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Abstract

Detecting circulating tumor cells (CTCs) with high sensitivity and specificity is critical to
management of metastatic cancers. Although immuno-magnetic technology for /in vitro detection
of CTCs has shown promising potential for clinical applications, the biofouling effect, i.e., non-
specific adhesion of biomolecules and non-cancerous cells in complex biological samples to the
surface of a device/probe, can reduce the sensitivity and specificity of cell detection. Reported
herein is the application of anti-biofouling polyethylene glycol-b/ock-allyl glycidyl ether
copolymer (PEG-6-AGE) coated iron oxide nanoparticles (IONPs) to improve the separation of
targeted tumor cells from aqueous phase in an external magnetic field. PEG-6-AGE coated IONPs
conjugated with transferrin (Tf) exhibited significant anti-biofouling properties against non-
specific protein adsorption and off-target cell uptake, thus substantially enhancing the ability to
target and separate transferrin receptor (TfR) over-expressed D556 medulloblastoma cells. Tf
conjugated PEG-6-AGE coated IONPs exhibited a high capture rate of targeted tumor cells (D556
medulloblastoma cell) in cell media (58.7 £ 6.4%) when separating 100 targeted tumor cells from
1x10° non-targeted cells and 41 targeted tumor cells from 100 D556 medulloblastoma cells spiked
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into 1 mL blood. It is demonstrated that developed nanoparticle has higher efficiency in capturing
targeted cells than widely used micron-sized particles (i.e., Dynabeads®).

Graphical abstract
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Anti-biofouling PEG-b6-AGE copolymer coated iron oxide nanoparticles (IONPs) is applied to
separate small number of cancer cells in the presence of large excess of non-targeted
“background” cells. PEG-6-AGE coated IONPs demonstrate improved sensitivity and specificity
in targeted cell detection compared with IONPs without anti-biofouling coating and micron-sized
Dynabeads® by reducing non-specific cell uptake and protein adsorption.

magnetic nanoparticles; cell separation; anti-biofouling; circulating tumor cells; targeting

Introduction

Metastasis accounts for 90% of cancer-related deaths and is a central focus in cancer
management.1=3 Tumor cells can migrate from the primary site through the circulatory
systems, (e.g., blood, lymphatic fluid and cerebral spinal fluid) and then spreading to other
organs. The presence of circulating tumor cells (CTCs) has been strongly linked to poor
prognosis.*—® Therefore, timely and accurate survey of the bio-fluid samples to detect rare
and an extremely small number of CTCs would greatly improve the early detection of cancer
metastasis and clinical decision-making in terms of predicting prognosis as well as
stratifying patients for specific and targeted therapeutic strategies. Early studies have shown
that the treatment planning based on the information from CTCs may impact the clinical
outcomes of the cancer patients with improved survival.”8 However, detection of CTCs,
particularly in the very early stage of metastasis, is highly challenging due to the inherent
difficulty in identifying and capturing an extremely small number of the cancer cells from a
typical blood sample volume of 1-7 mL obtained from patients.

Immuno-magnetic separation is the one of the most promising approaches in CTC detection
and enumeration, in which magnetic particles are functionalized with ligands to target
biomarker molecules over-expressed on tumor cell surfaces, followed by isolation of the
particle-tagged cells using an external magnet or magnetic column.®-18 While conventional
immuno-magnetic separation methods with micron-sized magnetic beads, such as
Dynabeads®, work well in separating and sorting cells in large number,19.20 their efficacy in
detecting and capturing the extremely small number of CTCs from samples containing a
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large excess of other biomolecules or non-targeted cells in the background, e.g., tens of
CTCs with millions of other cells in routinely collected blood samples, remains
problematic.9:21:22 Hence, substantial efforts have been made to develop and apply magnetic
nanoparticles to immuno-magnetic separation, given the advantages of nanoparticles
compared with micron-sized particles, including better suspendability in the sample or
media, faster cell surface receptor binding via conjugated targeting ligands, and high affinity
of cell binding with more particles bound on each cell and an increased number of cell-
nanoparticle interactions and therefore a higher particle-to-/cell ratio.23-26 More importantly,
increasing efforts are focused on maintaining cell integrity and functions for follow-up
experiments to interrogate and characterize the captured cells after expanding them in the
culture media.2” Evidently, there is less stress on cells and when cells exposed to
nanoparticles comparing to the microparticles, thus preserving cell morphology and
functions.2® In addition to the size effect of magnetic particles, the overall performance of
immuno-magnetic separation is also affected by other factors, including the magnetic
property of the particles, the strength and gradient of the magnetic field to which the
particles are being exposed, the duration and scale of the cell capturing process at a given
magnetic field and magnetic particles, the amount of the magnetic particles used and the
actual affinity of the functionalized particles to the targeted cells.2%-31 Among these, the
surface modification and fabrication of magnetic nanoparticles to alter or reduce the
biofouling effect are of particular interest. The biofouling effect, i.e. non-specific adsorption
of macromolecules, such as proteins, from the biological fluid samples onto the surface of
the nanoparticles, may compromise the affinity of the targeting particles to the cells, as the
surface properties and functions of particles may be altered after protein adsorption.32-3%
Furthermore, the non-specific off-target cell binding and uptake of nanoparticles by non-
target cells make differentiating CTCs from normal cells difficult.36-39 Therefore, an
approach to eliminate or reduce the non-specific interactions between nanoparticles and the
unwanted materials and cells is highly desirable for applying immuno-magnetic separation
techniques to CTC detection.

