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Superparamagnetic  nanoparticles  with  chemically  modified  chitosan  has  been  proposed  as  a  potential
support  for  the  immobilization  of  the androgen  receptor  (AR).  The  study  involved  comparison  of different
AR  carriers  like  commercially  available  magnetic  beads  coated  with  silica  (BcMag)  and  chitosan  coated
nanoparticles  with  different  amount  of  amino  groups.  The  immobilization  was carried  out  through  cova-
lent immobilization  of the  AR through  the terminal  amino  group  or  through  available  carboxylic  acids.
The  initial  characterization  of  the  AR coated  magnetic  beads  was  carried  out with  dihydrotestosterone,
a  known  AR ligand.  Subsequently,  chitosan  modified  nanporticles  with  long-distanced  primary  amino
ntiandrogens
hitosan
igand fishing
agnetic beads

groups  (Fe3O4CS-(NH2)3)  (upto  8.34  mM/g)  were  used  for further  study  to  isolate  known  AR ligands
(bicalutamide,  flutamide,  hydroxyflutamide  and  levonogestrel)  from  a mixture  of  tested  compounds  in
ammonium  acetate  buffer  [10 mM,  pH  7.4].  The  results  showed  that  the  selected  nanoparticles  are  a
promising  semi-quantitative  tool  for the  identification  of  high  affinity  compounds  to AR  and  might  be  of
special  importance  in  the identification  of novel  agonists  or antiandrogens.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Androgen receptor (AR) is a ligand-dependent transcription fac-
or that controls the expression of specific genes and is a member
f the nuclear receptor (NR) superfamily [1]. The mechanism by
hich androgens elicit their actions on different tissues has become

learer over the years. The AR protein has 3 major functional
omains: a variable N-terminal domain (NTD), a highly con-
erved DNA-binding domain (DBD) and a conserved ligand-binding
omain (LBD). Testosterone and dihydrotestosterone (DHT) are
ndogenous hormones which bind to the ligand-binding domain
nd activate AR as a transcription factor. A decrease in circulat-
ng levels of these hormones results in a decline in musculoskeletal
unction, increase in body fat, decrease in muscle mass and strength
nd recently has been identified as a risk factor for Alzheimers dis-

ase [2,3]. As a result there is a pressing need for the identification of
ew potential androgens. While, hormone replacement therapy is
vailable, it is not widely used due to potential side effects. In addi-
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E-mail address: mmars@cm.umk.pl (M.P. Marszałł).
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731-7085/© 2016 Elsevier B.V. All rights reserved.
tion to androgens, the identification of antiandrogens can be used
for the treatment of prostate cancer in men and hyperandrogenism
in women  [4]. For this reason, the identification of antiandrogens
is also of therapeutic interest. Current antiandrogens therapies are
used to treat prostate cancer, include bicalutamide, flutamide and
nilutamide however, these drugs have adverse effects and drug
resistance [5].

Several methods have been developed for the identification of
novel ligands for the AR. For example, high-throughput screening
techniques, where a rapid assay is carried out to determine the
biological or biochemical activity of a large number of drug-like
compounds, has been used to study the interactions of endocrine
disrupting chemicals with the AR [4]. As a result, HTS is useful for
the discovery and identification of new selective androgen receptor
modulators [6,7]. Another method developed for the identification
of novel AR ligands is the AR binding-screening assays. This was
also developed to characterize receptor mediated endocrine activ-
ity by measuring the inhibition of AR transcriptional activity by

small molecules or measuring the blockade of ligand-binding AR
[8,9]. While useful, these biochemical assays are limited by low
purity and stability of functional AR protein. There are also com-
mercially available assays, including the AR competitor assays with

dx.doi.org/10.1016/j.jpba.2016.04.013
http://www.sciencedirect.com/science/journal/07317085
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uorescent or radiolabeled androgen ligand [10–12], however, due
o the low number labeled-ligands, waste disposal and safety they
ave some limitation as common tools in drug discovery.

