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Abstract  Over the past decades, cell surface charge, although experimentally observed, has not been well
understood particularly from the viewpoint of biophysics. Our recent studies have shown that all cancer
cells exhibit negative surface charges that are directly proportional to the secreted lactic acid, a unique
cancer metabolic characteristic: high rate of glycolysis. We have therefore designed and developed a set
of electrically-charged, fluorescent, and super-paramagnetic nanoprobes, capable of sensitive detection
of cancer cells based on the surface charges. These probes are utilized to bind onto cells via electrostatic
reaction for capture and magnetic separation. In this fashion, we are able to characterize cell surface
charges that are regulated by different metabolic patterns, therefore effectively distinguishing the
cancer cells from the normal cells. All 22 cancer cells of different organs are found to be negatively-
charged therefore bound strongly by the positively-charged nanoprobes, whereas the normal cells show
insignificant binding to the nanoprobes of either charge signs (positive or negative). This finding
suggests that all tested cancer cells are negatively-charged and normal cells are either charge-neutral or
slightly positive. For diagnosis, cancer cells can be detected, electrostatically bound, and magnetically
separated in blood by charged and super-paramagnetic nanoprobes. In therapeutics, circulating cancer
cells (CTCs) can be filtered and removed in a continuous fashion to reduce the risk of cancer metastasis.
If successful, this new nanotechnology will revolutionize early cancer diagnosis and potentially enable
new therapeutics in clinical settings.
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INTRODUCTION

Cancer is a serious public health problem in the world
(Siegel et al. 2017, 2018). According to the “2014 World
Cancer Report” issued by the International Agency for
Research on Cancer, the number of new cancer cases
worldwide is growing at an alarming rate. In 2012,
more than 14 million new cancer cases were reported in
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the world, and it is expected to reach 22 million annu-
ally in the next 20 years (Stewart and Wild 2014). At
the same time, medical expenditures in the field of
cancer are increasing annually. In 2014, the direct
medical treatment cost for cancer in the United States
was as much as $87.7 billion. However, under a huge
investment, the cancer mortality rate remains high. A
total of 2,712,630 deaths were recorded in the United
States in 2015, 22% of which was from cancer (Siegel
et al. 2018). Therefore, investigation of new strategies of
cancer diagnosis and therapeutics is urgently needed
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particularly in early cancer diagnosis (Miller et al.
2016).

The electrical surface charges on cancer cells have
generated great research interests in recent years, for
both understanding of fundamental metabolic mecha-
nisms and clinical diagnostics and therapeutics. The
prior studies on cancer cell surface charges involve two
major categories of methodology, namely electrophore-
sis and nanoparticles, but not without some major
challenges. On the one hand, the measurement of cell
mobility in an electrophoretic field suffers from several
critical limitations, such as cumbersomeness of opera-
tion, lack of sensitivity, diminished nutrient supply, and
only a small percentage of cells being analyzed. On the
other hand, the properties of nanoparticles (NPs) car-
rying a variety of charged molecules maybe altered for
the intended non-charge-specific and other specific bio-
chemical reactions. In order to address these problems
for more accurate assessment of cell surface charges, we
constructed a set of paired, mutually-controlled multi-
functional NPs for cancer cell detection and biding
under controlled environment that minimizes endocy-
tosis and undesired biochemical reactions. Using this
unique set of NPs as basis for a novel methodology, we
showed that only the positively-charged NPs electro-
statically bind onto a wide array of cancer cells, indis-
criminative of the cancer phenotype, but not to the
normal cells (control). Furthermore, we found the neg-
ative surface charges of cancer cells to be directly reg-
ulated by the rate of glycolysis. Based on our findings,
we identified a novel cancer cell detection mechanism
based on the glycolytic-regulated cancer cell surface
charges, which is a fundamental hallmark of cancer cell
metabolism.

