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Abstract The N-hydroxysuccinimide (NHS) ester

moiety is one of the most widely used amine reactive

groups for covalent conjugation of proteins/peptides to

other functional targets. In this study, a cleave-analyze

approach was developed to quantify NHS ester groups

conjugated to silica-coated iron oxide magnetic

nanoparticles (Fe3O4@SiO2 MNPs). The fluorophore

dansylcadaverine was attached to Fe3O4@SiO2 mag-

netic nanoparticles (MNPs) via reaction with NHS

ester groups, and then released from the MNPs by

cleavage of the disulfide bond in the linker between the

fluorophore and the MNPs moiety. The fluorophore

released from Fe3O4@SiO2 MNPs was fluorometri-

cally measured, and the amount of fluorophore should

be equivalent to the quantity of the NHS ester groups

on the surface of Fe3O4@SiO2 MNPs that participated

in the fluorophore conjugation reaction. Another

sensitive and semiquantitative fluorescence micro-

scopic test was also developed to confirm the presence

of NHS ester groups on the surface of Fe3O4@SiO2

MNPs. Surface-conjugated NHS ester group measure-

ments were primarily performed on Fe3O4@SiO2

MNPs of 100–150 nm in diameter and also on 20-nm

nanoparticles of the same type but prepared by a

different method. The efficiency of labeling native

proteins by NHS ester-coated Fe3O4@SiO2MNPs was

explored in terms of maximizing the number of MNPs

conjugated per BSA molecule or maximizing the

number of BSA molecules conjugated per each

nanoparticle. Maintaining the amount of fresh NHS

ester moieties in the labeling reaction system was

essential especially when maximizing the number of

MNPs conjugated per protein molecule. The method-

ology demonstrated in this study can serve as a guide

in labeling the exposed portions of proteins by bulky

multivalent labeling reagents.

Keywords Surface exposed amine groups �
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surface labeling � Magnetic iron oxide nanoparticles

Introduction

Iron oxide-based magnetic nanoparticles have found a

wide range of applications largely due to robust

superparamagnetization (Gupta and Gupta 2005; He
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et al. 2014) and simple preparation of this type of

nanomaterials. Superparamagnetism allows for easy

magnetic separation of ligands covalently or nonco-

valently attached to the iron oxide nanoparticles, while

the nanoparticle–ligand complex could still be well

dispersed in solution in the absence of a magnetic

field. Preparation of a magnetic iron oxide core is quite

simple, and the magnetic core can also be coated by

silica, polyethylene glycol, dextran, and other func-

tional groups to improve the aqueous compatibility

(Turcheniuk et al. 2013) of the coated MNPs. A

nonporous layer of silica can protect the iron oxide

magnetic nanoparticle core from oxidation and from

unnecessary chelation between ferrous/ferric ions and

ligands. The size and superparamagnetic properties of

Fe3O4@SiO2 MNPs are tunable (Kolhatkar et al.

2013) to accommodate a variety of biomedical

applications (Malvindi et al. 2011; Larumbe et al.

2012; Chiriaco et al. 2013). Functional groups, such as

amine, thiol, and carboxylic acid, can be immobilized

on the surface of MNPs before further conjugation of

other ligands (Sapsford et al. 2013). The ligands

present on the surface of MNPs are also important to

define the application of this type of nanomaterial

(Verma and Stellacci 2010). For instance, positively

charged, aminodextran-coated Fe3O4 MNPs showed

improved uptake in Hela cells compared to neutral,

dextran-coated, and negative dimercaptosuccinic

MNPs (Villanueva et al. 2009).

Determining the amount of reactive functional

groups (amine, thiol, carboxyl, etc.) on the surface of

nanomaterials is critical for further conjugation of

biomolecules to the surface. Compared to numerous

efforts on the syntheses of biocompatible nanoparti-

cles, much less attention has been paid to quantifica-

tion of intermediate functional groups and exposed

ligands on the nanomaterials’ surface. Some straight-

forward approaches to quantify ligands on solid

surfaces (not necessarily nanomaterials) involve cova-

lent or noncovalent conjugation of a chromophore/

fluorophore to the surface functional groups, and

quantitation of the conjugated chromophore/fluo-

rophore to determine the equivalent amount of ligands

on the solid surfaces (Xing et al. 2007). A few

examples of quantifying amine groups on solid

surfaces via covalent interaction with chromophore/

fluorophore include fluorescamine assay (Chen et al.