A novel technique that has been successfully used for the iden-
ification of active components from a complex mixture is ligand
shing [13–15]. In these studies, the targeted protein is immobi-

ized onto magnetic particles surface and the resulting stationary
hase is used to “fish” out potential active compounds from differ-
nt mixtures [11,13,16–18]. This has been previously demonstrated
ith its application for the isolation of active compounds from
atural products from different matrixes including plant and cell
xtracts [12,15,19–21].

Several types of magnetic beads have been employed for
iomolecule immobilization and drug delivery [13,22]. Recently,
here has been an increasing interest in magnetite (triiron tetraox-
de) based micro- and nanoparticles for their potential use in
ifferent biomedical and chemical areas, because of their “flexible”
urface. The chemically modified surface with inorganic or organic
olecules is responsible for oxidative stabilization as well as func-

ionalization of particles. The polycationic polymer, chitosan (CS),
as recently, become an interesting material due to its non-toxicity,
ood mechanical properties, biocompatibility, and biodegradabil-
ty [23]. As a result, CS based magnetic nanoparticles have gained
ncreased attention as a universal carrier for drug delivery and for
nzyme immobilization [24,25]. However, this polymer does not
xhibit sufficient chemical stability in aqueous environment. As a
esult, a novel magnetite nanoparticle coated with a modified chi-
osan material was synthesized, specifically designed for enzyme
lipase) and protein (human serum albumin, HSA) immobiliza-
ions [26]. The resulting coated surface with chemically modified
hitosan and long-distanced primary amino groups gives rise to
ispersion in organic and water solvents as it is unable to form

ntramolecular hydrogen binding. Thus, the hydrophobic surface
as significant influences on catalytic activity of the immobilized
nzymes e.g lipases [27]. Hence, these nanoparticles were studied
s potential magnetic supports for AR-protein immobilization.

. Materials and methods

.1. Materials

Androstanedione, bicalutamide, dexamethasone, dibutylphtha-
ate, dihydrotestosterone (DHT), flutamide, hydroxyflutamide,
evonorgestrel, lidocaine hydrochloride, 1-ethyl-3-(3-

ethylaminopropyl)carbodiimide (EDC), gluteraldehyde,
ydroxylamine hydrochloride, N-hydroxysulfosuccinimide (Sulfo-
HS), potassium phosphate dibasic, pyridine (99.8%), sodium
zide, sodium cyanoborohydride, sodium chloride, trizma base,
alcium chloride, glycerol and sodium phosphate monobasic were
urchased from Sigma–Aldrich (Stainhaim, Germany). HPLC grade
cetonitrile (ACN) and methanol (MeOH) were from POCh (Gli-
ice, Poland). Human androgen receptor (AR) full length protein
as from Abcam (Cambridge, UK).

Commercially available amine terminated magnetic beads
BcMag) (50 mg/mL, 1 �m diameter) of “sophistically coated iron
xide particles to provide primary amino groups”, were purchased
rom Bioclon Inc. (San Diego, CA, USA). A manual magnetic sepa-
ator Dynal MPC-S was purchased from Invitrogen (Carlsbad, CA,
SA). Solutions were prepared using purified water used in the

tudy using a Milli-Q Water Purification System (Millipore, Bedford,
A,  USA).
.2. Synthesis of chitosan magnetic nanoparticles

The 3 groups of magnetic nanoparticles were prepared based
n the Fe3O4, coated with chemically modified chitosan and char-
d Biomedical Analysis 127 (2016) 129–135

acterized by ATR-FTIR, 13C NMR, TGA/DTG/DSC, as previously
described [21]. All of chitosan coated nanoparticles were pre-
pared via standard co-precipitation procedure. To obtain one long
amine substituent in chain, the coated chitosan was reacted with
gluteraldehyde and aqueous solution of ethylenediamine. Materi-
als containing two  and three amine substituents were prepared by
the reaction of chitosan with epichlorohydrin in alkali solution to
form carbonyl groups which were treated with glutaraldehyde and
finally with ethylenediamine [28].