BACKGROUND OF CELLULAR BIOELECTRICITY

The field of cellular electrophysiology has a long history.
Cell surface charge has been confirmed to be involved in
many important cell activity processes, such as the
conduction of nerve signals in nerve cells. In these
studies, cell surface charge was measured directly by
the electrodes in large neurons. It was, however, more
difficult to study the electrical properties of smaller
somatic cells or a large number of cells. For measuring
the surface charges of somatic cells and their differen-
tiated pathogenic cells, cell electrodes are primarily
used to determine the potential change at a reference
point on the cell surface, but not able to comprehen-
sively assess the overall net cell surface charge state.
In 1780, Galvani studied bioelectricity for the first
time. He observed that electric shock caused twitching
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of frog legs (McLaughlin 1954). Since then, many dif-
ferent methods have been developed to study bioelec-
trical signal transduction. However, all of these current
technologies are inherently limited in accuracy or
experimental reliability of cell surface charge, resulting
in moderate progress in understanding cell surface
charge, as a biophysical phenomenon. For example, the
cancer surface charge should be a reflection of a
dynamic status underlying complicated metabolic pro-
cesses. But most previous experiments disregard the
dynamic nature of biological cells leading to wrong
conclusions on the sign of cancer cell charge, be it
negative or positive. There are two main categories of
cell surface charge analytical tools. The first type is cell
electrophoresis. The major problem with this method is
its low sensitivity. The cells need not only a large
amount of surface charge but also high voltage in order
to move them from point A to B. At the same time, the
cells are left for a long time without any necessary
energy sources and nutrients resulting in abnormal
state that affects the cell status. Furthermore, only a
small fraction of cells is being experimentally charac-
terized for charged state, therefore not representative
for a typical in vitro situation (large number of cells).
Another more recent approach deals with charge tag of
macromolecules by nanomaterials. However, in this
method, the particle-cell interactions are not entirely
electrostatic due to phagocytosis and biochemical
effects of cells in foreign bodies. So far, there has not
been an effective method that can rule out the inter-
ferences from non-charged effects.

The cell surface charge was investigated as early as in
the 1930s (Ambrose et al. 1956). The cancerous tissues
were found easier to be separated than normal tissues.
From 1950s on to 1990s, most studies on cell surface
charge were conducted by the electrophoretic mobility
of cells (Pestonjamasp and Mehta 1995). However, when
cells are placed in an electrophoresis buffer system, they
will lose the normal nutrient and energy supply leading
to significantly reduced internal metabolic rate of the
cells. If the cell surface charge is related to active cell
metabolism, the measurement should be time depen-
dent (i.e. the charge status is a dynamic process). In
addition, migration movement of cells is also affected by
multiple factors such as the friction of the elec-
trophoretic medium and the gravity of the cells. In this
case, usually only a very small fraction of the cells can
be moved and characterized. This does not accurately
reflect the true state of cell surface charge (McLaughlin
1954). Nonetheless, in a few reports, some cancer cells
may have negative charges on their surfaces. But there
have been major discrepancies among different reports
for which a unified conclusion has not been drawn. For
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instance, some of these studies indicate both cancer
(Purdom et al. 1958; Vassar et al. 1963) and normal
cells (Gogichadze et al. 2014) are negatively-charged. As
such, the research communities in bioelectricity studies
have not been able to reach an agreeable conclusion on
cell surface charge for lacking fundamentals underlying
the charge mechanisms. Nonetheless, researchers have
long suspected that the surface charges are different
between cancer and normal cells. However, due to the
measurement limitations described above, the mecha-
nisms responsible for charge behaviors of either type of
cells have never been well identified.

NANOTECHNOLOGY DETECTION OF CANCER CELLS
VIA GLYCOLYTIC-REGULATED SURFACE CHANGES

Cancer cells are distinctively characterized by the
negatively-charged surfaces due to their unique meta-
bolic processes. There have been extensive studies on
the cancer surface biophysical behaviors for both fun-
damental oncology and clinical diagnosis and treatment.
The previous studies on cancer cell surface charges
involved measurement of cell mobility in an elec-
trophoretic field. The major limitations of this approach,
however, include cumbersomeness of operation, lacking
of sensitivity, and inconsistency due to diminished
nutrient supply. In particular, in those studies, only a
small percentage of cells was analyzed, giving an
unrepresentative data for general cell behaviors.
Therefore, it has been a key challenge to develop a
viable tool that is able to accurately assess the cancer
cell surface changes in a reliable fashion.

