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Abstract: Nanosized maghemite particles were synthesized, precoated (with dimercaptosuccinic 

acid) and surface-functionalized with anticarcinoembryonic antigen (anti-CEA) and successfully 

used to target cell lines expressing the CEA, characteristic of colorectal cancer (CRC) cells. 

The as-developed nanosized material device, consisting of surface decorated maghemite 

nanoparticles suspended as a biocompatible magnetic fluid (MF) sample, labeled MF-anti-CEA, 

was characterized and tested against two cell lines: a high-CEA expressing cell line (LS174T) 

and a low-CEA expressing cell line (HCT116). Whereas X-ray diffraction was used to assess 

the average core size of the as-synthesized maghemite particles (average 8.3 nm in diameter), 

dynamic light scattering and electrophoretic mobility measurements were used to obtain the 

average hydrodynamic diameter (550 nm) and the zeta-potential (‑38 mV) of the as-prepared 

and maghemite-based nanosized device, respectively. Additionally, surface-enhanced Raman 

spectroscopy (SERS) was used to track the surface decoration of the nanosized maghemite 

particles from the very first precoating up to the attachment of the anti-CEA moiety. The Raman 

peak at 1655 cm‑1, absent in the free anti-CEA spectrum, is the signature of the anti-CEA 

binding onto the precoated magnetic nanoparticles. Whereas MTT assay was used to confirm 

the low cell toxicity of the MF-anti-CEA device, ELISA and Prussian blue iron staining tests 

performed with both cell lines (LS174T and HCT116) confirm that the as-prepared MF-anti-

CEA is highly specific for CEA-expressing cells. Finally, transmission electron microscopy 

analyses show that the association with anti-CEA seems to increase the number of LS174T 

cells with internalized maghemite nanoparticles, whereas no such increase seems to occur in the 

HCT116 cell line. In conclusion, the MF-anti-CEA sample is a biocompatible device that can 

specifically target CEA, suggesting its potential use as a theragnostic tool for CEA-expressing 

tumors, micrometastasis, and cancer-circulating cells.

Keywords: magnetic nanoparticles, anti-CEA antibody, targeted delivery, diagnostic, Raman, 

biocompatible device

Introduction
Colorectal cancer (CRC) is one of the most frequently occurring cancers affecting 

patients worldwide. In the United States alone in 2011, there was an estimated 147,000 

new cases and 50,000 deaths related to cancer of the large intestine (colon, rectum, 

and anus).1 Furthermore, it has been reported that 5-year disease-free survival decreases 

with more advanced stages of CRC. This means that tools and methodologies that 

allow early cancer detection directly affect survival times and significantly reduce 

CRC mortality.2
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Recently, nanostructure-based materials, such as surface-

functionalized magnetic nanoparticles, have been tested as 

promising devices for early cancer detection. Additionally, 

magnetic nanoparticles have been used as enhanced contrast 

agents in magnetic resonance imaging (MRI) for noninvasive 

detection of cancer and lymph node metastasis3,4 with 

remarkable action in imaging-guided therapy.5 Maximum 

advantage of iron-based nanoparticles for imaging has been 

taken in special methods for MRI such as ultrashort echo time 

imaging, which improves nanoparticle contrast and enables 

iron quantification in tissues.6

Magnetic nanoparticles have also been investigated 

for cancer therapy application, as they are suitable for 

magnetic hyperthermia.7,8 Magnetic nanoparticles may also 

be designed for multiple potential therapeutic approaches 

as chemotherapeutics delivery carriers and photodynamic 

therapy.9,10

Both diagnostics and therapeutics can be simultaneously 

provided by magnetic nanoparticles, and they are therefore 

considered as a platform of promising theragnostic 

precursors, especially because magnetic targeting of the 

tumor may be achieved, leading to an accumulation up to 

eightfold higher.5 Furthermore, iron-based nanoparticles 

can be chemically modified with a targeting particular 

moiety, such as antibodies, specifically to detect tumors11,12 

and circulating tumor cells,13 improving micrometastasis 

diagnosis. Monitoring micrometastasis appearance by 

detection of biological markers may be helpful in the clinical 

management of patients and in a specific therapy design 

device. In CRC patients, detection of circulating tumor cells 

expressing carcinoembryonic antigen (CEA) has been related 

to stabilization of the disease and overall survival.14

CEA is a 180–200  kDa glycoprotein member of the 

immunoglobulin supergene family, whose expression is 

limited in normal adult tissue whereas it is widely detected 

in many types of primary and metastatic tumors, especially 

CRC.15,16 Therefore, CEA has been chosen as the targeted 

antigen for detection of primary and metastatic CRC17,18 and 

also as a possible target for antibody-mediated therapy.19,20

The aim of the present study was to develop a bio-

compatible magnetic fluid containing stably suspended 

maghemite nanoparticles (MNPs) conjugated to anti-CEA 

as a device for potential theragnostic approaches to CRC. 

