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Background: Superparamagnetic iron oxide nanoparticles (SPION) are widely used in various
biomedical technologies, in particular, as carriers for drug delivery to the target. Since SPION-drug
complexes are planned to be used in vivo, it is necessary to find out if competitive binding of
nanoparticles with biologically important macromolecules (nucleic acids and proteins) is possible.
Objectives: To investigate the possibility of complexation of iron oxide nanoparticles with DNA and
serum albumin.

Materials and methods: Bare and sodium citrate coated SPION with different surface charges, bovine
serum albumin (BSA) and calf thymus DNA were used. The complexes of SPION and macromolecules
were precipitated by an external magnetic field. The research was carried out by spectrophotometry in
visible and ultraviolet ranges.

Results: To study SPION interactions with DNA and BSA, the spectra of supernatants of the binary
systems were compared with the spectra of the corresponding control macromolecules solutions. In the
DNA-SPION systems, a decrease in the DNA absorption is observed only for bare nanoparticles. Our
estimation shows that the maximum possible concentration ratio of bound DNA to SPION is about
2.5x10™ mol/g. The addition of sodium citrate coated SPION to the DNA solution does not cause any
spectral changes of the supernatant. The interaction of BSA with SPION, coated with sodium citrate,
leads to a slight increase in supernatant absorption compared with the one of the control protein solution.
It can be caused by the fact that the resulting complexes are not precipitated by a magnetic field. No
difference between the spectrum of the supernatant of BSA-bare SPION system and the control protein
solution was observed.

Conclusions: The obtained spectrophotometric results demonstrate the formation of complexes between
DNA and bare iron oxide nanoparticles as well as between BSA and the nanoparticles, coated with
sodium citrate. The maximum concentration ratio of bound DNA and bare SPION was obtained for the
investigated system. It is necessary to take into account when SPION are used as carriers for drug
delivery.

KEY WORDS: superparamagnetic iron oxide nanoparticles (SPION); DNA; serum albumin; sodium
citrate; complexation; spectrophotometry.

B3AEMOAISA CYIIEPITAPAMATHITHUX HAHOYACTOK OKCHUAY 3AJII3A 3 JHK I BCA
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AktyanbHicTb. CymeprmapaMarsiTHi HAaHOYACTKHM OKCHIY 3alli3a IITHPOKO BHKOPHCTOBYIOTBCS Yy
PI3HOMaHITHUX OlOMEIMYHUX TEXHOJOTISNX, 30KpeMa, sSK HOCIi JIKapChKUX TMperapariB il iX JOCTaBKH
no wimeHi. OCKITBKH IIIAHYETHCS BHKOPHCTOBYBAaTH KOMIUIEKCH HAaHOYACTOK OKCHAY 3aimiza 3
npenaparamMd N VivO, HeOOXigHO 3’ICyBaTH, YH MOXIMBE KOHKYPEHTHE 3B’SI3yBaHHS HaHOYACTOK 3
010JTOTIYHO BaXKITMBIMH MaKpOMOJICKYIaMH (HyKJICTHOBIMHU KHUCIIOTaMH Ta O1TKaMH).

Mera poborn. [locniiuTi MOXIMBICTH KOMILIEKCOYTBOPEHHs HaHodyacTOK okcumy 3amiza 3 JIHK i
CHPOBAaTKOBUM AJIOYMIHOM.

Marepianu Ta Meroau. BuxopucroByBamuck HeMmoAM(IKOBaHI Ta MOKPHUTI LUTPATOM HATPIirO
HAHOYACTKU OKCHJly 3aji3a 3 PI3HUMH TOBEPXHEBUMH 3apsaaMH, OWYauMii CHPOBATKOBHH ainbOyMiH
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(BCA) 1 IHK 3 tumycy Tensatu. Komruiekcn HaHOYAacTOK 3 MakKpOMOJICKYJIaMH OyJIo OCa/DKEHO 3a
JIOTIOMOT'010 30BHIIIHBOTO MarHiTHOro moJjst. JlociipkeHHs IPOBOAMINCH METOI0M CHEKTPO(pOTOMETPil y
BUIUMIH 1 ynbTpadioneToBiit obnacTsx.