Herein, we report the development of ligand-functionalized anti-biofouling polyethylene
glycol-block-allyl glycidyl ether (PEG-b-AGE) polymer coated magnetic iron oxide
nanoparticles (IONPs) for improved targeting and capturing small numbers of tumor cells in
the presence of a large excess of non-target cells. The advantages and the efficiency of cell
capture using anti-biofouling PEG-£6-AGE coated magnetic IONPs in cell separation were
investigated by comparing with micron-sized magnetic beads. When coupled with
transferrin (Tf) as a targeting moiety, PEG-6-AGE coated IONPs enabled binding and
separating cells with a high level of transferrin receptor (TfR) expression. The efficiency of
targeting and capturing TfR over-expressed cancer cells with developed IONPs was tested
using medulloblastoma cells that are known to metastasize through cerebral spinal fluid.4°
With anti-biofouling properties, our IONPs have shown improved capability in capturing
targeted cancer cells with high sensitivity and specificity by significantly reducing the
“background” from the non-specific capture of unwanted cells.
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Materials and Methods

Materials

Holo-transferrin (Tf, 297%), fluorescein isothiocyanate (FITC), tetramethylrhodamine
(TRITC) and poly-L-lysine (PLL, MW 70,000-150,000) were purchased from Sigma-
Aldrich. CellTracker™ Green 5-chloromethylfluorescein diacetate (CMFDA), ProLong Gold
anti-fade mountant with 4”, 6-diamidino-2-phenylindole (DAPI), Vybrant Dil cell-labeling
solution and magnetic beads with 4.5 um in diameter (Dynabeads® M-450 Epoxy) were
purchased from Life Technologies. Sulfosuccinimidyl 4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC), 2-iminothiolane (Traut’s
reagent), N-hydroxysulfosuccinimide (sulfo-NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC), bicinchoninic acid (BCA) protein
assay kit, fetal bovine serum (FBS), streptomycin and penicillin (10,000 U/mL penicillin,
10,000 pg/mL streptomycin in 0.85% saline) were purchased from Thermo Fisher Scientific.
Eagle’s Minimum Essential Medium (EMEM), Dulbecco’s Modification of Eagle’s Medium
(DMEM), Roswell Park Memorial Institute 1640 (RPMI 1640) medium and phosphate-
buffered saline (PBS) were purchased from Corning. Carboxylate-functionalized, water
soluble IONPs with 20 nm core size (SHP20) were obtained from Ocean NanoTech LLC.
EasySep Magnet and 40% paraformaldehyde were purchased from StemCell Technologies
(Catalog number 18000) and Electron Microscopy Sciences, respectively. The whole blood
used in this study was collected from an adult landrace cross pig. Blood was then placed in
blood collection tubes (BD Vacutainer® lithium heparin 158 usp). The blood was used
within 12 hours after collection.

Preparation and characterization of PEG-b-AGE coated IONPs

IONPs made from thermo-decomposition and coated with oleic acids are water insoluble,
and therefore, need to be stabilized in aqueous media via a ligand exchange reaction to
replace oleic acids with hydrophilic molecules, such as PEG-6-AGE copolymer. The
procedures of synthesis of PEG-6-AGE copolymer and coating IONPs with anti-biofouling
PEG-5-AGE copolymer were adapted from the protocol previously reported by our group.*!
The core sizes of the IONPs before and after coating and surface functionalization were
measured using transmission electron microscopy (TEM, H-7500, Hitachi). The
hydrodynamic sizes and surface charges of coated IONPs were assessed using a dynamic
light scattering (DLS) instrument (Zetasizer Nano S90, Malvern). The averaged
hydrodynamic size and zeta potential values were calculated from three measurements for
each sample using number-weighted statistics. Iron concentrations were determined by
colorimetric spectroscopy as described in literature.2

Conjugation of transferrin

Amino group-bearing PEG-56-AGE coated IONPs were conjugated with Tf or FITC pre-
labeled Tf (FITC-Tf) through a two-step conjugation procedure using the heterobifunctional
crosslinker sulfo-SMCC. For the control, Tf or FITC-Tf was conjugated to magnetic IONPs
SHP20 via cross-linking of carboxyl groups to the amino groups on the side chain of Tf or
FITC-Tf noting that SHP20 has the same hydrophobic IONP cores as those used for PEG- -
AGE coating. Micron-sized magnetic beads (Dynabeads®, 4.5 pm in diameter) were also

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Linetal. Page 5

prepared for comparison experiments. In this case, Tf or FITC-Tf was conjugated to the
Dynabeads following the manufacturer’s instructions (Supplementary Information).

Specificity of cell binding by Tf-conjugated nanoparticles

Medulloblastoma D556 cells with over-expressed TfR, lung cancer A549 cells with very low
TR expression and mouse macrophage Raw264.7 cells were cultured in EMEM, DMEM
and RPMI11640, respectively. Media was supplemented with 10% (v/v) FBS, 1% (v/v)
streptomycin and penicillin and cells were grown in a 5% CO, atmosphere at 37 °C. 2 x 10*
cells were seeded into 8-well chamber slides (Lab-Tek Il, Thomas Scientific) and grown for
24 hours before experiments were performed. Culture media was aspirated and replaced by
particle-containing media and the cells were cultured for three hours at 37 °C followed by
Prussian blue staining to verify the uptake of IONPs. To validate the effect of PEG-6-AGE
coated IONPs on reducing non-specific cellular uptake, PEG-6-AGE coated IONPs or SHP
were incubated with Raw264.7 macrophage cells with iron concentrations of 0.2 or 0.025
mg/mL, respectively. Tf conjugated PEG-6-AGE coated IONPs (Tf-IONP) or SHP (Tf-SHP)
at the Fe concentration of 0.2 mg/mL were also used to treat D556 or A549 cells to examine
the specific binding and internalization of Tf-conjugated particles with non-targeted PEG-4-
AGE coated IONPs or SHP as a control. Binding specificity was further tested and
confirmed with a blocking assay by incubating D556 medulloblastoma cells with 400 molar
excess of Tf for 30 minutes to block TfR prior to the addition of FITC-Tf- IONPs or FITC-
Tf-SHP.