The surface-enhanced Raman spectroscopy (SERS) method 

was innovatively used to probe the nanosized maghemite/

anti-CEA conjugation. Additionally, the right conjugation of 

anti-CEA to MNPs is critical for the end material device to 

function, and was indeed confirmed by biological tests.

Material and methods
Preparation and characterization  
of the magnetic fluid (MF) sample
Magnetite nanoparticles were synthesized by chemical 

coprecipitation of Fe(II) and Fe(III) ions in aqueous solution 

after controlled addition of the alkaline aqueous solution. 

Following the coprecipitation step, the as-produced nanosized 

magnetite sample was oxidized into MNPs using oxygen 

bubbling at 95°C for 5 hours. The MNPs were then washed 

with 1.5 mol/L HCl aqueous solution and separated from 

the supernatant using a permanent magnet. The sediment, 

containing the MNPs, was dispersed in NaCl solution 

and then coated with meso-2,3-dimercaptosuccinic acid 

(DMSA), according to the procedure previously reported 

for the production of stable magnetic fluid samples.21 The 

total iron concentration in the MF sample as determined 

by atomic absorption was 17  mg/mL and the crystalline 

mean diameter estimated from the X-ray diffractogram 

(X-ray diffractometer, Shimadzu XRD 6000; Shimadzu 

Corporation, Kyoto, Japan) using Scherrer’s equation was 

8.3 nm. From these data, the concentration of nanoparticles 

was estimated within the as-prepared MF sample (1.5 × 1019 

nanoparticles/mL). The average values of the hydrodynamic 

diameter and zeta potential of the DMSA-coated MNPs 

dispersed within the MF sample were 190 nm and ‑47.5 mV, 

respectively (ZetaSizer Nano S; Malvern Instruments Ltd, 

Malvern, UK).

Cell culture
Two human CRC cell lines were utilized in this study. The 

LS174T cell line was provided by Dr Fernando Kreutz 

(FKBiotec, Rio Grande do Sul, Brazil) and the HCT116 

cell line was provided by Dr Jose Morgado Díaz (INCA, 

Rio de Janeiro, Brazil). Both LS174T and HCT116  cells 

were cultured in flasks (TPP, Trasadingen, Switzerland) 

with RPMI-1640 medium (Sigma-Aldrich, St Louis, MO) 

containing 1% (v/v) penicillin–streptomycin (Sigma-Aldrich) 

and 10% (v/v) heat-inactivated fetal bovine serum (Gibco, 

Carlsbad, CA). Cells were maintained at 37°C in humidified 

atmosphere with 5% CO
2
.

Cell viability
In order to evaluate the MF toxicity, the MTT assay 

(Invitrogen, Carlsbad, CA) was performed according to 

Carneiro et al.9 LS174T and HCT116 cells were seeded into 

96-well culture microplates at a density of 2 × 104 cells/well 

for viability tests after 5 and 12 hours or 104 cells/well for 

viability tests after 24 and 48  hours. The day after, cells 
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were incubated with 150 µL of culture medium and 50 µL 

of phosphate-buffered saline (PBS) containing MF at eight 

different iron concentrations of 0.0 (negative control), 0.1, 1, 

5, 10, 30, 60, 80, and 100 ng/µL culture media for 5, 12, 24, 

or 48 hours. For positive control, cells were incubated with 

hydrogen peroxide at 0.1 and 0.5 mM for the same period. 

After treatment, cells were incubated with MTT (5 mg/mL). 

Cell viability was assessed by measuring the absorbance 

at 595  nm, using a microplate reader (SpectraMax M2; 

Molecular Devices, Sunnyvale, CA).

Anti-CEA conjugation to MNPs
For conjugation of anti-CEA antibody onto MNPs 

EDC (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride; Sigma-Aldrich) was used to activate terminal 

carboxyl groups in the DMSA-functionalized MNPs for 

the conjugation with primary amines of anti-human CEA 

antibodies. Addition of NHS (N-hydroxysuccinimide; Sigma-

Aldrich) was used as a strategy to increase the efficiency 

of EDC-mediated coupling reactions by stabilization of 

the amine-reactive intermediate. The EDC/NHS protocol 

was employed as described by Acharya et al,22 with slight 

modifications. Briefly, 1.5 mL of EDC (1 mg/mL in PBS) and 

1.5 mL of NHS (1 mg/mL in PBS) were added to 30 mL PBS 

containing 1.5 mL MF sample (approximately 60 mg MNPs) 

and left at room temperature under shaking for 4  hours. 