PesyabraTn. 1106 pmocmimurn B3aemonito HaHowacTok okcuay 3amiza 3 BCA 1 JIHK, cnekrpu
HAJ0CaJOBUX PIiAWH TOJBIHHUX CHUCTEM IOPIBHIOBAINCH 31 CIIEKTPaMHU BiIMOBIJHUX KOHTPOJIBHUX
po3umHiB Makpomonekyn. Y cucrtemi JJHK-nanouactkm 3menmenns mornmmHaHHs JIHK y Hamocamosiid
PIIVHI CHOCTEPIracThCs JUINEe JUIT HeMOIW(IKOBAHWX HAHOYACTOK. 3a HAIIUMH PO3paxyHKaMH,
MaKCHMaJbHO MOXJIMBE CIiBBiJHOIIEHHS KOHIEHTparii 3B s3aHoi JJHK mo xoHmeHTpariii HaHOYacTOK
cknanae npubamsHo 2.5x10™ monb/r. Baaemoxis BCA 3 HaHOYaCTKaMHM, OKPHTHMH LHTPATOM HATPIIO,
BUKJIMIKA€ HEBEJIMKE 3POCTAHHS MOTJIMHAHHA HAJ0CAIOBOI PIIMHH BiIHOCHO MOTJIMHAHHS KOHTPOJBHOTO
po3uuny Oinka. [le Moxxe OyTH MOB’A3aHO 3 TUM, IO YTBOPEHI KOMILJICKCH HE OCA/KYIOTHCS il BIUTUBOM
MarHiTHOro moyist. CriekTpu HagocanoBoi piguau cyminn BCA 3 Hemoan(ikOBaHUMH HAHOYACTKAMHU 1
KOHTPOJILHOTO PO34KHY OiJIKa IPAaKTHYHO HE BiJPi3HSIIOTHCS.

BucnoBkn. OrpumaHi pe3ysbTaTH CBiJ4aTh PO Te, IO KOMIUIEKCH YyTBOprotoThcs Mik JIHK i
HeMOM(DiKOBaHUMH HAHOYACTKAMHU, a Takox Mik BCA Ta HaHOYaCTKaMK, TOKPUTHMU IIUTPATOM HATPIFO.
e HEoOximHO OpaTH A0 yBaru Mpyu BUKOPHUCTaHHI HAHOYACTOK OKCHAY 3alIi3a Y SIKOCTI HOCIiB JTIKapChKUX
mpernaparis.

KJIFOUOBI CJIOBA: cynepnapaMarHiTHi HaHOYacTHHKH okcuny 3amiza; JIHK; cupoBarkoBuii ansOymiH; nuTpar
HaniIO; KOMILJICKCOYTBOPCHHS | CHGKTqu)OTOMeTpiS{.
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AktyanabHocTb. CymneprnapaMarHUTHbIE HAHOYACTUIBI OKCHAA Keje3a LIMPOKO MCIONb3YIOTCS B
pa3Iu4YHBIX OMOMEICIIMHCKUX TEXHOJIOTUSX, B YAaCTHOCTH, B KadyeCTBE HOCHUTEINICH JIEKapCTBEHHBIX
mpernapaToB Ui MX JOCTaBKM K MUIIEHU. [IOCKOJNBbKY IUTAaHUPYETCS UCMOIb30BaTh KOMILIEKCHI
HAHOYACTHUI[ OKCHJA >Kelie3a ¢ mpemaparamu iN ViV, HEOOXOJWMO BBIICHHUTb, BO3MOXHO JIH
CyIIeCTBOBaHNE KOHKYPEHTHOTO CBS3BIBAHUS HAHOYACTHI C OMOJIOTHYECKH BaKHBIMA MaKPOMOJIEKYJIaMH
(HyKJIEMHOBBIMH KHCJIOTAMH U OeIKaMH).

ean padoTsl. MccnenoBaTh BO3MOXHOCTh KOMITIIEKCOOOpa30BaHUsI HAHOYACTHUIT okcraa xene3a ¢ JJHK
1 CBIBOPOTOYHBIM aJIbOYMHHOM.

Martepuajbl U MeToAbl. VCTONb30BaNNCh HEMOIU(UIMPOBAHHBIE W TOKPHITHIE LHUTPATOM HATPHSA
HAHOYACTHIBI C Pa3JIMUYHBIMK ITOBEPXHOCTHBIMH 3apsiiaMH, Obluuii cbiBOpoTouHbli anbOymuH (BCA) u
JHK tumyca tenenka. Komiekchl HaHOYACTHIl ¢ MaKpOMOJIEKYJIaMH OCaXJalUCh MOJ JEHCTBHEM
BHEIIHETO MAarHUTHOTO MoJisi. VcciieoBaHus POBOIIINCH METOJOM CHEKTPO(GOTOMETPUH B BUIUMOU H
yIbTpadroaeToBOM 00IacTX.