We have recently developed unique nanoprobes
capable of characterizing cell behaviors in a wide range,
biochemically and biophysically. However, when the
nanoprobes interact with the cells, some critical issues
arise on particle active uptake, endocytosis of cells, and
non-specific adsorption. In addition, cells may also
interact with nanoprobes through biochemical reac-
tions, such as recognition of the modified molecules on
the nanoprobes through cell surface receptors (Osaka
et al. 2009). Therefore, an accurate assessment of cell
surface charge by nanotechnology requires unique
design of the probe structures tailored to specific
experimental conditions. We have designed and syn-
thesized a multifunctional magnetic nanoprobe based
on the following considerations (Chen et al. 2016):
(1) how to achieve intimate contact between the
nanoparticle and the target cell via electrostatic inter-
actions, and (2) how to minimize the non-specific
adsorption between nanoprobes and normal cells. To
meet above requirements, we reacted the cells with
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nanoparticles in an ice bath, that effectively reducing
endocytosis and other interferences. Using a magnetic
capture technique, we investigated 22 randomly tested
cancer cell lines from different species and organs and
found all cancer cells to be negatively-charged. Mean-
while, several normal cells were found charge-neutral of
slightly positive. This was accomplished by binding cells
with magnetic nanoparticles of opposite charges
(Fig. 1). The experimental results indicate all positively-
charged nanoparticles massively bind onto cancer cells
(negatively-charged) while the normal cells do not
respond the charged particles of either signs, indicating
they are practically neutral. We also found that the
negative surface charge is correlated to glycolysis by
directly proportional to the secretion of lactic acid.

The most typical feature of cancer cells is their
abnormal glucose metabolism pathway (Chaffer and
Weinberg 2011; You and Jones 2012; Warburg 1956).
This phenomenon was discovered by Otto Warburg, a
German biochemist, as early as 1924 that normal cells
depend on the mitochondrial oxidative phosphorylation
process to generate the required energy, while cancer
cells rely on the glycolytic pathway that subsequently
leads to secretion of lactic acid (Hanahan and Weinberg
2011). Adenosine triphosphate (ATP) is used as a sub-
stance for storing and transmitting energy in cells, and
mainly produced through cytoplasmic glycolysis and
mitochondrial oxidative phosphorylation. In normal
tissues, 90% of ATP is derived from oxidative phos-
phorylation, and only 10% is derived from aerobic gly-
colysis. This is known as the Pasteur effect (Fu et al.
2013; Warburg 1924). Compared to normal mature
cells, about 80% of glucose is used in cancer cells to
produce ATP in the glycolytic pathway, but not through
the oxidative phosphorylation pathway, even under
adequate supply. This is known as the Warburg effect
(Schell et al. 2014; Copeland and Turner 1980). The
highly active glycolysis of cancer cells requires the rapid
and large intake of high levels of glucose to generate
energy in order to meet the rapid growth requirements.
Based on the glucose metabolism of cancer cells that
demands more glucose, 18F-fluorodeoxyglucose con-
trast agent (FDG) is developed to track the position of
glucose in the human body, reconstructed by positron
emission computed tomography (PET) scanner. The
image of FDG in vivo distribution provides a more
intuitive way to assess the health status of cancer
patients. Currently, this technology has been widely
used clinically for diagnosis, staging, and efficacy mon-
itoring of cancer (Hatt et al. 2015; Hutchings et al
2006).

In addition, cancer cells secrete a large quantity of
lactic acid, while normal cells produce carbon dioxide
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Fig. 1 A Net surface charges of cells. The calculated net surface charges expressed in this figure are the net captured percentage of cells
by one type charge sign NPs subtracted by the cells captured by the NPs with opposite charge sign as controls. MNC: mononuclear cells;
PMN: polymorphonuclear cell or Granulocyte. B Schematic diagram showing secretion of lactate anions leading to a loss of cations from
cancer cell surface and leaving behind the negative charges (Chen et al. 2016)