Influence of protein adsorption on receptor targeting

To examine the effect of non-specific protein adsorption on the particle surface which
interferences targeting of nanoparticles and the anti-biofouling properties, FITC-Tf-IONP
and FITC-Tf-SHP (Fe concentration of 1 mg/mL) were pre-treated with 50% (v/v) FBS in
PBS at room temperature for one hour incubation. The FBS treated nanoparticles were
separated magnetically from the solution by applying an external magnet for two hours,
followed by re-suspending the collected materials in PBS. The separation-resuspension was
repeated three times. The protein concentration was determined using the BCA protein assay
as described in literature.* The protein corona concentration was defined by the difference
in protein concentrations (lg protein/mg IONP) between FBS treated and non-treated
IONPs. Both FBS pre-treated and non-treated FITC-Tf-IONP and FITC-Tf-SHP were then
incubated with D556 medulloblastoma and A549 lung cancer cells in culture media with an
iron concentration of 0.2 mg/mL at 37 °C for three hours. Afterwards the supernatant was
removed, and the cells were rinsed with PBS three times. For fluorescence imaging, 2x10%
cells (either D556 medulloblastoma or A549 lung cancer cells) were seeded into an 8-well
chamber slide and grown for 24 hours before incubating with nanoparticles. After
incubation, cells were fixed with 4% paraformaldehyde for 20 minutes, followed by rinsing
cells three times with deionized water. The slide was then mounted with gold anti-fade
mounting reagent containing DAPI. To evaluate the effect of the protein corona on cell
targeting, fluorescence signals of FITC from the FBS pre-treated and non-treated
nanoparticles taken up by cells were measured. 5x10% D556 medulloblastoma or A549 lung
cancer cells were seeded into a 96-well plate. The cells were grown at 37 °C for 24 hours
before incubating with nanoparticles. Afterwards, cells were lysed for the measurement of
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fluorescence signal from FITC on a plate reader to assess whether the protein adsorption on
the IONP surface might affect IONPs binding to the cells. The fluorescence signal intensity
was averaged from six wells.

Sensitivity of cell capture

To validate whether nanoparticles are more sensitive than micron-sized particles in cell
separation, the efficiencies of capturing TfR over-expressed D556 medulloblastoma cells
using PEG-4-AGE coated IONP and Dynabeads® both conjugated with Tf were evaluated.
2x10% medulloblastoma D556 cells were stained with Dil (red fluorescence) according to the
manufacturer’s manual, and then seeded into a 12-well plate and cultured for two days. Cells
were then incubated either with FITC-Tf-IONPs at the iron concentration of 0.2 mg/mL or
2x10% Tf-Beads in 1 mL of PBS for two hours at 37 °C. Afterwards, cells were washed with
PBS three times, detached from the plate, and transferred into a tube for magnetic
separation. An external magnet was applied to the tube for 45 minutes at room temperature
to allow D556 cells bound with the magnetic particle to attach to the tube. The supernatant
was separated from the attached cells, which were then re-suspended with PBS. Both
supernatant and cell resuspension were transferred to PLL-coated chambers and cultured for
two hours at 37 °C for the cells to attach to the chamber. The collected cells were then fixed
with 4% paraformaldehyde for 20 minutes before DAPI staining for nucleus. The average
number of beads bound to the cells was calculated based on measuring 20 cells randomly
selected from the microscopic field of view. The cell capture efficiency was defined by
Equation 1,

Capturo Cfﬁcjency:Nmpture/(Ncapture +Nsuper) Eq 1

where Neapgure and Ngyperare the average numbers of cells counted from six different
microscopic views (10X magnification) of magnetically captured cells and the cells in
supernatant respectively.

Specificity of cell capture

To investigate the effect of the anti-biofouling coating on the specificity of capturing
targeted cells, Tf-IONPs or Tf-SHP were cultured with a mixture of 1x10° TfR over-
expressed D556 cells pre-stained with CMFDA (green fluorescence) and 1x10° A549 cells
with low expression level of TfR as “background” in a final volume of 1.0 mL and iron
concentration of 0.2 mg/mL. After incubating at 37 °C for two hours and separating
magnetically for 45 minutes, the supernatant was removed (Scheme 1). The captured cells
were re-suspended in PBS and examined by flow cytometry (FCM, BD FACSCanto |1 RUO
Special Order System, BD Biosciences) or smeared onto a slide and fixed with 4%
paraformaldehyde in PBS, followed by DAPI (blue fluorescence) staining for fluorescent
microscopy (BX41, Olympus). The cell separation specificity was defined by Equation 2,
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Separation specificity=N,.., /(N5 +N 45,0) Eq. 2

where Npssgand Nasy9are the average numbers of D556 medulloblastoma cells (showing
both green and blue fluorescence) and A549 lung cancer cells (showing only blue
fluorescence) counted from three different microscopic views (10X magnification) of the
captured cells.