PesynbraTel. UtoObl wuccienoBaTh B3aumojeiictBue Hanowactun ¢ JHK u BCA, choekrpsr
HAJ0CAZOYHBIX JKUJIKOCTEH JBOWHBIX CHCTEM CpaBHUBAIUCH CO CHEKTPaMH COOTBETCTBYIOLIUX
KOHTPOJIBHBIX PacTBOpOB Makpomosekyl. B cucreme JIHK-HaHOuUacTHIBl yMEHBIIEHHE HOTJIOLICHUS
JHK nabmtomaeTcst TOIBKO A HEMOIU(PHUINPOBAHHBIX HaHOUACTHI. COTIIACHO HAIIUM HCCIIEIOBAHMUSIM
MaKCUMAaJIbHO BO3MO’KHOE COOTHOILIEHUE KOHLEHTpauuu cBs3aHHOW JIHK Kk KOHLIEHTpauuy HaHOYACTHIL]
cocTaBngeT okono 2.5%x107 mos/r. B3aumoneticteue BCA ¢ HaHoYacTHUIIaMH, TIOKPBITBIMUA IIUTPATOM
HATpUs, IPUBOIUT K HEOOJIBIIOMY YBEIMYCHUIO OTJIOMEHHUS HaZ0CAT0YHON KUAKOCTH 110 CPaBHEHHIO C
TIOTJIONEHUEM KOHTPOJBHOTO pacTBOpa Oeilka. DTO MOXET OBITh CBS3aHHO C TE€M, YTO O0Opa3oBaHHBIE
KOMIUJIEKCHI HE OCa)XJaloTCsl MOJ JeHCTBHEM BHEUIHETO MarHuTHOro mnojis. CHekTp HajgocagouyHOM
x)unkoctu cMecn BCA ¢ HEeMOIU(UIIMPOBAHHBIMH HAHOYACTUIAMH NPAKTUYECCKA HE OTIHYACTCS OT
CIICKTpa KOHTPOJILHOTO pacTBopa Oelika.

BeiBoapl. [lomyueHHBIC pe3ynbTaThl CBHICTEIBCTBYIOT O QopmupoBanun komiuiekcoB JIHK ¢
HeMOAU(DHUIIMPOBAaHHBIME HAHOYAaCTUIlAMU, a Takke BCA ¢ HaHOYACTHIIAMU, MOKPHITHIMH [UTPATOM
HATpHUs. DTO HEOOXOIUMO YYHTHIBATH HPH HCIIONB30BAHWK MATHUTHBIX HAHOYACTHI] OKCH/A JKeje3a B
KadecTBE HOCUTEJIECH JIeKapCTBEHHBIX IPETapaToB.

KJIIOUEBBIE CJIOBA: cynepnapamMarHUTHBIC HaHOYAcTHIBEI okcupaa xkeinesa; JJHK; ceiBopoTouHBI anms0ymuH;
UTPpAaT HATPUA; KOMHHGKCOO6pa3OBaHI/Ie; CHeKTpO(i)OTOMeTpI/Iﬂ.

Superparamagnetic iron oxide nanoparticles (SPION) are a promising material for
biological, biomedical and biotechnological applications [1, 2] due to their unique physical
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and chemical properties such as large surface-to-volume ratio, chemical stability,
biocompatibility, and low toxicity [3-7]. Another advantage of SPION is an easy modification
of the surface to change their charge which makes it possible to get electrostatic complexes of
SPION with different types of drugs. All these properties and the ability to be controlled by
an external magnetic field make SPION extremely perspective in the drug delivery.

For many types of drugs with different clinical applications, DNA is a target molecule. In
case of using nanoparticles as drug carriers, the therapeutic effect depends on the interactions
in the ternary drug-SPION-DNA system. Thus, the investigation of binding in the binary
SPION-DNA system can simplify the further study of competitive interactions that take place
in the ternary system.

After the injection of drug-SPION mixture into the bloodstream, interactions with plasma
proteins occur. Binding of the nanoparticles with proteins, along with various factors like
SPION size, shape, surface charge, and solubility, is considered one of the key elements that
affect their biodistribution [8]. As shown in the review [8], the interactions with plasma
proteins modulate the immune system response of the body and affect the circulation time of
nanoparticles in the blood. For example, opsonin proteins stimulate phagocytosis, and,
therefore, reduce the circulation time of nanoparticles, while dysopsonins (including
albumins) promote prolonged circulation time of the particles in the bloodstream, when
binding to them.