2006; Corsi et al. 2003; Kell and Simard 2007)

fluorescent Fmoc-CL assay, (Chen and Zhang 2011);

(Zhang and Chen 2012) NHS-fluorescein assay (Maus

et al. 2009), 4-nitrobenzaldehyde detection by using

UV–Vis spectroscopy (Bruce and Sen 2005; Kim et al.

2007; Ghasemi et al. 2007), and bromophenol blue

assay (Ghasemi et al. 2007). A carboxyl-modified

fluorescent dye (4,4-difluoro-5,7-dimethyl-4-bora-

3a,4a-diaza-s-indacene-3-propionic acid) was cova-

lently conjugated to amine groups on a glass slide

followed by fluorometric quantification of the fluo-

rophore-conjugated amine groups (Xing and Borguet

2006). Similarly, thiol groups on solid surfaces could

be quantified by measuring a yellow-colored product

resulting from the covalent binding of Ellman’s

reagent to the free thiol groups (Bravo-Osuna et al.

2007). Aldehyde groups on a glass slide were quan-

tified by covalent conjugation of this functional group

to a hydrazine-modified fluorescent dye (4,4-difluoro-

5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propi-

onic acid, hydrazide) followed by fluorometric mea-

surement (Xing and Borguet 2006). In order to avoid

any interference from solid surfaces, fluorophores/

chromophores covalently conjugated to solid surfaces

can be detached prior to the measurement, and this

type of method has been known as the cleave-analyze

approach (Liu and Yan 2011). Attaching noncova-

lently chromophores/fluorophores such as orange II

dye (Noel et al. 2011) or coomassie brilliant blue

(Bradford assay) (Coussot et al. 2009) to amine groups

on solid surfaces has also been used for amine

quantification.

Elemental analysis approaches, such as time-of-

flight-secondary ion mass spectrometry (ToF–SIMS)

(Kim et al. 2005), carbon–hydrogen–nitrogen com-

bustion analysis (van de Waterbeemd et al. 2010), and

X-ray photoelectron spectroscopy (XPS) were used to

quantify primary amine groups (Noel et al. 2011;

Dauginet et al. 2001). Thiol groups on the surface of

gold nanoparticles were quantified by means of

inductively coupled plasma-mass spectrometry (ICP-

MS) (Hinterwirth et al. 2013; Elzey et al. 2012). Yan

et al. recently quantified dopamine-anchoring group on

the surface of MNPs by means of laser desorption

ionization mass spectrometry (LDI-MS) (Yan et al.

2013). These elemental analysis approaches (ToF–

SIMS, XPS, ICP-MS, and LDI-MS) usually work

better for smaller nanoparticles such as gold nanopar-

ticles with a few gold atoms (Noel et al. 2011). It is also

possible to quantify ligands on solid surface by indirect

measurement of the side-products in the reactions that
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further modify the ligands. For example, the heterob-

ifucntional crosslinkers N-(succinimidyl 3-(2-pyridyl-

dithio) propionate (SPDP), and succinimidyl 6-[30-(2-
pyridyldithio)-propionamido] hexanoate (LC-SPDP)

react with primary amine groups and quantitatively

yield pyridine-2-thione. Spectrophotometric measure-

ment of pyridine-2-thione can be used to quantify the

amount of amine groups immobilized on solid surfaces

(Schellenberger et al. 2004;Noel et al. 2011; Fang et al.

2009). In an indirect iodine titration that quantified

thiol groups on chitosan MNPs, iodine was used to

oxidize thiol groups, and the remaining iodine in

solution was determined by the brilliant blue color

resulting from the starch–iodine complexion (Bravo-

Osuna et al. 2007). The amount of thiol groups was

calculated by the subtraction of the unconsumed iodine

from the initial amount of iodine added. These indirect

measurement methods are ligand specific and highly

dependent on the ligand modification reaction. The

depletion approach that measures the difference

between the initial and the final amounts of fluorophore

after covalent conjugation to the surface was utilized

for quantification of hydroxyl, carboxylic acid, and

aldehyde/ketone groups on solid surfaces (Feng et al.

2006); (Dementev et al. 2009; Pellenbarg et al. 2010).

Moreover, Fourier transform-infrared (FTIR) absor-

bance spectroscopy was used for quantitative moni-

toring of ester carbonyl and aldehyde carbonyl groups

in benzimidazole synthesis reaction which was per-

formed on the solid phase (Sun and Yan 1998); and the

technique was also applied in relative quantification of

carbonyl-containing ligands on the surface of gold

nanoparticles (Zhou et al. 2010).