The resulting magnetic materials with surface modified with
long-distanced amino groups were used as a support for
AR-bioligands binding. In Fig. 1 the magnetic nanoparticles
(Fe3O4 CS-(NH2), Fe3O4 CS-(NH2)2 and Fe3O4 CS-(NH2)3) with
a 1, 2 or 3 amino groups distanced from the polymer chain were
presented.

2.3. AR immobilization onto the surface of magnetic beads

The following magnetic beads (MB) were used in AR-bioligands
binding study: (a) commercially available amine-terminated mag-
netic beads (BcMag) with functional group density of ∼250 �mol/g
of MB  and (b) chitosan coated MB  with surface modified with long-
distanced amino groups − Fe3O4 CS-(NH2), (c) Fe3O4 CS-(NH2)2
and d) Fe3O4 CS-(NH2)3 with the amount of free amine groups
3.15, 5.93 and 8.34 mM/g, respectively. The AR-full protein was
immobilized using previously protocol with modification [16].

2.3.1. Immobilization via N-terminal
The amine groups on the BcMag beads and the AR were linked

by a previously described method [18], with slight modifications.
Briefly, 5 mg  of MB  were washed with 1 mL  pyridine buffer [10 mM,
pH 6.0] in microcentrifuge tube. The supernatant was discarded and
MB were suspended in 1 mL  of 5% gluteralaldehyde and shaken for
3 h. The MB  were then washed 3 times with 1 mL pyridine buffer
[10 m M,  pH 6.0] to remove the unreacted gluteraldehyde. 200 �L of
buffer was transferred with 200 �g of full length AR protein to the
MB and left under gentle rotation at 4 ◦C for 24 h. Next, the super-
natant was discarded and 0.5 mL of glycine (1 M,  pH 8) was added.
The mixture was  shaken for 30 min and supernatant discarded. The
resulting MB  was  rinsed and stored in phosphate buffer [10 mM,
pH 7.4] with 0.02% sodium azide. The control glycine-coated MB
were made for each group of particles in the same manner but
without AR protein. Finally, the 4 groups of MB  were prepared by
immobilization of AR protein onto the surface of MB  through the
amino group: (a) BcMag(NT)-AR, (b) Fe3O4 CS-(NH2)(NT)-AR (c)
Fe3O4 CS-(NH2)2(NT)-AR and (d) Fe3O4 CS-(NH2)3(NT)-AR.

2.3.2. Immobilization via COOH group
For the immobilization of the COOH group, we followed a pre-

viously published method with slight modifications [16]. Briefly,
5 mg  of MB  after the rinsing with 1 mL  of MES  [100 mM,  pH 5.5] in
a microcentrifuge tube were suspended in 300 �L of rinsing buffer,
200 �g of full length AR protein and 50 �L of a mixture of 10 mg
of EDC and 15 mg  of sulfo-NHS in 1 mL  of water. The mixture was
vortex-mixed and left for 3 h at 4 ◦C with gentle rotation. Next, the
20 �L of 1 M hydroxylamine was added to the final reaction and left
for 3 h at 4 ◦C with gentle rotation. The supernatant was  discarded
and the MB  with immobilized AR protein were rinsed 3 times with
1 mL  of phosphate buffer [10 mM,  pH 7.4] containing 0.02% sodium
azide. The control hydroxylamine-coated MB  were made for each
group of particles in the same manner but without AR protein.