To further examine the specificity of isolating targeted cells using anti-biofouling magnetic
IONPs, the separation of target cells in the presence of an excess amount of un-wanted cells
was investigated using FITC-Tf-IONP with the anti-biofouling polymer coating and FITC-
Tf-SHP with the conventional polymer coating. Briefly, 100 CMFDA pre-stained D556
medulloblastoma cells with over-expressed TfR were spiked into the culture medium
containing 1x10° A549 lung cancer cells that have very low level of TfR expression. FITC-
Tf-IONPs or FITC-Tf-SHP were added to the cell mixture at the final volume of 1.0 mL and
iron concentration of 0.2 mg/mL. The solutions were cultured at 37 °C for two hours before
being put in an external magnet for 45 minutes at room temperature to allow the cells bound
to the IONPs to form a pellet under magnetic force. The supernatant was removed and the
captured cells were re-suspended with PBS, transferred to PLL-coated chamber and cultured
at 37 °C for two hours allowing the cells to attach to the chamber. The cells were washed
three times with PBS and then fixed with 4% paraformaldehyde in PBS for 20 minutes
before nuclear staining with DAPI. Fluorescence imaging of the green fluorescence from
FITC labeled IONPs and blue fluorescence from DAPI stained nuclei was used to identify
target D556 medulloblastoma cells (green from FITC labeled IONPs and blue from DAPI)
or non-target A549 lung cancer cells (only blue from DAPI).

Targeted cell separation from the blood

To further test whether anti-biofouling IONPs can maintain high efficiency and specificity in
separating targeted rare cells in more a sparse, clinically relevant blood sample, FITC-Tf-
IONP was incubated with 100 D556 medulloblastoma cells spiked into 1 mL of whole
porcine blood at 37 °C in a 2-mL Eppendorf centrifuge tube with an iron concentration of
0.2 mg/mL. The tube was rotated continuously for three hours. Afterwards, the tube was
placed in an EasySep magnet for 45 minutes to allow the IONPs with captured cells to attach
to the wall. The blood was then carefully removed, leaving behind the magnetic cell pellet.
The captured cells were re-suspended in DMEM, and then transferred to PLL-coated
chamber. The cells were cultured at 37 °C for two hours to attach to the chamber. The cells
were washed three times with PBS and then incubated with TRITC-Tf with a Tf
concentration of 0.1 mg/mL at 37 °C for 30 minutes. The D556 medulloblastoma cells
tagged with fluorescent TRITC-TT then were distinguished from other eukaryotic cells. The
cells were washed three times with PBS and then fixed with 4% paraformaldehyde in PBS
for 20 minutes before DAPI staining. The number of captured D556 medulloblastoma cells
was counted microscopically.
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Proliferation of cells captured from the blood

To test if the magnetic Tf-IONP captured D556 medulloblastoma cells remain viable and
can proliferate, cells isolated from whole blood were re-suspended in the culture medium,
and then transferred to PLL-coated chamber followed by culture at 37 °C for 72 hours. After
washing thrice with PBS, the cells were then incubated with TRITC-Tf (0.2 mg Tf/mL
medium) at 37 °C for 30 minutes. Following the incubation with TRITC-TT, the cells were
washed with PBS again for three times. 4%paraformaldehyde in PBS was used to fix the
cells for 20 minutes. Cell nuclei were stained with DAPI for cell counting. Number of D556
medulloblastoma cells after proliferation was counted microscopically to evaluation the
viability of captured cells. Only cells with both DAPI and TRITC fluorescent signals were
counted as D556 cells. 50 D556 medulloblastoma cells were proliferated for 72 hours as the
control. By assuming 41 D556 medulloblastoma cells were captured for proliferation, the
viability of captured cells was defined by Equation 3,

Viability of captured cell=50 X Neap/Ncontror/ 41 Eq. 3

where Nz is the number of proliferated captured D556 medulloblastoma cells and Npopzror
is the number of proliferated D556 medulloblastoma cells in the control.

Statistical analysis

The sensitivity and specificity of cell capture using magnetic particles were calculated and
the results were presented as the mean + standard deviation. The rates of cell recovery from
the mixture containing the same number of D556 medulloblastoma cells and A549 lung
cancer cells using different forms of magnetic particles were calculated and compared. A
two-tailed unpaired ftest was used to determine whether the results were significant. The
level of significance was set at P < 0.05.

RESULTS

Characterization of nanoparticles and micron-sized beads with different surface properties

The PEG-4-AGE coating polymer was synthesized and used to coat magnetic IONPs as
described in the previous work by Li et al.*1 Polymer coated IONPs (with the core size of 20
nm) were mono-dispersed in the aqueous solution with a hydrodynamic diameter of ~30 nm
and zeta potential of +15.57 mV as shown in TEM images (Figure 1A) and DLS data
(Figure 1B and Table 1). The PEG-6-AGE amphiphilic polymer not only allows for
transferring hydrophobic oleic acid coated IONPs from organic solvent to water, but also
stabilizes the coated IONPs resulting in the mono-dispersion of nanoparticles with a narrow
distribution of hydrodynamic sizes for further applications in aqueous solutions.

Tf was conjugated with magnetic IONPs as the ligand for targeting TfR over-expressed
cells. The successful conjugation of Tf onto PEG-6-AGE coated IONPs or SHP was
confirmed by the increased hydrodynamic sizes and shifted zeta potentials as shown in Table
1. Conjugation of Tf and FITC-Tf with micron-sized Dynabeads® was also carried out.
(Supplementary Information).
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Consistent with our previous report on anti-biofouling properties of PEG-4-AGE coated
IONPs with 10 nm core size, the 20 nm core size PEG-6-AGE coated IONPs prepared in
this work exhibited no uptake of non-targeted PEG-5-AGE coated IONPs by either D556 or
Ab549 cells. In comparison, we observed uptake of targeted Tf-IONPs by D556 cells with
TR over expression but not by A549 cells which did not have over expression of the TfR
(Supplementary Information S2). On the contrary, when D556 or A549 cells were treated
with SHP (IONP without anti-biofouling coating) or Tf-SHP, great amounts of IONP uptake
were observed in both cell lines. The specific uptake of Tf-IONPs by D556 cells was further
verified by the blocking experiments with excess amount of Tf binding to TfR to block the
targets prior to the addition of Tf-IONPs. As expected, significantly reduced uptake of
nanoparticle by the cells treated with free T was observed (Supplementary Information,
Figure S3). When incubated with macrophage cells, PEG-4-AGE coated IONPs exhibited no
macrophage uptake while Tf conjugated Tf-IONPs showed only moderate uptake of by
macrophages due to the low expression level of TfR on macrophages (Supplementary
Information S2).43