The NHS ester group reacts with primary amine

groups to form a covalent bond, and this conjugation

chemistry is widely used in the field of biomaterials

science because the reaction can proceed under

physiological conditions with high specificity.

Ligands, such as peptides, proteins, and genetic

materials, can be conjugated on the surface of MNPs

through NHS ester-amine chemistry. The modified

MNPs have found many clinical applications, includ-

ing magnetic resonance imaging, fluorescence imag-

ing, theranostic agents, detection of biomarkers, cell

sorting, and enrichment of protein samples from

complex mixtures (Sapsford et al. 2013; Urbanova

et al. 2014). Recently in our lab, NHS ester-modified

Fe3O4@SiO2 MNPs with cleavable disulfide bond

linker were developed to label primary amine groups

on the solvent-accessible surface of proteins (Patil

et al. 2013). Protein labeling was achieved via the

reaction between NHS ester moiety and primary

amine group under conditions that the native structure

of protein was preserved. In order to verify the

conjugation of NHS ester moiety to the surface of

Fe3O4@SiO2 MNPs, it is necessary to develop a more

sensitive fluorescence microscopic quantification

approach based on covalent attachment of fluorophore

dansylcadaverine to MNPs. Through a cleave-analyze

approach, dansylcadaverine (Ikari et al. 2011) conju-

gated to Fe3O4@SiO2MNPs could be more accurately

measured in HPLC analyses in order to determine the

amount of NHS ester/thiol groups on MNPs surface.

Quantification of NHS ester groups on Fe3O4@SiO2

MNPs surface provided the basis for investigations on

the reactivity of the magnetic nanoparticle reagent in

labeling native proteins.

Experimental procedures

All chemical reagents were of reagent grade, obtained

from commercial sources and used as received without

further purification unless specified otherwise. Details

are provided in supporting information. Fe3O4@SiO2

nanoparticles were prepared as previously reported

(Liu et al 2013; Yu et al. 2004) with minor changes

(Supporting Information).

Conjugation of dansylcadaverine to NHS ester-

modified Fe3O4@SiO2 MNPs

NHS ester-coated Fe3O4@SiO2 MNPs (100-nm diam-

eter, 7 mg) or smaller NHS ester-coated Fe3O4@SiO2

MNPs (20-nm diameter, 6 mg) were incubated with

dansylcadaverine (2 mM, 1 mL in ethanol) in the dark

at room temperature for 1 h. The dansylcadaverine-

conjugated MNPs were collected by an external

magnet and washed repeatedly with dimethyl sulfox-

ide (DMSO), ethanol, and water (nanopure water

produced by a Barnstead Nanopure UV water treat-

ment system, Millipore, Billerica, MA). Dansylca-

daverine-modified MNPs were treated with tris(2-

carboxyethyl)phosphine (TCEP, 50 mM) solution in

water (300 lL) at room temperature for 1 h. The

cleaved product (3-mercaptopropanamido dansylca-

daverine, 3-MPA-Dansyl) was recovered by repeat-

edly washing the MNPs and by magnetic separation.
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The supernatant and the wash solutions were com-

bined and dried under vacuum. The cleaved 3-MPA-

Dansyl samples were dissolved in 20:80 acetoni-

trile:water (1 mL) prior to HPLC analysis.

Synthesis of 3-MPA-Dansyl

Dansyl cadaverine derivative 3-MPA-Dansyl (3-mer-

captopropanamido dansylcadaverine) is not commer-

cially available. Preparation of this standard for

quantification is provided in Supporting Information.

HPLC instrumentation and chromatography

conditions

An Agilent 1100 HPLC system (Agilent, Santa Clara,

CA) equipped with 1100 series quaternary gradient

pump, vacuum degasser, and HP 1046A fluorescence

detector was used for all measurements. Isocratic

elution with a mobile phase of 80 % acetonitrile and

20 % water was used for all measurements. The

detector was set at 335 nm for excitation and 530 nm

for emission. A GRACE VisionHTTM C18 Classic

5 lm 150 9 4.6 mm column (Grace, Columbia, MD)

was used for all analyses at ambient temperature with a

flow rate of 0.8 mL/min.