Unreacted EDC and NHS were removed by three rounds 

of centrifugation at 20,000 rpm for 40  minutes, at room 

temperature (model CR22G/CR21G; Hitachi Ltd, Tokyo, 

Japan). The resultant pellet was dispersed in 2 mL PBS and 

a 500-µL aliquot was saved for tests and labeled MF-NHS. 

To the remaining MF sample (MF-NHS), anti-CEA antibody 

(rabbit polyclonal – DBS) was added at 200 µg/mL final 

concentration. The suspension was again left under shaking 

for 2 hours at room temperature and then incubated overnight 

at 4°C. The unbound antibody was removed by three rounds 

of centrifugation at 20,000 rpm for 40 minutes, at 4°C, while 

the supernatants were saved for tests. The MNP conjugated 

to anti-CEA was dispersed in 1 mL PBS and the resulting 

MF sample was labeled MF-anti-CEA.

Iron concentration of MF-anti-CEA
The MF-anti-CEA iron concentration was determined by the 

colorimetric ferrozine method. Briefly, 100 µL HCl 1.2 N 

was added to 100 µL diluted MF-anti-CEA (1:1000) and the 

suspension was incubated at 80°C for 1 hour. After cooling 

the suspension down to room temperature, 500 µL of 15% 

ammonium acetate was added, followed by the addition of 

100 µL 4% ascorbic acid, 2.5% sodium dodecyl sulfate, and 

1:10 diluted ferrozine (Labtest Diagnóstica SA, Lagoa Santa, 

Brazil). The sample was incubated at 37°C for 10 minutes and 

the absorbance was read at 560 nm. The MF-anti-CEA iron 

concentration was calculated by comparing this absorbance 

to the MF sample calibration curve, in which the iron 

concentration ran from 0.038 to 39.2 µg/mL. The calibration 

curve was equally assessed by the ferrozine method.

Characterization of MF-anti-CEA
Diluted MF-anti-CEA (1:800) was dropped onto a 

formvar-coated grid and examined using a JEOL 1011 

transmission electron microscope (JEOL, Tokyo, Japan). 

The hydrodynamic diameter of anti-CEA-MNPs and the 

zeta potential of the MF samples were determined by laser 

light scattering using a particle size analyzer (ZetaSizer; 

Malvern Instruments). The MF samples containing MNPs 

or anti-CEA-MNPs were analyzed in a 1  cm quartz cell. 

Measurement was performed in triplicate. All experiments 

were carried out at 25°C in the range of 100–2000 Hz.

SERS
Anti-CEA conjugation onto the surface of the MNPs was 

assessed by SERS. Silver films used as substrate for SERS 

measurements were prepared by the electrolytic method, 

using a solution of AgNO
3
 (0.1 mg/mL) as electrolyte. For 

SERS studies a solution of 10 µL MF, MF-NHS, and MF-

anti-CEA samples were diluted in 10 µL distilled water and 

dripped onto the silver film, then dried with dry nitrogen. 

SERS spectra were immediately recorded.

The samples were excited by the 514.5 nm line of an 

Argon ion laser. A cylindrical lens was used to focus the 

laser beam onto the probed surface containing the samples, 

at a power of 0.1 W/cm2. The scattered light was collected 

in almost backscattering configuration and analyzed using 

a triple spectrometer (Jobin Yvon Model T64000; Horiba, 

Tokyo, Japan) equipped with a charge-coupled device 

detector.

In vitro cell binding and specificity
In order to evaluate if the suspended nanoparticles within 

the MF-anti-CEA sample were capable of specifically 

binding to their target (CEA), LS174T (high level of CEA 

expression)23 and HCT116 (low level of CEA expression)24 

cells were assessed by enzyme-linked immunosorbent assay 

(ELISA). Cells were seeded into 96-well culture microplates 

(2 × 104 cells/well) and incubated for 24 hours to allow cell 

adhesion. Then cells were fixed for 10  minutes with 4% 
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paraformaldehyde in PBS, washed three times with PBS, and 

then blocked overnight with 5% dried milk powder in PBS. 

The day after, MF-anti-CEA was used as the primary antibody 

for 2 hours. Unbounded anti-CEA-MNPs were washed away 

with PBST (PBS containing 0.05% Tween-20) and cells were 

incubated with alkaline phosphatase-conjugated mouse-anti-

rabbit IgG secondary antibody (Sigma-Aldrich) for 1 hour. 

After two washes with PBST and one wash with APB 

(100 mM tris HCl pH 9.5, 100 mM NaCl, 50 m M MgCl
2
), 

200 µL of pNPP (para-nitro-phenyl-phosphate) – 1 mg/mL 

in APB – were added. After 30  minutes, absorbance was 

measured at a 405  nm wavelength. As experimental con-

trol, the MF sample and supernatants saved from antibody 

conjugation were also analyzed.