and water (Hsu and Sabatini 2008; Vander Heiden et al.
2009). Several decades ago, Otto Warburg observed that
cancer cells ferment glucose in the presence of oxygen,
suggesting that defects in mitochondrial respiration
may be a potential cause of cancer (Vyas et al. 2016).
Highly active glycolysis can not only rapidly meet the
energy requirement of cancer cell proliferation for
growth, but also produce large amounts of lactic acid,
changing the interstitial environment of cancer cells,
and facilitating invasion and metastasis of cancer cells
(Colegio et al. 2014; Lu et al. 2015). Consequently, a
large amount of lactic acid accumulates in the body of
the cancer patient (Brand et al. 2016). Almost all known
bioelectricity in mammalian cells is generated by the
transmembrane movement of mobile ions (Kuismanen
and Saraste 1989). Most human cells actively maintain a
charge-neutral or slightly positive surface through ion
pumps and channels on the plasma membrane. How-
ever, almost all metabolically active cancer cells, both
in vivo and in vitro, secrete large amounts of lactate ions
as mobile anions (Gadsby 2009). This is the result of
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active glycolysis, in which glucose uptake and lactate
secretion can be up to 30 times higher than in normal
cells (Hanahan and Weinberg 2011). A large number of
cancer cells secrete lactate ions outside the cell across
the plasma membrane. When ions pass through the
plasma membrane, they will inevitably change the sur-
face charge. Therefore, we conclude that the negative
charge on the surface of cancer cells is mainly due to the
secretion of lactate across the plasma membrane.

It should be noted that cancer cells may have a
slightly elevated surface content of negatively-charged
immobilized molecules (e.g., sialic acid), which is 30%-
50% more than normal cells, but this is hardly compa-
rable to the elevated levels of glycolysis and lactate
secretion, that is 30 times higher than normal cell levels
(Dubyak 2004; Gadsby et al. 2009). The negative cancer
cell surface charge is metabolically regulated by gly-
colysis, a dynamic process depending on the level of
glucose provided.

Therefore, the negative charge generated on the
cancer cells is due to different sugar metabolism
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pathways from normal cells. This can explain as to why
healthy innate immune granulocytes can distinguish
between pathogenic cells and healthy cells. It has been
reported that bacteria and some viruses exhibit negative
surface charges (Radovic-Moreno et al. 2012; Sonders
and Amara 1996). Bacteria without mitochondria can
produce energy through glycolysis, whose metabolic
properties are similar to those of cancer cells. Therefore,
innate immune granulocytes are likely to distinguish
healthy cells from the negatively-charged pathogens
(Fig. 2).

Since 1999, Cui et al. published a series of research
results on natural anti-cancer mice (Blanks et al. 2011;
Cui et al. 2003; Cui 2011; Hicks et al. 2006; Riedlinger
et al. 2010). The most unexpected finding was that these
mice were resistant to cancer because of the completely
unexpected granulocytes, immune cells that constantly
and rapidly kill cancer cells, instead of natural killer
cells or T cells. This result was unexpected for granu-
locytes to be traditionally known as the bacteria killer.
Prior to Cui’s works, granulocytes had never been rec-
ognized to Kkill cancer cells so efficiently. Unlike bacteria,
the surface of cancer cells has neither lipopolysaccha-
ride (LPS) nor peptidoglycan. How granulocytes effi-
ciently kill cancer cells remained a mystery for a long
time. Interestingly, we found granulocytes positively-
charged, capable of targeting and attacking cancer cells
via the so-called “immune reaction.” However, the bio-
logical reactive behavior of granulocytes towards cancer
cells has never been explained by electro-active attrac-
tions between them due to opposite charges. A picture
can be quite straightforwardly depicted based on the
charge-driven mechanism. As cancer cells secrete a

Bacterium
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5. 28
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&
&
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Fig. 2 The hypothesis of granulocyte recognition pathogens
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large amount of lactic acid in expense of glucose, per-
petuating motion of anions results in negatively-charged
cell surfaces. Granulocytes, as positively-charged, in the
vicinity of the cancer cells would sense the negative
electrical charge gradient exhibited by the cancer cell,
sustained by the secretion of lactic acid. Due to this
electrical potential field, these positive granulocytes are
in fact driven by Coulomb force towards the cancer cells
for effective killing. This may be regarded as the
biophysical interpretation of the “Uimmuno-reaction.” The
movement of a granulocyte towards a cancer cell has to
be driven by a physical potential (or field), that is also
associated with a gradient of lactate outwardly from a
cancer cell. As both species, namely granulocyte and
cancer cell, are oppositely charged, they are attracted
towards each other for the intended task of killing. As
such we are able to view and interpret the so-called
‘immune reaction” from a charge field, well explained
by the principle of biophysics.