Finally, the 4 groups of MB  were prepared by immobilization of
AR protein onto the surface of MB  through the carboxy group:
BcMag(C)-AR, Fe3O4 CS-(NH2)(C)-AR (c) Fe3O4 CS-(NH2)2(C)-AR
and (d) Fe3O4 CS-(NH2)3(C)-AR.
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Fig. 1. Structure of prepared Fe3O4CS nanoparticles (a) and different modifications

.4. Ligand fishing

5 mg  of the AR coated beads or control was suspended in a
icrocentrifuge tube with 10 nM of the selected drugs (Table 1)

nd incubated in 500 �L of ammonium acetate buffer [10 mM,  pH
.4] individually. The tube was mixed for 2 min  and then placed
or magnetic separator for 30 s. The first supernatant (S1) includ-
ng non-binding compounds was collected. The beads were then

ashed with 500 �L of ammonium acetate buffer [10 mM,  pH
.4] for 2 min  and the supernatant (S2) was separated and col-

ected. The bound ligands were then eluted with 500 �L of elution
uffer (ammonium acetate buffer [10 mM,  pH 7.4]) containing 20%
ethanol (v/v twice for 2 min  (S3 and S4). The magnetic beads
ashing procedure between extractions consisted of a double wash
ith 500 �L of ammonium acetate buffer [10 mM,  pH 7.4] for 2 min.

he binding tests were performed individually for each compound
nd to an equal mixture of DHT, bicalutamide, dexamethasone and
idocaine.

The collected supernatants were analyzed by Shimadzu UPLC
exera X2 system consisting of: LC-30AD pomp with Kinetex
18, 150 × 4.6 mm,  2.6u, 100A column, SIL-30AC autosampler,
TO-20AC column oven, FCV-20-AH2 valve unit and DGU-
0A5R degasser coupled with Shimadzu 8030 ESI–MS/MS triple
uadrupole mass spectrometer. Mobile phase consisted of (A) 0.1%
ormic acid in methanol (v/v) and (B) 0.1% formic acid in water

v/v). Proportions between solvent A and solvent B were 60–40.
low rate was set to 0.8 mL.min−1, chromatographic temperature at
5 ◦C with monitored pressure below 500 bar. Source and collision
itosan: with a 1 (b), 2 (c) or 3 (d) amino groups distanced from the polymer chain.

energies as well as fragmentor voltages were optimized for each
analyte by infusing a pure standard of each compound dissolved
in 50% methanol. Source conditions were set to: nebulizing gas
flow 1.5 L/min, drying gas flow 15.0 L/min, DL temperature 250 ◦C,
heat block temperature 400 ◦C. Injection volume, precursor and
products ions, ionization mode of each compound are presented
in Table 1. All analyses of supernatant were done after incubation
process in triplicate. The semi-quantification was  carried out by
means of signal ratio of incubated ligands in supernatant to sig-
nal of pure standard. The calculated standard curves for all tested
compounds were linear with correlation coefficients greater than
0.9932 with a linear range from 0.1 nM to 10 nM.

3. Results and discussion

Covalent immobilization of the AR-protein was  performed on
the surface of amine terminated magnetic beads by the formation
of the amide bound ((C)-AR) or reductive amination ((NT)-AR) of a
carboxyl group or the amino terminal, respectively. The AR-protein
was immobilized onto 4 different types of iron-oxide multifunc-
tional magnetic nanomaterial by 2 linkers, resulting in 8 types of
AR-protein magnetic beads (4 (NT)-AR and 4 (C)-AR) (section 2.3).
In order to determine which AR coated magnetic particle resulted in
more efficient immobilization, 10 nM of dihydrotesterone (DHT), a

known AR ligand, was incubated with each of the 8 magnetic parti-
cles (4C and 4 NT) versus control for 2 min  in buffer accordance with
protocol of ligand fishing (section 2.4) and analyzed by ESI–MS/MS
mass spectrometer. For the control beads, the non-specific bind-
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Table 1
Structural formulas, activity and analytical parameters of studied compounds.