Perls Prussian blue iron staining
In order to confirm anti-CEA-MNP specificity, 105 cells 

were seeded on glass coverslips placed in a 24-well culture 

microplate and incubated for 24 hours. Either MF or MF-anti-

CEA samples were added to cell culture at 30 ng/µL final iron 

concentration in culture medium. After 5 hours, the cells were 

visualized by Prussian blue staining for iron detection. Cells 

were fixed for 5 minutes in ice-cold methanol, stained for 

15 minutes with an equal volume of 2% hydrochloric acid and 

2% potassium ferrocyanide trihydrate, and counterstained for 

3 minutes with 0.5% nuclear fast red. Cells were washed with 

distilled water and air-dried, and coverslips were mounted in 

Kisser’s glycerol jelly (equal volume of glycerol and 2.5% 

gelatin in distilled water).

Transmission electron microscopy (TEM)
Routine TEM analyses were carried out to evaluate MNP 

uptake by LS174T and HCT116 cells incubated for 5 hours 

with both MF and MF-anti-CEA samples at a final iron 

concentration of 60  ng/µL. Briefly, cultured cells were 

centrifuged (1000  g, 2  minutes) after trypsin digestion 

in culture plates. The cell masses were fixed in modified 

Karnovsky’s f ixative (2% paraformaldehyde, 2.5% 

glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2) 

for 2 hours at room temperature. Samples were post-fixed in 

a solution containing 1% osmium tetroxide, 0.8% potassium 

ferricyanide, and 5 mM calcium chloride and contrasted in 

bloc with uranyl acetate. Samples were then dehydrated in 

acetone and embedded in Spurr. Semi-thin sections (3 µm) 

were stained with toluidine blue and examined under a 

light microscope to localize cells with visible nucleus. 

Ultra-thin sections (70 nm) were examined using a JEOL 

1011 transmission electron microscope (JEOL). For all 

treatments, at least 50 cells in the same grid area were counted 

and quantified for the presence of nanoparticles inside or 

outside cells.

Statistical analysis
GraphPad Prism 5.0 (Sigma Stat; Prism 5.0; GraphPad 

Software Inc, San Diego, CA) was utilized to perform the 

two-way analysis of variance (ANOVA) test. When sta-

tistically significant differences were found (significance 

level adopted was 5%), analysis was complemented by 

the Bonferroni method. Data were presented as means ± 

standard error.

Results
MF toxicity
As a mandatory step in the development of the potential 

cancer theragnostics MF-anti-CEA device, its precursor, the 

MF sample (DMSA-coated MNPs) was investigated in order 

to assess its biocompatibility. The MF sample’s cytotoxicity 

was assessed by the MTT assay (Figure 1), using the two 

colon cancer cell lines (HCT116 and LS174T cells).

The results show that the MF sample induced a decrease 

in HCT116 cell viability (Figure 1A) when cultivated for 

5 hours at iron concentrations of 60 and 80 ng/µL. A decrease 

in cellular viability was also observed after 12 and 24 hours, 

but only at the highest iron concentration (80  ng/µL). 

However, after 48  hours, cell viability in all groups was 

statistically equal to the negative control (Figure 1A).

An MTT assay was also performed for LS174T cells 

(Figure 1B). No decrease in cell viability was observed in 

LS174T cells cultivated with the MF sample until 24 hours. 

Nevertheless, a decrease in LS174T cell viability was 

observed after 48 hours culture with the MF sample at iron 

concentration ranging from 30 to 80 ng/µL.

Synthesis and characterization of MF  
anti-CEA
In order to develop a magnetic material device for therapeutic 

and diagnostic applications in CRC, anti-CEA antibody was 

bound to surface-functionalized MNPs dispersed in the MF 

sample using the EDC/NHS method. The resulting MF sample 

containing anti-CEA-MNPs was labeled MF-anti-CEA. The 

iron concentration of the as-prepared MF-anti-CEA was 

determined as 9.2 mg/mL using the ferrozine colorimetric 

method, while comparing its absorbance against a standard 

curve obtained for the MF sample (R2 = 0.9975).

TEM micrographs showed that MNPs in the MF sample 

(Figure  2A) as well as the MNPs in the MF-anti-CEA 
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sample (Figure 2B) present a spherical shape, evidencing 

that the antibody conjugation did not alter the MNPs’ 

morphology. Different sized nanoparticles were also 

observed in the samples analyzed by TEM. Nevertheless, 

the polydispersity index of MNPs in the MF samples, as 

determined by dynamic light scattering, was 0.15. The aver-

age hydrodynamic diameter of the MNPs suspended within 

the MF sample was 190 nm (Figure 2C). However, after 

antibody conjugation, the average hydrodynamic diameter 

of the suspended MNPs increased to approximately 550 nm 

(Figure 2D). Small peaks around 100 nm and 5 µm are also 

showed in Figure 2D.