Granulocytes are the most powerful set of defense
mechanisms in the human body. People can survive in
the long-term state without any T cell function. For
example, patients who have undergone organ trans-
plantation can use drugs to completely suppress Allo-
cell rejection mechanisms and survive for many years.
However, the survival period of patients without gran-
ulocytes is only a few weeks at most. The cancer cell
killing mechanism of granulocytes is a process known as
“degranulation.” The cytoplasm of granulocytes is filled
with granules, which contain a large number of cation
peptides, also known as defensins. “Degranulation” is a
process in which granulocytes inject cytoplasmic parti-
cles of positively-charged polypeptides into target cells
through sealed cell surface contact points for target cell
killing. It has been hypothesized that if granulocytes
contain such a large amount of positively-charged
polypeptides, they will be positively-charged on the
surface (Lehrer et al. 1993). Therefore, cancer cell tar-
geting by granulocytes is likely associated to their
negatively-charged cell membranes (Fig. 2).

The mechanism of pathogen recognition by the innate
immune system has not been well explained so far. In an
innate immune system, the granulocytes are the major
components that can identify many types of pathogenic
cells that have completely different surface structures.
These pathogenic cells include not only gram-negative
bacteria, gram-positive bacteria and fungi, but even
hundreds of different types of human cancer cells. Why
are active granulocytes able to recognize and distin-
guish the pathogenic cells from the healthy normal
cells? What is ubiquitous on the surface of all these
pathogenic cells but not on the normal cells? This puz-
zling question cannot be easily explained by the
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molecular theories, such as lipopolysaccharides, pepti-
doglycans and molecular distribution morphology the-
ory. Quite likely, the surface electrical charge
differences, regulated by metabolic status of cells, may
eventually answer this long-standing question.

DETECTION OF CIRCULATING TUMOR CELLS

Metastasis is an important indicator of cancer status,
which causes most cancer deaths (Chaffer and Weinberg
2011; Yoshii et al. 2016). When cancer cells multiply
form malignant tumors, some cancer cells will fall off
from the original lesion into the lymph fluid or the blood
circulation. These circulating cells in blood stream will
be stationed in other tissues and slowly form new
lesions. This has been an accepted mechanism of
metastasis. Metastasis is mainly transmitted through
blood, so circulating tumor cells (CTC) are considered to
be the culprit for cancer metastasis (Williams 2013). As
early as 1869, Dr. Ashworth first discovered cancer cells
from a blood smear of a deceased cancer patient (Ash-
worth 1869). However, his discovery did not attract
people’s attention until the mid-1990s only after which
people began to realize the potential application of CTC
detection (Ghossein et al. 1995; Ghossein and Rosai
1996; Racila et al. 1998). Based on the concept of CTC,
personalized treatment is possible as they carry indi-
vidual genetic information (De Bono et al. 2008; Haber
et al. 2011; Yu et al. 2014). CTCs have been found in the
blood of many patients with solid tumors. During the
transfer process, cells that have fallen off from the lesion
can be detected in the blood, especially in the late stage.
CTC counts can be used to reflect the characteristics of
tumor deterioration to a large extent, therefore a useful
strategy in cancer diagnosis and prognosis. Although
these cells may be mostly dying of blood circulation due
to loss of stroma-derived survival signals or sheer force
of blood flow, surviving CTCs are often more lethal and
representative. Even a small number of blood samples
can be clinically taken and utilized for continuous
acquisition of live cancer samples, without causing too
much damage to the patient.

However, there have always been technical challenges
in the efficient enrichment of live CTCs (Li et al. 2015;
Plaks et al. 2013). The detection of CTCs first requires
the enrichment of CTCs from blood cells, including red
blood cells and white blood cells, which are millions of
times larger than CTCs (Fig. 3). The ideal enrichment
method is to selectively distinguish cancer cells from
normal cells, and it has to apply to all cancer types.
None of the previous CTC assays are based on the
unique and broad spectrum nature of cancer cells. For
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example, the principle of a cell filter for trapping CTCs is
to pass small blood cells while retaining large cells
(Hosokawa et al. 2010; Kim et al. 2016). This method
assumes that all cancer cells are larger than normal
blood cells, but in fact, cancer cells in some types of
cancer (such as non-small cell lung cancer) are smaller
than normal cells. In addition, the cell structure has a
strong fluidity, whereby the large cells may also pass
through the deformation filter. The number of cells
captured by this method is usually only a few to a dozen
from 7.5 mL of blood samples, which is likely to seri-
ously underestimate the amount of cancer cells in the
blood (Chikaishi et al. 2017; den Toonder 2011; Zink
et al. 2004). In addition, the captured CTCs are retained
on the filter membrane, therefore difficult to further
analyze them.