Effect of anti-biofouling coating on the protein adsorption and biomarker targeting

Since the presence of a protein corona has been shown to affect the biomarker targeting of
ligand-conjugated nanomaterials,32:33 we further assessed the targeting capability of PEG-4-
AGE polymer coated IONPs in the targeted immuno-magnetic separation after exposing the
particles to serum proteins. The incubation of FITC-Tf-SHP with FBS (50% in PBS, ~ 20
mg protein/mL) resulted in the protein adsorption on FITC-Tf-SHP at the protein
concentration of 346 pug/mg Fe. As a comparison, the concentration of protein adsorbed onto
the anti-biofouling PEG-6-AGE polymer coated FITC-Tf-IONPs was found to be 16 pug/mg
Fe (Supplementary Information Figure S4). After FBS pre-treated or non-treated FITC-Tf-
IONP or FITC-Tf-SHP were incubated with D556 medulloblastoma or A549 lung cancer
cells at 37 °C for three hours, fluorescence imaging was used to determine the amount of
FITC labeled Tf-IONPs bound to cells. As shown in Figure 2, D556 medulloblastoma cells
did not exhibit an obvious difference in taking up FITC-Tf-IONPs and FBS pre-treated
FITC-Tf-IONPs (Figure 2A and B) However, FITC-Tf-SHP exhibited decreased cellular
uptake by D556 medulloblastoma cells after the nanoparticle was treated with FBS (Figure
2C and D). These results indicated that anti-biofouling FITC-Tf-IONP maintained cell
targeting by preventing the adsorption of proteins from medium, while protein absorption
attenuated the targeting capability of FITC-Tf-SHP. No IONP uptake by A549 lung cancer
cells was observed for either FBS treated or non-treated FITC-Tf-IONPs (Figure 2E and F),
and little difference in FITC-Tf-SHP uptake level was observed for A549 lung cancer cells
(Figure 2G and H) after FITC-Tf-SHP was treated with FBS.

When using the fluorescence signal intensity to estimate the level of FITC labeled targeting
IONPs (FITC-Tf-IONP or FITC-Tf-SHP) bound to D556 cells under the interference of
protein adsorption, we observed a 53% signal intensity drop after FITC-Tf-SHP was pre-
treated with FBS. In contrast, only a 2% signal intensity change was observed from the
FITC-Tf-IONP after pre-treatment with FBS (Figure 2I). In addition, the signal intensity
ratio of A549 cells (non-targeted)/D556 cells (targeted) increased from 50% (FBS non-
treated) to 67% (FBS pre-treated), indicating more non-targeted A549 cells being captured
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by the FITC-Tf-SHP as it became less capable of differentiating targeted cells and non-
targeted cells after the exposure to proteins in medium. As a comparison, the ratio of the
signal intensity of A549 cells (non-targeted)/D556 cells (targeted) increased from 13% (FBS
non-treated) to 20% (FBS pre-treated) for FITC-Tf-IONP, suggesting the limited influence
of proteins to the specificity of cell targeting. Although the cellular uptake levels of
nanomaterials may also depend on other properties of coating materials and surface,32 the
difference in particle uptake using FBS pre-treated or non-treated magnetic IONPs is likely
indicative of the interference of the protein corona on the surface of nanoparticles with
receptor targeting.

Sensitivity of cell capture with magnetic nanoparticles

To assess the sensitivity of cell capture, we estimated the number of cells captured and
separated by an external magnet after FITC-Tf-IONP or Dynabeads® conjugated with FITC-
Tf (FITC-Tf-Beads) were incubated with 2 x 104 D556 medulloblastoma cells for two hours
at 37 °C, respectively. Counting the number of cells observed based on strong fluorescence
from FITC and DAPI (Figure 3A to C), 95.5 + 1.4% of the D556 medulloblastoma cells
were captured by FITC-Tf-IONP and weak fluorescence from FITC was observed for the
cells left in the supernatant (Figure 3D to F), indicating sufficient magnetism from
nanoparticles for magnetic separation. In comparison, only 21.3 + 1.7% of D556 cells could
be captured using FITC-Tf-beads (Figure 3G) using the experimental conditions of this
study, compared with 95.5% using FITC-Tf-IONPs.

As shown in Figure 4, for the cells treated with FITC-Tf-bead, only 5.45 + 3.19 (n = 20)
beads can attach onto each captured cell even when the initial ratio of beads to cell was 100:
1 (Figure 4A to E). In contrast, a large number of Tf-IONPs could be targeted and bound to
a single cell indicated by the increased green fluorescence from the FITC (Figure 4F to H),
thus providing improved capability for magnetic isolation. The D556 cells separated by Tf-
IONP were further examined by TEM to validate the large number of IONP accumulation
inside the cells (Supplementary Information, Figure S5).