Fluorescence microscopy imaging

of dansylcadaverine-modified Fe3O4@SiO2 MNPs

NHS ester-modified Fe3O4@SiO2 MNPs (100-nm

diameter, 1 mg) were incubated at room temperature

with 1 mL of 2 mM dansylcadaverine in ethanol for

1 h. The nanoparticles were separated by magnetic

field and washed multiple times with DMSO, water,

and ethanol. The fluorophore-conjugated magnetic

nanoparticles were redispersed in ethanol (1 mL), and

small aliquots were transferred to a glass slide and air-

dried in the dark prior to fluorescence microscopy

imaging. An Olympus IX 71 inverted fluorescence

microscope with a high-performance 16-bit resolution,

back-illuminated CCD camera (Roper Scientific), and

a 100-W Hg lamp as the light source was used for the

measurements. The fluorescence images were taken

through a 409 microscope objective with numerical

aperture (NA) = 0.75. The filter cube of the micro-

scope contained a 450 ± 10-nm bandpass excitation

filter, a 505-nm dichroic mirror, and a 515-nm long-

pass emission filter.

A program run under MATLAB� (MATLAB 2013)

was written for fluorescence intensity integration. The

fluorescence intensities of dansylcadaverine-conjugated

MNPs in a fluorescence microscope image were

calculated in two steps. First, the color image (red,

green, blue) was converted to a grayscale image.

Second, the intensities of bright spots on this grayscale

imagewere calculated by adding the intensities of pixels

together. In the grayscale image, the background pixels

were converted to black pixels. Therefore, the back-

groundwas removed from the intensity integration. The

brightness of a pixel was normalized to the scale from 0

to 1. More details of the program can be found in the

supporting information.

Measurement of BSA conjugated to Fe3O4@SiO2

nanoparticles

Bovine serum albumin (BSA) solution (1 mL of 1

mg/mL) in phosphate-buffered saline (PBS, 10 mM,

pH 7.4) was incubated with iodoacetamide (20 mM)

in the dark at 37 �C for 1 h, then the mixture was

diluted with PBS to 0.5 mg/mL of BSA. Mixing of the

NHS ester-modified Fe3O4@SiO2 (100-nm diameter)

MNPs with the BSA solution (0.5 mg/mL in PBS pH

7.4) was performed according to Fig. S7 (Supporting

Information). The MNPs were washed several times

with water and acetonitrile (70 %). All the washes

were combined, centrifuged, dried under vacuum, and

redissolved in 10 lL of nanopure water. The uncon-

jugated BSA in the combined washes was quantified

by means of a micro-bicinchoninic acid (BCA) assay

kit (Thermo Scientific, Rockford, IL) according to the

protocol provided by the manufacturer. The amount of

BSA conjugated to the MNPs labeling reagent was

calculated by subtraction of unconjugated BSA from

the initial amount of fresh BSA used for labeling

reaction.

Results and discussion

Control of the size and shape of Fe3O4@SiO2 MNPs

employed in this study was significantly improved

compared to that of the Fe3O4@SiO2 MNPs in our

previous proof of the concept study. (Patil et al. 2013)

Even though Fe3O4@SiO2 MNPs with irregular

shapes showed superparamagnetism, it was difficult

to estimate the surface areas of these particles, and
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hence the number of intermediate functional groups

(e.g., primary amine, thiol) per MNPs surface area.

Moreover, the irregular shapes of MNPs might also

add steric hindrance to the approaching protein

molecules, thus affecting the number of protein

molecules that could bind to the MNPs. The size and

shape uniformity of larger Fe3O4@SiO2 MNPs (100-

nm diameter) and smaller Fe3O4@SiO2 MNPs (20-nm

diameter), as indicated by the TEM images (Fig. 1 and

Fig. S2B), facilitated improved characterization of the

surface-modified MNPs.