Compound Activity/function Injection volume (�L) Ionization mode Precursor [m/z] Products [m/z]

androgen 10 (+) 291.3 255.3 273.3

androgen 1 (+) 287.2 109.1123.0263.3

anti-androgen 1 (−) 429.0 255.0185.0184.0

anti-androgen 3 (+) 393.2 373.3147.0237.1

anti-androgen 10 (+) 279.2 149.0205.1121.0

anti-androgen 5 (−) 275.1 201.9205.0186.0

anti-androgen 1 (−) 291.0 205.0175.0155.0

androgen 10 (+) 313.3 109.1245.3135.0

i
o
(
m
A
o
s
t
f
A
l
i
w
r
f
(
D
l
t
i
r
r

non-binder 5 

ng for a 2 min  incubation with DHT resulted in a similar range
f unbound DHT in the supernatant (85.9–90.2%) and bound DHT
S3 + S4) <3% for all types of studied magnetic beads. For the (C)-AR

agnetic particles, no difference was observed between the (C)-
R and control magnetic beads (data not shown), with the levels
f unbound ligand similar for all the (C)-AR and control particles
tudied. Similarly for 3 of the 4 NT-AR (Fig. 2a) and for all 4 con-
rols (Fig. 2b) the levels of unbound ligand (DHT) in S1 ranged
rom 80 to 90%, with the exception of the Fe3O4 CS-(NH2)3(NT)-
R magnetic particles, where the levels of supernatants (unbound

igand) decreased to 62.3% (Fig. 2a). Of interest, when compar-
ng the chitosan magnetic particles for the 4-NT-ARs, was that

ith increasing concentrations of free amino group, an increase in
etained DHT was observed. For example, increasing the amount of
ree amino groups from 3.15 mM/g  (Fe3O4 CS-(NH2)) to 5.93 mM/g
Fe3O4 CS-(NH2)2), resulted in a significant increase of retained
HT from 5% to 10% (S3 + S4) (p < 0.05) and a decrease in unbound

igand (S1) from ∼90% to 80%, respectively. Similarly, increasing
he free amino groups to 8.34 mM/g  (Fe3O4 CS-(NH2)3), resulted

n a significant drop in unbound ligand (S1) to ∼60% and a cor-
esponding increase in retained DHT to ∼20% (p < 0.0001). These
esults lead to the assumption that the higher amount of free amino
(+) 234.6 58.1 86.1

groups results in a higher yield of AR immobilization via the N-
terminus. Similar observations were described previously with the
use of nanoparticles as a support for the covalent immobilization
of lipase and human serum albumin [21]. The results indicate that
magnetic nanoparticles coated with chemically modified chitosan
with an increase in free long-distanced amino groups can improve
the immobilization process of biomolecules. The result of inactivity
of the (C)-AR is not surprising, as the AR contains multiple sur-
face carboxylic acids that are solvent accessible for EDC-mediated
crosslinking, while the (NT)-AR is specific to the N-terminal of
the protein. This non-specificity in the (C)-AR, may  result in the
immobilization of the protein that may  block access to the ligand
binding site, or cause steric effects that may  prevent the binding
of known ligands. The determination of the optimal crosslinker for
new proteins and its molar ratios for reactions is often empirically
determined.

As a result, the Fe3O4CS-(NH2)3(NT)-AR nanoparticles were
used for all the ligand fishing studies. The selected magnetic beads
were incubated with a series of known compounds with differ-

ent affinities to AR (Fig. 3). The results demonstrate that the
high affinity binders, bicalutamide, flutamide, hydroxyflutamide
and levonogestrel, were selectively retained on the Fe3O4CS-
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Fig. 2. Comparison of dihydrotestosterone (DHT) binding to different magnetic nanoparticles with a) immobilized AR-protein vie amine group and b) control nanoparticles;
S1-S4—supernatants described in ligand fishing procedure.

Fig. 3. Comparison of binding of androstenedione, bicalutamide, dexamethasone, dibutyl phthalate, flutamide, hydroxyflutamide, levonorgestrel and lidocaine HCl to
a)Fe3O4CS-(NH2)3(NT)-AR magnetic beads and b) control nanoparticles; S1-S4—supernatants described in ligand fishing procedure.
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Fig. 4. The mixture ligand fishing of DHT, bicalutamide, dexamethasone and lidocaine H
described in ligand fishing procedure.