Specificity of receptor mediated cell capture and separation

While many strategies have been developed for improving the sensitivity of CTC detection,
achieving higher sensitivity is often accompanied with losing specificity (i.e. capturing
targeted cells but not unwanted cells). To test whether applying anti-biofouling coating
strategy may improve the specificity of isolating targeted cells, we used Tf-IONPs to capture
targeted cells from a mixture containing an equal number (1 x 10°) of non-target cells. Tf-
SHP was used for comparison. From a mixture containing an equal number of D556
medulloblastoma cells (pre-stained by CMFDA) and A549 lung cancer cells, Tf-IONP
successfully captured 79.0 + 4.0% (n = 3) of targeted D556 medulloblastoma cells but only
16.7 £ 4.4% (n = 3) of off-target A549 lung cancer cells. The specificity of targeted cell
capture by the Tf-IONPs was found to be 83%. Meanwhile, Tf-SHP also captured 87.1

+ 5.2% (n = 3) of the D556 medulloblastoma cells from the cell mixture. However, 79.3

+ 4.2% (n = 3) of non-targeted A549 lung cancer cells were also captured by Tf-SHP,
resulting in a specificity of 53% (Figure 5A). Cells separated by Tf-IONP contained fewer
non-targeted A549 lung cancer cells (Figure 5B to D) than those captured by Tf-SHP
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(Figure 5E to G). The flow cytometry evaluation of the captured cells was in great
agreement with the cell enumeration. The similar signal intensity from D556
medulloblastoma cells (peaks centered at 10%) separated by Tf-IONP and Tf-SHP, as well as
the much lower signal from A549 lung cancer cells (peaks centered at 103) captured by Tf-
IONP than Tf-SHP, support that the higher proportion of targeted cells (D556 cells with
green fluorescence from CMFDA) among all captured ones isolated using Tf-IONP (Figure
5H and I).

To further evaluate the potential of PEG-6-AGE coated IONP in rare CTCs detection, the
separation of 100 CMFDA pre-stained D556 cells from 1 x 10° A549 cells using Tf-IONP
was investigated with Tf-SHP as control. It was found that 58.7 £+ 6.4% (n=3) and 62.7

+ 7.6 % (n=3) of targeted D556 medulloblastoma cells were separated using both Tf-IONP
and Tf-SHP respectively (Figure 6G) with no statistically significant difference (p>0.05),
suggesting that both Tf-IONP and Tf-SHP (with the same size of core and magnetic
properties) possessed similarly high sensitivity in isolating cells as low as 100 cells/mL.
However, cells captured by Tf-SHP contained a great amount of non-targeted A549 lung
cancer cells (Figure 6D to F), leading to a lower specificity rate, while Tf-IONP mainly
captured D556 medulloblastoma cells (Figure 6A to C).

Capturing targeted cancer cells from the whole blood and viability of captured cells

Blood samples with CTCs also contains a variety of materials such asa multitude of other
cells and macromolecules including various normal cells, proteins, peptides, and other
biomolecules which may cause non-specifically interactions and even adsorption on the
nanoparticle surface, interfering cell targeting by the nanoparticles. To examine the potential
of using developed anti-biofouling IONPs in capturing CTCs in blood, we spiked whole
blood samples with cancer cells to mimic clinical samples acquired from cancer patients.
FITC-Tf-IONPs were used to capture 100 D556 medulloblastoma cells that were spiked into
1 mL of whole blood collected from the pig following the procedure described in Materials
and Methods section. We observed that 41 out of 100 D556 cells were successfully isolated
from the blood sample using the FITC-Tf-IONPs. Along with the targeted cancer cells, a
few red blood cells were also captured (Figure 7A). Considering that 1 mL of blood contains
several millions of red blood cells,** the result supports the potential of the reported
immuno-magnetic cell capture system for isolating CTCs in patient samples. As many
normal and diseased cells, including red blood cells, also express low levels of TfR on cell
membrane,*® it is worth noting that non-cancerous cells in the blood with TfR expression
might also be captured using FITC-Tf-IONPs, resulting in an off-target “background”.
Although a number of red blood cells were also isolated (Figure 7A), there is no detectable
signal of FITC or TRITC from the captured red blood cells (Figure 7B, D). The results
suggest that under our experimental conditions, the binding and uptake of FITC-Tf-IONPs
by red blood cells is minimal compared to that by D556 medulloblastoma cells with over-
expressed TfR. Accounting for the total all observed fluorescent signals (DAPI, FITC, and
TRITC) into consideration, we suggest it can be concluded that targeted D556 cells were
captured from the blood with little eukaryaotic cells present, as the DAPI staining only shows
one nucleus which perfectly overlaid with the FITC (FITC-Tf-IONP) and TRITC (TRITC-
Tf) signal (Figure 7B to E).
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Since the captured cancer cells are often used in further molecular or genetic
characterizations#647 for diagnosis or investigation, the number of cells captured as well as
the integrity and viability of captured cells are important. We investigated the viability of the
captured cells using a cell proliferation assay. Captured cells were proliferated for 72 hours
with 50 non-treated D556 medulloblastoma cells proliferated as a control. After
proliferation, TfR over-expressed D556 cells were labeled with TRITC by incubation with
TRITC-Tf. We observed that the captured D556 cells maintain the ability to proliferate
(Figure 8B-D). The number of D556 cells proliferated from the captured cells was 194
compared to 231 from the non-treated control after counting the cells microscopically
(Figure 8). By assuming that 41 D556 cells were separated from blood for proliferation, the
viability of captured D556 medulloblastoma cells was determined to be 89%.