Zeta potential shifts from ‑47.5  mV (MF sample) 

to ‑38 mV (MF-anti-CEA sample), revealing that MNPs in 

both MF samples are negatively charged.

SERS
In this study SERS was used as the spectroscopy tool to 

evaluate the efficacy of anti-CEA antibody binding onto 

MNPs. Figure 3(A), (B), and (C) show the recorded SERS 
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spectra of the as-prepared MF, the intermediate MF-NHS, 

and the MF-anti-CEA samples, respectively. Notice that in 

Figure 3(D) the SERS spectrum of the anti-CEA shell is also 

included for comparison, revealing characteristic Raman 

bands while not binding onto the MNPs.

In Figure  3(A), in the 1300–1650  cm‑1 region there 

are bands related to the carboxylate, whereas in the 

800–1300 cm‑1 region Raman modes of (C−S) and (C−C) 

bonds of the skeletal chain of DMSA are observed. 

Additionally, the SERS spectrum of the MF sample reveals 

a new band around 500 cm‑1 (S−S).

The MF-NHS SERS spectrum included in Figure 3(B) 

presents the same features as the MF sample SERS spectrum 

included in Figure 3(A). However, a more detailed analysis 

of the SERS spectrum shown in Figure 3(B) reveals that the 

shoulder at 1625 cm‑1 and weak features peaking at 1180cm-1 

and 751  cm‑1 are respectively associated with the vibra-

tions of C=O, S=O, and N−O bonds of NHS. Raman shifts 

observed for vibrational modes of the MF-NHS carboxylate 

groups compared to the MF sample were slight.

In the MF-anti-CEA SERS spectrum a Raman peak at 

1655  cm‑1, related to the C=O stretching of a secondary 

amide, is observed, as shown in Figure 3(C). Note that the 

1655 cm‑1  feature peak is absent in the free anti-CEA spec-

trum (Figure 3(D)).

It is important to note that all peaks observed in 

the free anti-CEA SERS spectrum were also observed 

in the MF-anti-CEA SERS spectrum (modes assigned 

with the amide groups of the protein structure, amino 

acid and terminal amines and carboxylic). Bands associ-

ated with the DMSA molecule are also identified in the 

SERS spectrum of the MF-anti-CEA sample included in 

Figure 3(C). In addition, the vibrational Raman energies 

associated with the anti-CEA conjugated onto MNPs show 

only slight changes when compared to the vibrational 

modes of free anti-CEA.

In vitro cell binding and specificity
Figure 4A shows CEA expression levels of the two human 

colorectal carcinoma cell lines in this study. LS174T cells 

have a high level of CEA expression, whereas no CEA was 

detected by ELISA in HCT116 cells. In order to evaluate cell-

binding efficacy of the suspended nanoparticles within the 

MF-anti-CEA sample, ELISA was performed with LS174T 
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cells and MF-anti-CEA as the primary antibody (Figure 4B). 

Data show cell binding by MF-anti-CEA and also by 

supernatants 1 and 2, but not supernatant 3.

ELISA was also performed with both LS174T and 

HCT116 cells (Figure 4C) to verify MF-anti-CEA specificity 

for CEA. The signal of LS174T cells assessed by MF-anti-

CEA was statistically equal (P = 0.63) to the signal of anti-

CEA free antibody and statistically higher (P = 0.00) than 

the signal observed for HCT116 cells.

Perls Prussian blue iron staining
Perls Prussian blue staining was another test performed 

to confirm MF-anti-CEA specificity (Figure  5). Although 

the same iron concentration was employed in all cell 

cultures, there was an increase in the amount of blue-

stained iron in cells cultivated with the MF-anti-CEA 

sample when compared to those cultivated with the MF 

sample (Figure 5B, C, E and F). We also observed that the 

amount of blue-stained iron was higher for LS174T than for 

HCT116 cells (Figure 5C and F).

Transmission electron microscopy
TEM was performed to evaluate if the anti-CEA bonded in 

MNPs would improve MNP uptake by CEA-expressing cells. 

Both LS174T and HCT116 cells were cultured with either 

MF or MF-anti-CEA and analyzed about MNPs’ localization 

inside or outside the cells.

MNPs of both MF and MF-anti-CEA samples were 

observed in the cytoplasm of both HCT116 and LS174T 

cells (Figure 6). However, an apparently increased number 

of LS174T cells with internalized MF-anti-CEA MNPs 

were observed while in comparison to the number of 

LS174T cells which internalized MF MNPs. Additionally, 

the presence of anti-CEA seems not to cause this increase 

in HCT116 cells.