NHS ester-conjugated Fe3O4@SiO2 MNPs

The magnetite core of Fe3O4@SiO2 MNPs was pre-

pared by a hydrothermal method (Liu et al 2013)

(Fig. S1, Supporting Information.). TEM image analysis

of Fe3O4@SiO2 MNPs confirmed the spherical and

uniform nature of the magnetite core with diameters of

80 ± 5 nm. The Stöber method (Lu et al. 2002) was

applied for coating themagnetite corewith a silica layer

to form Fe3O4@SiO2 MNPs with 100 ± 10-nm diam-

eters (Fig. 1). Smaller Fe3O4@SiO2 MNPs (20-nm

diameter) also with improved uniformity in size and

shape,were prepared and employed in this study, but the

majority of the experiments were performed on larger

MNPs. The particles with the smaller magnetite core

were prepared by thermal decomposition and coated

with silica by means of the reverse microemulsion

approach (Cannas et al. 2010). Fig. S2Aprovides details

for their preparation, and Fig. S2B illustrates

representative particles (Supporting Information). The

smaller Fe3O4@SiO2MNPs (20-nmdiameter, Fig.S2B)

were nearly uniform and dispersible in water, ethanol,

and PBS. The silica coating provided improved aqueous

stability as well as protection from oxidation and

reduced nonspecific interactions with ligands.

The 100- and 20-nm Fe3O4@SiO2 MNPs were

further functionalized with thiol groups usingMPTMS.

The theoretical quantity of thiol groups that could be

conjugated to the surface of 100-nm Fe3O4@SiO2

MNPs was calculated to be about 105 per particle, with

the estimate based on these parameters: density of

MNPs (4.5 g/cm3), total mass of MNPs (1 mg), bond

length of Si–O (171 pm), and bond angle of O-Si–O

(109.5�). The total surface area of particles and the

estimated surface area required per MPTMS were then

used to determine the theoretical number of surface

groups after modification. The amount of SPDP for free

thiol group conjugation could be estimated based on the

theoretical number of thiol groups onMNPs surface; for

example, 1 mg of 100-nm Fe3O4@SiO2 MNPs should

be able to react with 22 lg of SPDP.

Fluorescence-based quantification of active NHS

ester groups on the surface of Fe3O4@SiO2 MNPs

The fluorophore dansylcadaverine contains a primary

amine group similar to that in the side chain of the amino

acid lysine, so the fluorophore can also be covalently

attached to NHS ester-conjugated Fe3O4@SiO2 MNPs

via a nucleophilic substitution reaction between the

NHS ester and the primary amine. In the structure of

dansylcadaverine-conjugated Fe3O4@SiO2 MNPs

(Fig. S6), a disulfide bond is incorporated in the

spacer/linker between the fluorophore moiety and the

Fe3O4@SiO2 MNPs moiety. Upon reductive cleavage

of thedisulfidebond in the spacer/linker, thefluorophore

moiety can be cleaved from Fe3O4@SiO2 MNPs.

Whether attached to or released from the Fe3O4@SiO2

MNPs, the fluorescent dansylcadaverine moiety should

serve as an indicator for quantification of NHS ester

groups on the surface of Fe3O4@SiO2 MNPs.

Quantification of NHS ester groups by cleave-analyze

approach

Upon cleavage of the disulfide bond in the linker

between the dansylcadaverine moiety and the Fe3-
O4@SiO2MNPs (structure in Fig. S3), 3-MPA-Dansyl

Fig. 1 TEM image of Fe3O4@SiO2 (100 nm in diameter)

prepared by modified Stöber method. MNPs were uniform in

size and shape, and well dispersible in aqueous solvents
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was released and analyzed by HPLC with fluorescence

detection, which facilitated separation from TCEP,

which is reported to affect the fluorescence of various

fluorophores (Vaughan et al. 2013). For accurate

quantification of dansylcadaverine released from the

fluorophore-modified Fe3O4@SiO2 MNPs, the cali-

bration standard, 3-MPA-Dansyl, was synthesized

(Fig. S3 Supporting Information) and characterized

by fluorescence spectroscopy (Fig. S4), mass spec-

trometry, and NMR (Supporting Information). The

released 3-MPA-Dansyl fromMNPs showed the same

retention time as that of synthesized 3-MPA-Dansyl

calibration standard, but eluted from the HPLC

column faster than unmodified dansylcadaverine

(Fig. 2).