The present study of the interaction between both bare and modified with sodium citrate
SPION and biologically important macromolecules, DNA and bovine serum albumin (BSA),
is a necessary step for further development of the biomedical application of the iron oxide
nanoparticles.

MATERIALS AND METHODS

Nanoparticles of iron oxide (Fe3O,) were synthesized by cryochemical method [9]. The
diameter of the nanoparticles is about 11 nm. Suspensions of SPION in water and water
solution of sodium citrate (NaCit) with concentration Cyacit=8%10" M were used. The
surface charge of bare iron oxide nanoparticles in water is slightly positive [10]. The coating
of SPION by NaCit (SPION@NacCit) leads to the negative charge of their surface [11]. The
concentration of stock suspensions of nanoparticles was 0.4 mg/ml.

Commercial calf thymus DNA ("Serva") and bovine serum albumin ("Sigma") were used
without additional purification. The stock solutions of DNA were prepared in distilled water
with addition of NaCl (Cyaci= 0.02 M) and in sodium citrate solution (Cyacit= 810 M). The
stock solutions of BSA were prepared in distilled water and in sodium citrate solution
(Cnacit = 8x10™ M). The concentrations of the macromolecules were determined using the
molar absorption coefficients e = 4.4x10% M em™ for BSA [12] and &2 = 6.4x10° M cm™
for DNA [13].

The stock SPION suspensions were diluted by the appropriate solvents and dispersed by
ultrasound at two modes applied successively and repeated twice: 22 kHz for 0.5 min and
44 kHz for 5 min. Experimentally we have shown that it is the optimum mode for dispersing.

The stock solutions of macromolecules were then added to the SPION suspensions.
Obtained mixtures were stirred for 30 min.

To take into account the possible Kkinetics of nanoparticles binding to the
macromolecules, the samples were kept for 5 days. Then the mixtures were stirred again and
exposed to the magnetic field (0.42 T) for 1 hour for precipitation of iron oxide nanoparticles
and their complexes with the macromolecules.
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The control samples were prepared by dilution of the stock macromolecules solutions and
SPION suspensions by the appropriate solvents. The concentrations of SPION and
macromolecules in the control samples were the same as in the investigated mixtures.

Absorption spectra of control samples and supernatants of the mixtures were obtained by
spectrophotometer "Specord M40" (Germany) in ultraviolet and visible spectral ranges.
Quartz cells (1 cm and 5 cm optical path length) were used for the measurements. The
measurement error of optical density was 0.005 units. The precipitation degree of SPION and
SPION-macromolecules complexes was controlled by the intensity of the absorption at
340 nm (maximum absorption of iron oxide). The supernatant absorption was compared with
the absorption of the control samples of DNA and BSA. Concentrations of macromolecules in
the supernatants were calculated from the spectra intensities at the macromolecules absorption
maxima (260 nm for DNA and 280 nm for BSA). The error of the concentration calculation
was about 10 %.

RESULTS AND DISCUSSION

Figures 1a, b show absorption spectra of the control DNA solutions and the supernatants
of DNA-SPION suspensions. The supernatant does not contain iron oxide nanoparticles
(absorption at 340 nm Az = 0). The intensity of the supernatant spectrum is lower than the
one of the control solution. It can be caused by the DNA binding to bare iron oxide
nanoparticles and precipitation of the DNA-SPION complexes by the external magnetic field.
Previously the possibility of electrostatic complexes formation between positively charged
nanoparticles and DNA was shown in [14-16].

— DNA
- = - DNA-SPION supernatant

0,7- —DNA 0,71
- — -DNA-SPION supernatant

—— DNA

0,74 .
- - - DNA-SPION@MaCit supernatant

Fig. 1. Absorption spectra of DNA and supernatant
of DNA-SPION suspension (a, b).

Absorption spectra of DNA and supernatant of
DNA-SPION@NaCit suspension (c).

The total DNA and SPION concentrations are

a) Cpna = 0.15%10™* M, Cspion = 0.06 mg/ml;

b) Cona = 1.1x10™* M, Cepion = 0.06 mg/ml;

¢) Cona = 1.1x10™ M, Cgpion = 0.06 mg/ml.