Discussion
It has been reported that the early detection of cancer 

improves disease prognosis and cure and therefore sensitive 

methodologies with minimal invasion that are able to 

detect cancer cells are being developed.25–27 In this context, 

MNPs are very promising. Due to their superparamagnetic 

core, MNPs can be efficiently detected by MRI with high 

sensitivity and tissue resolution.28 Furthermore, MNPs are 

more biocompatible and present longer circulation time than 

the toxic gadolinium complex-based contrast agent used 

clinically.29 Besides these interesting characteristics, MNPs 

have been also studied for cancer therapy application. Due to 

their iron core, they are suitable for magnetic hyperthermia. 

When submitted to an A/C magnetic field, MNPs release 

thermal energy, providing heating and leading to cell death 

and subsequently to a decrease in tumor size.7,8 Besides 

application in the magnetohyperthermia process, MNPs 

may also be designed for multiple potential therapeutic 

approaches such as chemotherapeutic delivery carriers, and 

photodynamic therapy.9,10,30

In the present study we developed a biocompatible 

nanosized material, labeled MF-anti-CEA, with potential 

for both diagnosis and treatment of CEA-expressing cancer 

cells, such as CRC cells. MF-anti-CEA biocompatibility 

was confirmed by MTT assay using HCT116 and LS174T 

cells cultivated with MF, the MF-anti-CEA precursor. Both 

cell lines were chosen to evaluate the specificity of the as-

prepared MF-anti-CEA device.

MTT data show that, in spite of an initial decrease 

in HCT116 cell viability, cells were able to recover to 

normal levels whereas the time for cell retrieval was found 

to be dependent upon iron concentration. For cultures 

with 60 ng/µL MF sample, the cell viability was already 
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Figure 3 SERS. Raman spectra recorded for (A) MF, (B) MF-NHS, and (C) MF-anti-
CEA, and (D) free anti-CEA samples. 
Abbreviations: SERS, surface enhanced Raman spectroscopy; MF, magnetic fluid; 
CEA, carcinoembryonic antigen.
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comparable to the negative control in the time window of 

12  hours, whereas at 80  ng/µL 48  hours were needed to 

achieve the same result. It is reasonable to assume that cells 

were able to recover because they were not irreversibly 

damaged. Indeed, for human lung epithelial cells cultivated 

for 25 hours with maghemite and carbon black nanoparticles, 

Berg et al31 observed a decrease in cell viability assessed by 

MTT while no cell death was detected by other tests.

In LS174T cells, no toxicity was observed for 24 hours. 

Similar results were obtained by Chen et al32 for HeLa cells 

cultivated for 24 hours with graphene oxide-loaded magnetite 

nanoparticles, which were considered as a biocompatible 

sample because they caused no decrease in HeLa cells’ 

viability, even at iron concentrations up to 80 ng/µL, the same 

maximum concentration we used in our study.

Ankamwar et al33 suggested that magnetite nanoparticles 

presenting no reduction in cell viability (for different cell 

lines) at a concentration of 10  ng/µL may be considered 

biocompatible, even though at 100 ng/µL they may induce 

a decrease in cell viability of some cell lines. In this way, 

despite the decrease in LS174T cell viability after 48 hours 

culture with the MF sample at iron concentrations ranging 

from 30 to 80 ng/µL, the sample may still be considered 

biocompatible.

Furthermore, comparing HCT116 and LS174T cells’ 

viability after culture with H
2
O

2
 (positive control), we 
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Figure 4 In vitro cell binding and specificity of MF-anti-CEA by ELISA. (A) Detection of CEA expressed in human colorectal cancer cells. LS174T and HCT116 cells were 
assessed by ELISA with anti-CEA at two different concentrations as primary antibody; (B) LS174T cells’ binding efficacy of MF-anti-CEA. ELISA was performed with either 
MF-anti-CEA or supernatants from antibody conjugation process as primary antibody; (C) MF-anti-CEA specificity for CEA was assessed in LS174T and HCT116 cells by 
ELISA with MF-anti-CEA as primary antibody. In figures (B and C) PBS and MF were utilized as negative controls and free anti-CEA antibody as positive control. 
Note: Different letters mean statistical difference (P , 0.05). 
Abbreviations: MF, magnetic fluid; CEA, carcinoembryonic antigen; ELISA, enzyme-linked immunosorbent assay; PBS, phosphate buffered saline.