Table 2
The comparison values of binding parameters reported in literature and measured
in  presented study.

Compound Relative
binding
affinitya (nM)

IC50
b (uM) % of ligand

bindingc

Androstenedione 640 – 0.93
Bicalutamide – 12.0 14.76
Dexamethasone – 188.5 0.53
DHT  10 0.057 17.60
Dibutylphthalate 0.0017 – 1.75
Flutamide 0.0082 73.4 8.37
Hydroxyflutamide – 33.0 11.02
Levonogestrel 11.87 – 8.05
Lidocaine – – 0.65

a Relative binding affinities (recombinant rat LBD) [7].

s

(
i
c
l
t
T
(
(
a
a
c
o
n
t
s
a
n
(
b
a
b
p
w
a
r
u
p
t
c

b IC50 measured with Scintillation Proximity Assay (recombinant rat LBD) [8].
c Percent of ligand binding–signal ratio of incubated ligands in supernatant to

ignal of pure standard.

NH2)3(NT)-AR magnetic beads versus control (Fig. 3). Further,
ncubation of Fe3O4CS-(NH2)3(NT)-AR magnetic beads with other
ompounds (androstenedione, dexamethasone, dibutylphthalate,
idocaine), resulted in no retention in S3 and S4, indicating that
hese compounds were either weak binders or non-binders. In
able 2, a clear difference is seen by the% of ligand retained
S3 + S4) between weak binders/non-binders and strong binders
0.96 ± 0.54)% vs (11.97 ± 4.14)%, respectively (p = 0.0012). Further,

 linear trend was found between reported IC50 values and the
mount of retained ligand (y = 0.838 + 15.601, r2 = 0.9477), indi-
ating that Fe3O4CS-(NH2)3(NT)-AR magnetic beads are a viable
ption for screening of complex mixtures to isolate and identify
ovel androgens or anti-androgens. In order to determine whether
he beads were able to sort binders from weak/non-binders
imultaneously, a mixture of DHT, bicalutamide, dexamethasone
nd lidocaine was incubated with the Fe3O4CS-(NH2)3(NT)-AR
anoparticles (Fig. 4). As was clearly demonstrated, the Fe3O4CS-
NH2)3(NT)-AR nanoparticles had correctly retained DHT and
icalutamide with 12% and 9% being bound (S3 + S4), respectively,
nd with less than 2% of dexamethasone and lidocaine, weak
inders, being retained, similar to control. While, some of the com-
ounds that were not retained by the AR-coated magnetic beads,
ere not reported to be non-binders, the literature data on whether

 compound is a weak AR-binder or non-binder is conflicting. Cur-
ently, the recombinant AR binding assay is the most commonly

sed method for determining the activity of endocrine active com-
ounds, in this method the data reported is most often relative
o the applied conditions and as a result is difficult to compare to
lassic binding assay. As a result, based on the reported AR binding
Cl with the use of Fe3O4CS-(NH2)3(NT)-AR magnetic beads; S1-S4—supernatants

properties of the tested compounds, in terms of relative ranking of
binding affinities of strong, weak and no-marginal affinity [8], our
method is only capable of distinguishing high affinity binders from
weak binders or non-binders (bound less than 2%).

The reported results confirm that magnetic nanoparticles might
be of special importance in screening for new potential ligands.
The type of coating of Fe3O4 core has the significant impact on the
effective immobilization of biomolecules. For AR-protein the new
multifunctional magnetic nanomaterial with chemically modified
chitosan (Fe3O4 CS-(NH2)3) was demonstrated to be effective in
fishing out ligands with high affinity for the AR from a mixture of
high affinity and weak/non-binders. The subsequent development
of ligand fishing technique based on the magnetic beads should
be focused on the chemical and physical modification of surface of
nanoparticles. This can lead to more productive and effective tool in
new potential drug screening, even with weak binding to targeted
protein.
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