240 260 280 300 320 340

%, nm
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Table 1. The concentration of bound DNA and the concentration ratio of bound DNA and SPION in suspensions
with different initial DNA concentration

Cspion, mg/ml Cona, M Chound bNA, M Chbound pna/Cspion, mol/g
0.06 0.15x10™ 0.66x10° 1.1x10™
0.06 1.1x10™ 0.13x10™ 2.2x10™
0.06 2.2x10™ 0.15x10™ 2.5x10™

The experiments at higher relative DNA concentrations demonstrate qualitatively similar
results (Fig. 1b). However, amount of bound DNA changes. As can be seen from Table 1,
with increase of the initial DNA concentration, the concentration of DNA bound to the
nanoparticles rises up to 0.13x10™ M and then practically does not change. The maximum
possible ratio Chound ona/Cspion is about 2.5x10™ mol/g.

Absorption spectra of the control DNA solution and the supernatant of DNA-
SPION@NaCit suspension practically do not differ (Fig. 1c). It indicates the absence of the
DNA binding with the SPION@NaCit.

Though electrostatic interactions between DNA, a polyanion molecule, and negatively
charged nanoparticles are impossible, negatively charged complexes of magnetic nanoparticles
with certain drugs can bind to DNA in the minor groove [17]. Our studies indicate that for iron
oxide nanoparticles coated with NaCit there is no mechanism of binding with DNA.

Fig. 2a shows absorption spectra of the control BSA solution and supernatant of the
BSA-SPION@NaCit suspension. The supernatant spectrum intensity is greater than the one
of the control solution. It should be noted that the higher absorption is also observed at the
maximum of the iron oxide spectrum (340 nm).

The additional contribution to the absorption spectrum might be caused by the
nanoparticles that did not precipitate under the influence of the magnetic field. To test this
hypothesis, we compared the experimental spectrum of the system with superposition of the
BSA spectrum and the spectrum of nanoparticles taken at the appropriate concentrations (Fig.
2a, dashed line). Since BSA does not absorb at 340 nm, the concentration of unprecipitated
nanoparticles was estimated by the supernatant absorption at this wavelength. It amounted to
7 % of the initial SPION concentration. Total BSA concentration in the supernatant was the
same as in the control solution.

——BSA ——BSA
1,0 2 . 1,0
;’\ - - - BSA-SPION@NaCit supernatant = = -BSA-SPION supernatant
\ —— BSA+SPION@NaCit
\

/

0,84 0,8

< 0,64

0,4 0,4

0,24 0,2

0,0 ——— ] 0,0
JL

240 260 280 300 320 340 880 900 240 260 280 300 320 340

A, Nm A, nm
a b

Fig. 2. Absorption spectra of BSA, the supernatant of BSA-SPION@NaCit suspension and the superposition of
free BSA solution and SPION@NaCit suspension spectra (a). The total BSA and SPION concentrations
corresponding to the experimental spectra are Cgsa = 2x10™° M and Cgpion = 0.06 mg/ml. The total BSA and
unprecipitated SPION concentrations corresponding to the calculated superposition curve are Cgsy = 2x10° M
and Cspion = 0.0042 mg/ml. Absorption spectra of BSA and the supernatant of BSA-SPION suspension (b).
The total BSA and SPION concentrations are Cgga = 2x10° M and Cspion = 0.06 mg/ml.
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The experimental plot and the calculated superposition curve are in a good agreement. It
confirms the presence of the SPION in the supernatant. Since under the same experimental
conditions free nanoparticles precipitate completely, the observed effect should be due to the
interaction of SPION with the protein.

Qualitatively similar changes take place with the increase of the total BSA concentration
in the investigated suspensions up to 4.6x10™ M (graphs are not shown). However, significant
light scattering of both the control solution and the supernatant, which may be caused by the
aggregation of the protein at the relatively high concentration, complicates the detailed data
analysis.

The absorption spectrum of BSA does not change upon addition of bare iron oxide
nanoparticles (Fig. 2b) which indicates that BSA does not interact with SPION.

CONCLUSIONS

Spectrophotometric studies of systems containing DNA and either bare or coated by
sodium citrate SPION have shown the possibility of complexation between the positively
charged SPION with DNA molecules. The maximum concentration ratio of bound DNA and
bare SPION was obtained for the investigated system. It should be taken into account for
application of SPION as carriers of the negatively charged drugs in the targeted delivery.

While bare SPION do not interact with BSA, minor interactions of negatively charged
nanoparticles coated by sodium citrate with the protein are observed. It is shown that the
formed BSA-SPION complexes can not be manipulated under the action of the external
magnetic field.
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