Figure 5 In vitro specificity of MF-anti-CEA by Prussian blue iron staining. LS174T 
(A–C) and HCT116 (D–F) cells were cultivated for 5 hours with MF (B and E), 
and MF-anti-CEA (C and F) at same iron concentration (60 ng/µL). Untreated cells  
(A and D) were negative control. 
Abbreviations: MF, magnetic fluid; CEA, carcinoembryonic antigen.
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observed that the former is more susceptible to oxygen 

peroxide effects. After being cultivated for 5  hours with 

0.1 mM H
2
O

2
, HCT116 cells presented a significant decrease 

in cell viability, whereas for LS174T cells this decrease was 

observed only after 12 hours. As H
2
O

2
 iron-based nanopar-

ticles can generate reactive oxygen species (ROS),34 it is 

reasonable to assume that the transient decrease in HCT116 

cell viability induced by the MF sample was more likely 

caused by ROS. If the effects of H
2
O

2
 on the LS174T cell 

line are delayed when compared to the HCT116 cell line, we 

can hypothesize that LS174T cells would be able to recover 

to normal cell viability levels if MTT assays are performed 

after longer periods of time.

Viability results obtained by in vitro MTT tests show 

that the MF sample containing DMSA-coated MNPs used in 

this study is biocompatible. Likewise, data in the literature 

show that magnetic fluid samples based on DMSA-coated 

magnetite nanoparticles investigated in animals are also 

biocompatible.35 Therefore, we considered that the employed 

MF sample could be used as an adequate MF-anti-CEA 

precursor.

After anti-CEA conjugation onto MNPs, MF-anti-CEA 

was characterized by TEM and dynamic light scattering. 

The conjugation process did not alter MNPs’ morphology 

but did increase the hydrodynamic size. The increase in 

hydrodynamic size is frequently observed after antibody 

conjugation onto nanosized particles.36,37 However, the 

hydrodynamic diameter increase is usually smaller (ranging 

from 15 to 60  nm) than that observed in this study. This 

finding is probably related not only to anti-CEA conjugation 

but also to MNP aggregation. Actually, the literature reports 

that both large particles and particle aggregates increase 

light scattering.38 The small peak around 100 nm observed 

in MF-anti-CEA suggests that some MNPs were not bound 

to anti-CEA or did not aggregate after conjugation, whereas 

the small feature peaking at about 5 µm indicates MNPs 

sedimentation in the MF-anti-CEA sample, especially because 

it was apparent only in the third measurement. Dynamic light 

scattering also provided the zeta potential of MF-anti-CEA 

and its precursor MF. The negative values obtained for 

MF and MF-anti-CEA samples, ranging from –47.5 mV 

to –38  mV, are in accordance with those reported in 

the literature for antibody-conjugated nanoparticles and 

suggest stability.39

In order to assess the efficiency of anti-CEA binding 

onto nanoparticles, SERS was successfully used. This tool 

allowed tracking the surface decoration of the nanosized 

maghemite particles from the very first precoating up to 

the attachment of the anti-CEA moiety. In the MF sample 

spectrum, the bands related to carboxylate and the Raman 

modes of (C–S) and (C–C) bonds of the skeletal chain of 

DMSA indicate that DMSA is covalently bonded through the 

carboxylate terminal onto the MNPs surface. Furthermore, in 

the MF sample spectrum the Raman mode of v(S–S) was also 

observed, which is characteristic of disulfide cross-linkages 

(S–S) among molecular units of neighboring DMSA attached 

onto the MNPs surface. Actually, the S–S cross-linkages 

are alleged to play a key role in the stabilization of the built 

in surface molecular layer.40 Data obtained by Raman also 

allow the observation of a NHS-linker effectively attached at 

the surface of the MNPs suspended within the MF sample, 

because the shoulder at 1625 cm–1 and weak features peaking 

Figure 6 MNP uptake into human colorectal cancer cells. Electron micrographs of LS174T cells incubated with MF MNP (A) or MF-anti-CEA MNP (B) and HCT116 cell 
incubated with MF-anti-CEA MNP (C). 
Notes: Arrows point to MNP aggregates. Bars = 2 um (A) 1 µm (B) 0.5 µm (C). 
Abbreviations: MNP, maghemite nanoparticle; MF, magnetic fluid; CEA, carcinoembryonic antigen.
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at 1180 and 751 cm–1 are respectively associated with the 

vibrations of C=O, S=O, and N−O bonds of NHS. Small 

Raman shifts observed for vibrational modes of the MF-NHS 

carboxylate groups compared to the MF sample suggest that 

NHS is not strongly bonded to the DMSA shell, as expected. 

In fact, NHS is an intermediate linker for a subsequent step, 

namely the reaction between DMSA carboxyl and anti-CEA 

amine groups. This reaction is evidenced by the onset of 

a Raman peak at 1655  cm−1 present in the MF-anti-CEA 

SERS spectrum, but absent in the free anti-CEA spectrum. 

According to Parker41 the Raman mode peaking at ∼1655 cm−1 

is assigned to the C=O stretching of a secondary amide. Thus, 

the presence of this peak is claimed to be due to the vibration 

of a carbonyl group formed after conjugation of the anti-

CEA to the DMSA linked onto the MNPs. Interestingly, 

modes assigned to the amide groups of the protein structure, 

amino acid and terminal amines and carboxylic observed in 

all peaks of free anti-CEA spectrum, are also present in the 

MF-anti-CEA spectrum, confirming anti-CEA conjugation. 