DISCUSSION

Since the early detection of cancer metastasis requires capturing a very small number of
CTCs in bio-fluid samples, such as blood, cerebral spinal fluid or urine, magnetic particles
and probes capable of highly specific biomarker targeting are crucial for CTC detection and
separation. These biological samples typically contain a high level of proteins, other charged
macromolecules and many types of non-CTC cells.*® The biofouling caused by non-specific
macromolecule and protein adsorption on the surface of functionalized nanoparticles or
devices has been recognized as one of the major hindrances in biomarker-targeted
applications of nanomaterials and technology.#9:50 In addition, mononuclear phagocytes,
such as macrophage cells, are abundant in these samples.>! Since macrophages are known to
engulf exogenous particles, reducing the off-target cellular uptake of magnetic particles may
also lead to better specificity and sensitivity for detection of CTCs. Using PEG-6-AGE
polymer coating, anti-biofouling Tf-IONP reported in this work exhibited much less protein
adsorption (16 pg/mg Fe) on the surface compared with Tf-SHP (346 pg/mg Fe). Since the
presence of a protein corona has been shown to affect the biomarker targeting of ligand-
conjugated nanomaterials,32:33 the anti-biofouling Tf-IONP was able to maintain the
targeting capability in protein containing media by reducing the surface protein adsorption
which were demonstrated in the cell targeting experiments (Figure 2). In cell uptake
experiments, PEG-6-AGE coated IONPs exhibited strong anti-biofouling effect by showing
no cellular uptake by D556 medulloblastoma, A549 lung cancer, or Raw264.7 macrophage
cells. Minimal Raw264.7 macrophage uptake of Tf-IONP may be attributed to a very low
level of TfR expression in the Raw264.7 cells.

The reported anti-biofouling properties of Tf-IONP also demonstrated higher specificity in
capturing targeted cells in the presence of a large number of unwanted cells in both culture
media and the blood samples we prepared to mimic patient samples. When tested with a cell
mixture of 100 targeted D556 cells spiked in 1 x 10° unwanted A549 cells, the anti-
biofouling Tf-IONP was able to capture 79.0 £ 4.0% of the targeted D556 medulloblastoma
cells with only 16.7 + 4.4% off-targeted A549 lung cancer cells. The specificity of targeted
cell capture by Tf-IONP was found to be 83%. In comparison, specificity of Tf-SHP without
additional anti-biofouling modification was only 53% in the same experiment, even though
both Tf-IONP and Tf-SHP possessed similarly high sensitivity (58.7 + 6.4% vs. 62.7

+ 7.6 %). In more clinically relevant blood samples, one mL of blood contains 4 to 6 million
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red blood cells, 4,000 to 11,000 white blood cells, and 200,000 to 500,000 platelets.** To
obtain reliable detection, the ratio of captured targeted cells to non-targeted cells is believed
to be 1:10 to 1:100 following cell separation.3! In our experiments with blood sample spiked
with cancer cells, by counting the number of D556 medulloblastoma cells and other non-
targeted cells in four randomly picked microscopic views (40X) after all captured cells were
fixed and stained, the ratio of targeted cells (D556) to non-targeted cells (all other cells) was
found to be 1:81 + 9, which fell into the feasible range (Figure 7A). The emphasis of
pushing sensitivity of CTC detection without compromising specificity is important as
inadequate specificity not only contributes to making the process of cell separation labor-
intensive and time-consuming, but it also, in turn, leads to a high false-positive rate owing to
the low signal-to-noise ratio. For instance, early reports indicated that separation of CTCs by
the CellSearch® technology, the only FDA-approved CTC detection product available
commercially, yields only 0.01-0.1% in purity (CTCs/captured cells).52:53

It is also worth noting that currently most immuno-magnetic separation procedures are
performed using commercially available micron-sized magnetic particles or beads. The
major advantage of using micron-sized beads is their strong magnetism, thus rendering them
to be easily separated using very low-field bench-top permanent magnets. This process is
robust and efficient when extracting large numbers of wanted cells from a small amount of
unwanted cells. However, for the separation of a small number of targeted cells (as in most
clinical settings), nanoparticles may have significant advantages over using micron-sized
particles or beads?, including (1) more surface area for conjugating targeting ligands, thus
increasing the probability of nanoparticles interactions with cell surface markers; (2)
increased numbers of nanoparticles bound or even internalized by the targeted cells than
micron-sized beads, thus collectively, to gain sufficient magnetism for magnetic separation,
and (3) maintenance of cell integrity and viability with less magnetic force-induced stress on
the captured cells when additional molecular characterizations of the captured cells need to
be carried out, which typically involve in culture and expanding a few or even single
captured cells. The results of this study further support the as PEG-6-AGE coated FITC-Tf-
IONPs were found to be much more sensitive in capturing D556 cells than FITC-Tf-beads
prepared from the Dynabeads® ((95.5 + 1.4% vs. 21.3 + 1.7%). The low capture sensitivity
of micron-sized beads can be explained by the higher steric hindrance and less ligand-to-cell
interactions, given that Dynabeads® and cells are of the same order of magnitude in size.
The larger the bead, the harder it binds to cells through ligand-to-target interactions.

Conclusion

We have demonstrated that, by applying the anti-biofouling PEG-6-AGE polymer coating to
IONPs, improved sensitivity and specificity were achieved in biomarker-directed cell
capture and separation with magnetic iron oxide nanoparticles. A very small number of
spiked cancer cells can also be separated from whole blood in a biologically-relevant ratio of
targeted to non-targeted cells, while the captured cancer cells maintained viability to
proliferate. The excellent performance of this system is likely due to the significantly
reduced protein corona formation on the surface of nanoparticles as a result of the anti-
biofouling polymer coating and off-target capture of “background” non-specific cells.
Furthermore, magnetic nanoparticles functionalized with targeting ligands exhibited higher
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efficiency in targeted cell capture and separation than micron-sized magnetic bead in both
sensitivity and specificity. With anti-biofouling properties, developed IONPs may offer
ameliorated capability for capturing targeted cells, such as circulating cancer cells, in bio-
fluid samples with high sensitivity and specificity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Anti-fouling IONPs retain targeting capability upon the
exposure to medium protein

. IONPs are more sensitive and specific to targeted cells
with anti-fouling coating.