Dielectrophoresis has also been used to capture CTCs
(Moon et al. 2011). The mechanism of this method is
based on the fact that cancer cells have different
dielectric properties, thereby increasing cell surface
folds and surface areas. However, cell surface folds are
not unique properties of cancer cells, making it not
exclusive in distinguishing between cancer and normal
cells. Another strategy for capturing CTCs is to use
antibodies that recognize cell surface proteins (Nagrath
et al. 2007; Yoon et al. 2013; Yu et al. 2013). For
example, using the epithelial cell adhesion molecule
EpCAM as a biomarker has been extremely popular in
cell targeting. The basic principle assumes a cell to be a
cancerous epithelial cancer cell if EpCAM is found
absent on its surface. There are three fundamental
shortcomings of this method: (1) many circulating
epithelial cancer cells have achieved epithelial-
mesenchymal transition (EMT) and thus lost expression
of EpACM (Gorges et al. 2012); (2) cancer cells of
mesenchymal origin, for example, sarcoma and neu-
roblastoma cells do not express EpCAM (Tellez-Gabriel
et al. 2016); and (3) some epithelial cancer cells also
lose EpCAM expression during conversion to cancer
stem cells (Pore et al. 2016). Therefore, using EpCAM
antibodies to capture CTCs can seriously underestimate
the real amount of cancer cells in blood.

In summary, the major concern about current CTC
capture methods is that the characteristic of the cells
selected is not unique to cancer cells in detection of
CTCs. This is the main obstacle for these methods to be
clinically accepted and applied. Meanwhile, it has been
difficult to identify a quantitatively detectable parame-
ter that is a hallmark characteristic shared by all cancer
cells regardless phenotypical and molecular differences.
But in our recent research, we have found glycolytic-
regulated cell surface charges unique to cancer cells.
This negative surface change is a biophysical
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Fig. 3 Hurdles and solutions
in CTC research. Biophysical
factors that may diminish the
detection of CTCs include
filtration of large CTCs in
smaller capillaries (A),
clustering of tumor cells that
lodge in capillaries (B), and
cloaking of CTCs by platelets
or coagulation factors (C).
Biological factors that likely
complicate the detection and
isolation of clinically relevant
populations of CTCs that
currently rely on epithelial
markers include: the presence
of benign circulating epithelial
cells (D), the large
heterogeneity among CTCs (E),
the possible stemness of a
subpopulation of CTCs (F), the ".‘ | +
(partial) epithelial- W lTTe
mesenchymal transition Cloaking
(EMT) that some CTCs

undergo during dissemination

(G), and the unclear seeding

potential of detected CTCs (H).
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manifestation of the Warburg effect, directly connected
to the active glycolytic pathway that is completely dif-
ferent from normal cells. Secretion of a large amount of
lactic acid proportionally generates a large negative
charge on the surface of cancer cells, that is measure-
able and detectable by nano means. With this unique
commonality of cancer cells, we have developed a new
CTC detection nanotechnology based on surface-
charged, fluorescent, and super-paramagnetic nanopar-
ticles. Preliminary clinical data show that, in the circu-
lating blood of cancer patients, this CTC technology can
capture a large number of negatively-charged cancer
cells, presumably the CTCs upon further analysis. This
new technique is markerless but solely based on the
biophysical properties of cancer cells, capable of uni-
versally and sensitively capturing and detecting of var-
ious cancer cells. This novel approach will show
promise in early cancer diagnosis, prognosis, and
therapeutics.
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SUMMARY AND PERSPECTIVES

The charge-based cancer detection strategy will revo-
lutionize the current CTC technology, so profoundly
important to cancer management, diagnosis and ther-
apy. The discovery of cancer surface charge will also
provide vital information for the fundamental study of
cancer metabolism making significant contribution to
cancer biology and oncology. Based on this concept, one
is able to detect CTCs from a small quantity of blood
sample (1 mL) in a straightforward and timely fashion.
This will highly simplify the current cancer diagnostic
methods that rely on complicated and expensive meth-
ods from marker and molecules levels.
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