Furthermore, the slight changes in the vibrational Raman 

energies associated with the anti-CEA conjugated onto 

MNPs when compared to the vibrational modes of free 

anti-CEA demonstrate that the process of conjugation does 

not lead to a relevant denaturation, consequently suggesting 

that its biological functions are fully preserved. Indeed, 

as revealed in the discussion presented above, SERS was 

used as a key experimental tool to investigate the binding 

process of molecules onto MNPs as well as the signatures 

of the molecular surface decoration in the final product, in 

our case the MF-anti-CEA sample. According to Occhipinti 

et al,42 conservation of the antibody biological functionality 

after conjugation is poorly evidenced due to the lack of 

reliable methods for assessing information in regard to the 

structural/conformational features that indicate antibody 

functionality. In the present study, however, we found SERS 

was successfully employed to evaluate the anti-CEA binding 

onto MNPs. Besides being suitable for demonstrating the 

antibody conjugation and how the antibody is chemically 

bonded, SERS also provided information that suggests anti-

CEA functionality was preserved.

Anti-CEA functionality after the conjugation process was 

confirmed by ELISA and Prussian blue iron staining per-

formed with both LS174T and HCT116 cells. ELISA was 

performed to compare CEA expression between cell lines, 

and the results are in accordance with the literature. LS174T 

are high-level CEA-expressing cells,23 producing around 

2 µg/106 cells/10 days,43 whereas HCT116 cells express low 

levels of CEA estimated to be about 1–2 ng/106 cells/3 days,24 

which was not detected by ELISA. Due to their different 

CEA expression levels these two cell lines were chosen to 

assess cell binding and specificity of the as-prepared MF-

anti-CEA sample.

MF-anti-CEA was able to target LS174T cells, con-

firming Raman evidence of anti-CEA functionality. Since 

MF-anti-CEA targeting of LS174T cells was statistically 

higher than of HCT116 cells, as observed by ELISA and 

confirmed by Perls Prussian iron staining, we can state that 

the as-developed MF-anti-CEA is highly specific for CEA-

expressing cells. It is also important to emphasize that there 

was no binding when supernatant 3 was used as the primary 

antibody. Since supernatant 3 represents the last washing of 

MNPs in the anti-CEA conjugation process, this important 

result shows that unconjugated antibodies were successfully 

removed from MF-anti-CEA.

After verifying that the suspended nanoparticles within 

the MF-anti-CEA sample are able to specifically bind to their 

target, TEM was performed to evaluate the cellular uptake 

of MNPs. Indeed the binding of MF-anti-CEA to CEA 

expressed in cell membranes improved MNP uptake by target 

cells. Apart from providing specific binding of MNPs to 

target cells, which is very suitable for specific diagnosis and 

magnetohyperthermia applications, the anti-CEA conjugated 

to MNPs facilitated MNP uptake by target cells. These data 

strongly suggest that MF-anti-CEA is a very promising 

material device for carrying drugs, since the efficiency of 

a drug-delivery system based on MNPs may depend on the 

specific accumulation of MNPs inside cancer cells.22

Taken together, the results obtained in this study indicate 

that the as-developed MF-anti-CEA device has enormous 

therapeutic potential as MF-anti-CEA and can be further 

engineered to act as a drug-delivery system or alternatively 

to be used in magnetohyperthermia, while responding to an 

A/C magnetic field. Moreover, MF-anti-CEA can also be 

tailored as a contrast agent in magnetic resonance for both 

diagnosis and imaging guided therapy.

Conclusion
In conclusion, this study reports on the preparation, 

characterization, and biological test of a potential theragnostics 

material device (MF-anti-CEA) engineered to specifically 

target CEA-expressing cancer cells. Anti-CEA antibody 

was successfully conjugated to DMSA-coated nanosized 

maghemite particles. The as-prepared MF-anti-CEA device 

was analyzed by TEM, dynamic light scattering, and 

electrophoretic mobility measurements, revealing desirable 

characteristics. SERS indicated that anti-CEA is successfully 
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bonded onto DMSA-coated nanosized maghemite particles, 

leading to a specific targeting capability to CEA expressing 

CRC cells, as showed by ELISA and Prussian blue iron staining. 

Furthermore, the presence of the antibody anti-CEA seems to 

facilitate the preferential uptake of the MF-anti-CEA device by 

CEA expressing LS174T cells. Data suggests MF-anti-CEA 

is a potential theragnostics tool for CEA-expressing tumors, 

micrometastasis, and cancer circulating cells.
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