. Anti-fouling IONPs have higher efficiency in targeted
cell separation than Dynabeads.
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Figure 1.
(A) TEM images with negative stain showed a polymer coating (bright annular layer

surrounding the particles) of IONPs with 20 nm core. (B) Dynamic light scattering (DLS)
data showed the hydrodynamic sizes (in diameter) of PEG-6-AGE polymer coated IONPs
with 20 nm core.
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Figure 2.
Fluorescent images of D556 medulloblastoma cells incubated with (A) FITC-Tf-IONP with

no FBS pre-treatment, (B) FBS pre-treated FITC-Tf-IONP, (C) FITC-Tf-SHP with no FBS
treatment, and (D) FBS pre-treated FITC-Tf-SHP; A549 lung cancer cells take up (E) FITC-
Tf-IONP with no FBS pre-treatment, (F) FBS pre-treated FITC-Tf-IONP, (G) FITC-Tf-SHP
with no FBS treatment, and (H) FBS pre-treated FITC-Tf-SHP. (1) Fluorescent signal
intensities of FITC from FBS pre-treated or no FBS treated IONPs taken up by D556
medulloblastoma or A549 lung cancer cells. Scale bar 20 pm.
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Figure 3.
Fluorescent images of D556 medulloblastoma cells captured by FITC-Tf-IONP: (A) DAPI,

(B) FITC, and (C) merged; fluorescent images of D556 medulloblastoma cells left in
supernatant: (D) DAPI, (E) FITC, and (F) merged. (G) Efficiency of D556 cells capture
using FITC-Tf-IONP and FITC-Tf- beads. Scale bar 20 pm.
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Figure 4.
Fluorescent images of Dil pre-stained D556 medulloblastoma cell isolated by FITC-Tf-

beads: (A) DAPI, (B) FITC, (C) Dil, and (D) merged image of DAPI, FITC and Dil. (E)
Prussian blue stained image of D556 medulloblastoma cells treated with FITC-Tf-beads.
Fluorescent images of D556 medulloblastoma cells isolated by FITC-Tf-IONP: (F) DAPI,
(G) FITC, (H) merged. Scale bar 20 um.
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Figure 5.
(A) D556 medulloblastoma cells and A549 lung cancer cells capture rate using Tf-IONP or

Tf-SHP (** p<0.01). Fluorescent images of cells captured by the Tf-SHP: (B) DAPI, (C)
CMFDA, and (D) merged; and by Tf-IONP: (E) DAPI, (F) CMFDA, (G) merged. Scale bar
20 um. Flow cytometry count/signal intensity of captured cells from mixtures of pre-stained
D556 cells with equal amount of A549 cells by (H) Tf-SHP and (I) Tf-IONP.
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Figure 6.

Fluorescent images of CMFDA pre-stained D556 medulloblastoma cells (green) isolated by
Tf-IONP from a mixture of D556 medulloblastoma cells with 1000-fold A549 lung cancer
cells: (A) DAPI, (B) CMFDA, (C) merged; and by Tf-SHP: (D) DAPI, (E) CMFDA, (F)
merged. Scale bar 20 um. (G): Quantification of captured D556 medulloblastoma cells from
a mixture of pre-stained D556 cells with 1000-fold A549 lung cancer cells.
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Figure 7.
Images of one D556 medulloblastoma cell separated from one mL of whole blood using

anti-biofouling FITC-Tf-IONPs: (A) bright field, (B) FITC, (C) DAPI, (D) TRITC, and (E)
merged fluorescent image. Scale bar 20 pm.
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Captured cells

Non-treated

Figure 8.
Images of proliferated D556 medulloblastoma cells separated from blood by FITC-Tf-

IONPs: (A) bright field, (B) DAPI, (C) TRITC, and (D) merged fluorescent images. Images
of non-treated D556 medulloblastoma cells n: (E) bright field, (F) DAPI, (G) TRITC, and
(H) merged fluorescent images. Scale bar 100 pm.
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Step 4

Diagram depicting the procedure of capturing targeted cells. Step 1: Tf-labeled particles

bound to targeted cells which were spiked into medium containing a larger amount of non-
targeted cells. Step 2: Magnetic separation. Step 3: Removal of supernatant as well as non-
target cells. Step 4: Re-suspending and obtaining target cells.
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Table 1

Hydrodynamic diameters and zeta potentials of nanoparticles with different surface modifications

Properties PEG-b-AGE coated IONPs  Tf-IONPs SHP Tf-SHP
Dy (nm) 30.46+1.65 36.59+2.14 24.73+0.61  30.80+2.90
( potential (mV)  15.57+0.60 -26.074#3.71 -43.2+0.953 -28.2+1.65

*
All nanoparticles have the same core size of 20 nm in diameter.

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2018 February 01.

Page 27



	Abstract
	Graphical abstract
	Introduction
	Materials and Methods
	Materials
	Preparation and characterization of PEG-b-AGE coated IONPs
	Conjugation of transferrin
	Specificity of cell binding by Tf-conjugated nanoparticles
	Influence of protein adsorption on receptor targeting
	Sensitivity of cell capture
	Specificity of cell capture
	Targeted cell separation from the blood
	Proliferation of cells captured from the blood
	Statistical analysis

	RESULTS
	Characterization of nanoparticles and micron-sized beads with different surface properties
	Effect of anti-biofouling coating on the protein adsorption and biomarker targeting
	Sensitivity of cell capture with magnetic nanoparticles
	Specificity of receptor mediated cell capture and separation
	Capturing targeted cancer cells from the whole blood and viability of captured cells

	DISCUSSION
	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Scheme 1
	Table 1

