB-231 cells were trypsinized and after counting, droplets
with volume of 20 ul were deposited on the lid of non-adhesive culture
dishes. The dishes were then inverted and incubated (37 °C and 5%
CO2) for 2 days. After formation of the desired size of the spheroids, the
droplets were collected and added to the collagen matrix (rat tail,
Corning). Afterwards, the mixture of collagen and spheroids were
transferred into 96 well microplate followed by incubation for 30 min.
Finally after gel crosslinking, the cell culture medium was added to
each well.

4.9. Mice tumorgenicity procedure

Female BALB/C mice, 5-6 weeks old, were purchased from Pasteur
Institute of Iran. All the mice were kept in standard condition. MC4L2
and 4T1 cell lines were prepared (2 X 10°/0.2ml™ ') and injected in
mammary gland of female mice under ketamine and xylazine an-
esthesia, 50 mg/kg and 10 mg/kg i.p., respectively. Animal studies were
performed in accordance with guidelines for the care and use of la-
boratory animals. The protocol was officially approved by animal ethics
committee of Iran. When the tumor size reached to the desired size, the
mice were euthanatized and tumors were dissected.
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