The number of dansylcadaverine molecules per

Fe3O4@SiO2 MNP could be predicted based on the

size of the nanoparticle (determined by TEM), density

of MNPs (estimated based on the structure of

Fe3O4@SiO2, i.e., the size of magnetite core and the

thickness of the silica coating layer), and the amount

of 3-MPA-Dansyl released from dansylcadaverine-

conjugated Fe3O4@SiO2 MNPs. For the smaller

Fe3O4@SiO2 MNPs (20-nm diameter, 6 mg), the

amount of conjugated dansylcadaverine was deter-

mined by HPLC to be 2.4 9 10-7 mol. The number of

dansylcadaverine molecules per MNP was calculated

based on the following assumptions. The density of

20-nm diameter Fe3O4@SiO2 MNPs was estimated to

be 2.5 g/cm3 according to the density values of Fe3O4

(5.17 g/cm3) and SiO2 (2.2 g/cm3) (Simon and Sze

1981). Consequently, 6 mg of these MNP contained

approximately 5.62 9 1014 particles, the average

number of dansylcadaverine conjugated to one

nanoparticle was about 2.6 9 102, and the number

of conjugated dansylcadaverine per milligram of

20-nm MNPs was 2.4 9 1016. Similarly, it can be

estimated that for 100-nm Fe3O4@SiO2 MNPs, the

average number of dansylcadaverine conjugated to

one nanoparticle surface was about 3.4 9 103, and the

number of conjugated dansylcadaverine per milligram

of 100-nm MNPs that approximately contained

4.27 9 1011 particles, was 1.4 9 1015. With 1:1

stoichiometry and optimal efficiency, the number of

3-MPA-Dansyl molecules released should be equal to

the number of NHS ester groups on the MNP surface.

However, the experimentally determined number of

NHS ester groups on each 100-nm Fe3O4@SiO2 MNP

was less than the theoretical maximum number of thiol

groups that could attach to the MNP surface (*105).

The difference could be due to the hydrolysis of NHS

ester groups in contact with moisture in the solvent or

air between preparation of the particles and binding to

the fluorophore. Steric hindrance may also contribute

to the observed difference in conjugation efficiency.

Semiquantitative fluorescence microscopic

characterization of danylcadaverine-modified

Fe3O4@SiO2 MNPs

Fluorescence microscopy was used as a rapid and

sensitive technique for qualitative and semi-quantita-

tive characterization of active NHS ester groups

covalently attached to dansylcadaverine. The green

fluorescence of dansylcadaverine-conjugated Fe3-
O4@SiO2 MNPs was detected by a fluorescence

microscope (Fig. 3). Fluorescence microscopic anal-

ysis allowed us to develop a quick test to determine the

presence of NHS esters on the surface of Fe3O4@SiO2

MNPs. Thiol-coated Fe3O4@SiO2MNPs were used as

a negative control (i.e., no dansylcadaverine) under the

Fig. 2 Chromatogram obtained by HPLC-fluorescence analy-

sis of a Control, b dansylcadaverine (5 lM) c 3-MPA-Dansyl

(20 lM), and d 3-MPA-Dansyl released from 7 mg of Fe3O4

@SiO2 MNPs (100 nm in diameter) upon cleaving the disulfide

bond. For all samples, the injection volume was 100 ll. The
isocratic elution with mobile phase of 80 %ACN and 20 %H2O

was performed for all samples. The control sample was prepared

by reacting thiol-coated MNPs (7 mg) with dansylcadaverine
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same conditions, and no fluorescence signal was

detected (data not shown). The quantity of dansylca-

daverine conjugated to NHS ester-coated Fe3O4@-

SiO2 MNPs can be calculated from the fluorescence

microscope images. Even though similar fluorescence

image-processing software programs were reported in

the literature (Fekkar et al. 1998; Rasband 1997–

2014), the fluorescence image-processing program

employed in this study was developed independently

and run in MATLAB environment (Fig. S5, Support-

ing Information). It is quite clear from Fig. 3 that the

fluorescence intensities increased with the increasing

amount of dansylcadaverine-coated Fe3O4@SiO2

MNPs (Fig. 3a1–a6). In a control experiment to prove

that the fluorophore molecules were immobilized onto

the MNPs surface only through covalent attachment,

the NHS groups on the surface of Fe3O4@SiO2 MNPs

were first hydrolyzed by incubation, then the car-

boxylic acid-coated Fe3O4@SiO2 MNPs (product of

NHS ester hydrolysis) were treated with dansylcadav-

erine, followed by fluorescence microscopy examina-

tion of the extensively washed MNPs. No detectable

fluorescence was observed (Fig. 3a7) for such hydro-

lyzed MNPs incubated with dansylcadaverine, and

this result indicated that the nonspecific adsorption of

fluorophore to the surface of Fe3O4@SiO2 MNPs was

minimal.

Even though the fluorescence microscopic detec-

tion of dansylcadaverine-coated Fe3O4@SiO2 MNPs

was not quantitative under the conditions employed in

our experiment, it was still semi-quantitative as the

approach revealed the trend of elevated fluorescence

intensities with the increasing amount of fluorophore-

coated MNPs. Moreover, the highly sensitive fluores-

cence microscopy approach allowed for detection of

the fluorescence signal from 5 lg of dansylcadaver-

ine-coated Fe3O4@SiO2 MNPs. Compared to the

HPLC approach mentioned in ‘‘Conjugation of dan-

sylcadaverine to NHS ester-modified Fe3O4@SiO2

MNPs’’ section for accurate measurement of the

amount NHS ester groups on Fe3O4@SiO2 MNPs

surface, the fluorescence microscopy approach is more

convenient for monitoring the incorporation of NHS

ester group on nanoparticle surface. The presence of

NHS ester on Fe3O4@SiO2 MNPs surface is essential

for the application of this type of magnetic nanopar-

ticle reagent in labeling the exposed lysine residues of

native proteins (Patil et al. 2013).

Labeling efficiencies of exposed lysine residues

in native protein by NHS ester-conjugated

Fe3O4@SiO2 MNPs

Reactions between NHS/sulfo-NHS esters and pri-

mary amine groups have been widely applied for

protein conjugation (Sapsford et al. 2013). Such

conjugation reactions can proceed at room tempera-

ture in aqueous environments, which allow for detec-

tion of the exposed lysine residues in the native

structures of proteins. Compared to the volume

required to dissolve small molecule labeling reagents

such as sulfo-NHS-SS-biotin, large volume of solvent

is required to redisperse equivalent amount of the

bulky MNPs labeling reagent, and such requirement

on solvent would results in dilution of protein in the

reaction system and can reduce the primary amine

labeling efficiency. For the same initial amount of

BSA (100 lg), a larger quantity of NHS ester-coated

Fig. 3 Fluorescence micrographs of Fe3O4@SiO2 MNPs

labeled with dansylcadaverine. aMicrographs (a1–a6) represent

fluorescence images obtained from 5, 10, 20, 40, 80, and 160 lg
of dansylcadaverine labeled Fe3O4 @SiO2 MNPs. The control

sample (a7, 20 lg) was prepared by reacting the hydrolyzed

NHS ester-coated Fe3O4 @SiO2 MNPs with dansylcadaverine.

The fluorescence intensity in a7 is below detection limit. (Note

the brightness of fluorescence images were adjusted for visual

clarity). The original images of (a) were processed by a program
developed in our lab (supporting information), and the

integrated fluorescence intensities of the original images were

plotted against quantities of MNPs in (b)
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MNPs (7 mg) dissolved in larger volume of the

solvent (400 lL PBS), captured a smaller amount of

protein (27 lg), compared to a smaller quantity of

MNPs in a smaller volume of solvent (3 mg MNPs in

200 lL PBS) that captured 52 lg BSA. If the protein

concentration in aqueous solvent was below 0.5 mg/mL,

the efficiency of the reaction between the primary

amine and the NHS ester groups (conjugated to the

MNPs) was dramatically decreased due to the hydrol-

ysis of NHS/sulfo-NHS ester.

To circumvent the above-mentioned issues, we

employed a special sample mixing method in labeling

the exposed lysine residues of native BSA with NHS

ester-coated Fe3O4@SiO2 MNPs (Fig. S7). Instead of

simply mixing the NHS ester-coated Fe3O4@SiO2

MNPs with BSA all at once, the MNPs were divided

into smaller portions and added to the BSA solution

separately. After the first addition of the MNPs, the

labeling reaction was allowed to proceed for 30 min

followed by the addition of the remaining fresh NHS

ester-coated MNPs with an additional 30 min of

shaking. The reaction volume was kept minimal in

order to maintain the initial high concentration of

BSA. The addition of fresh NHS ester-coated Fe3-
O4@SiO2 MNPs was able to label additional lysine

residues that were not labeled in the first step due to

hydrolysis of NHS ester groups.

To examine the effect of quantity of MNPs and

proteins on labeling efficiency, two types of experi-

ments were designed and performed. The first set of

experiments involved mixing the same amount of

MNPs with different amounts of BSA, and the second

set of experiments were designed to mix the same

amounts of BSA with different amounts of MNPs. In

both cases, MNPs were mixed with BSA by above-

mentioned sample-mixing method, and the unbound

BSA was quantified by BCA assay. The amounts of

BSA conjugated to MNPs in both the approaches were

compared in order to understand the effects on

labeling efficiency either by increasing the ratio of

MNP/BSA (data points in Fig. 4b) or by increasing the

ratio of BSA/MNP (data points in Fig. 4a). First, the

quantity of BSA conjugated to the NHS ester-coated

Fe3O4@SiO2 MNPs (0.5 mg) increased with the

increasing amount of BSA until reaching a maximum

at 16 lg of BSA added. Further addition of BSA to the

reaction did not result in any increased amount of

captured BSA, indicating that 0.5 mg of labeled MNP

can bind a maximum of 16 lg of BSA. A similar

pattern was observed in the second set of experiments,

where an increase in the amount of BSA conjugated to

Fe3O4@SiO2 MNPs reached to plateau once all the

available BSA were labeled. The results from these

experiments were in agreement with the constant

MNP experiment, with 0.5 mg of labeled MNP

binding about 18 lg of protein. The molar ratio of

BSA to available NHS ester groups determined by

fluorescence experiments was 1:12.

In the first type of experiment (increasing MNP/

BSA ratio) when the number of BSA molecules was

small, one BSA molecule can be conjugated to a few

MNPs. However, as the amount of BSA was

increased, several BSA molecules can be conjugated

to one magnetic nanoparticle. In the second type of

experiment (increasing BSA/MNP ratio), when smal-

ler amounts of MNPs were used, some of the BSA

molecules could have multiple sites labeled, and some

Fig. 4 Quantitative study of labeling BSA by NHS ester-

modified Fe3O4@SiO2 MNPs. The amount of BSA conjugated

to NHS ester-coated Fe3O4@SiO2 MNPs was calculated by

subtracting the amount of remaining BSA from the initial

amount of BSA. In the series of experiments presented in

Fig. 4a, the amount of NHS ester-coated Fe3O4@SiO2 MNPs

(0.5 mg) was kept constant, and the amount of BSA was varied

(20, 40, 60, 80, and 100 lg). In Fig. 4b, the quantity of BSA

(20 lg) conjugated was kept constant, and the quantity of NHS

ester-modified MNPs was varied (0.05, 0.1, 0.5, 1, and 3 mg)
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might have one site labeled, and some might not be

labeled at all; it is also possible that one MNP could

label several BSA molecules. As the amount of MNPs

increased, the possibility of more lysine residues in

one BSA molecule being labeled was increased, but

the average number of BSA molecules attached per

magnetic nanoparticle could be decreased due to the

large number of bulky MNPs present in the system. In

case the BSA/MNPs ratio was large, the sample-

mixing method described above might not be required

as the concentration of BSA was high enough for most

of the MNPs to be conjugated by at least one BSA

molecule. It is conceivable that the first set of

experiments (increasing MNP/BSA ratio) can be done

to achieve labeling multiple sites in one protein

molecule, and the second set of experiments (increas-

ing BSA/MNP ratio) can be employed to label protein

in the way that the native structures of a protein are

least disturbed by the labeling.

Conclusion

The reactivity of NHS ester groups conjugated on

Fe3O4@SiO2 MNPs surface toward primary amine

containing molecules such as the fluorophore dansyl-

cadaverine provides the possibility of qualitative and

quantitative characterization of the amount of NHS

ester groups immobilized on Fe3O4@SiO2 MNPs

surfaces. A disulfide bond in the linker between the

fluorophore/NHS ester and Fe3O4@SiO2 MNPs facil-

itated detachment of the fluorophore from dansyca-

daverine-modified magnetic MNPs for accurate

quantification of NHS ester groups by HPLC analysis.

On the other hand, direct measurement of fluorophore-

conjugated Fe3O4@SiO2 MNPs with fluorescence

microscopy provided a fast and sensitive approach to

determine if NHS ester groups were immobilized on

the magnetic nanoparticle surface. Maintaining the

concentration of fresh NHS ester group in the reaction

system is especially important during protein labeling

by the bulky NHS ester-coated Fe3O4@SiO2 MNPs,

and it can be achieved by adding multiple doses of

NHS ester-coated magnetic MNPs to each aliquot of

protein during the labeling reaction to increase the

labeling efficiency. Such precaution of maintaining

the concentration of fresh NHS ester group may not be

necessary when trying to label minimum sites in a

protein of high concentration, but it is critical to the

achievement of labeling as many sites as possible in a

protein with multiple sites or protein mixtures such as

a cell surface proteome.
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