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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 CYHEPHAPAMATHITHUX HAHOYACTOK OKCHUAY 3AJII3A 3 THK I BCA
A.A. CkypartoBcbKa, [1.0O. ITecina, K.I'. Bepe3nsik, H.O. 'naakoBcebka, €.B. /lyxoneJbHHKOB
Incmumym paodiogizuxu ma enexmponixu im. O.A. Ycuxoea HAH Vipainu,
eyn. Ax. Ilpockypu, 12, Xapxis, 61085, Yrpaina

AkTyanbHicTe. CyneprapamarHiTHi HAaHOYacTKM OKCHAY 3aJli3a IIMPOKO BUKOPHCTOBYIOTBCS Yy
PI3HOMaHITHUX OlIOMEIMYHHMX TEXHOJOTISX, 30KpeMa, SIK HOCIi JIKapChbKUX IpenapariB A iX JOCTaBKH
qo wmimeHi. OCKIUIBKM TUIAHYETHCS BUKOPHCTOBYBAaTH KOMIUIEKCH HAaHOYAaCTOK OKCHIy 3aiiza 3
npenaparamu in vivo, HeoOXiJHO 3’CyBaTH, YM MOXIIMBE KOHKYPEHTHE 3B’S3yBaHHS HAHOYACTOK 3
610JI0TYHO BasKIIMBUMH MAaKpOMOJIEKYJIaMHU (HYKJIETHOBUMH KHCJIOTAaMH Ta O1JIKaMn).

Meta po6otn. JlocimiuTn MOXIMBICTH KOMIUIEKCOYTBOPEHHS HaHOYacTOK okcuay 3aiiza 3 JIHK i
CHPOBATKOBUM alTbOYMIHOM.

Martepiann Ta w™metoau. BukopucroByBammch HemoAu(]iKOBaHI Ta MOKPUTI IUTPATOM HATPItO
HAHOYACTKH OKCHIY 3aji3a 3 pPIi3HUMH IOBEPXHEBHUMH 3apsiaMH, OMYaunii CHpPOBATKOBHI ampOyMiH
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(BCA) i JHK 3 TtuMycy Ttenstu. KoMmImiekcn HaHOYACTOK 3 MAaKpOMOJIEKyJIaMH OyJi0 OCaKeHO 3a
JIOTIOMOT'OI0 30BHIITHBOT'O MarHiTHOTO MOJs. JloCimKeHHS IPOBOIIIIICH METOJIOM CIEKTPOPOTOMETPIii y
BUNMI 1 ynbTpadioneTosiit 00nacTsx.

PesyabTtaTn. {06 mocminutu B3aemomiro HaHoyacToK okxcuay 3amiza 3 BCA 1 JIHK, cmexrpu
HaJ0CaOBUX PIAUH TOJIBIMHUX CHCTEM IMOPIBHIOBAIKMCH 31 CIEKTPaMU BiAMOBITHUX KOHTPOJBHUX
po3uuHiB Makpomosiekys. Y cuctemi JIHK-nanowactku 3menmienns noriuuands JJHK y Hamocamosiii
pimuHiI cHocTepiraeTbcs JHIIE Ui HEeMOAW(IKOBaHMX HAHOYACTOK. 3a HAIMMH PO3paxyHKaMH,
MaKCHMaJIbHO MOJKJIMBE CIIiBBiHOLIEHHS KoHueHTpauii 3B’s3aHoi JJHK 1o koHueHTpauii HaHOYacTok
cxtazae npudmisHo 2.5x10° mons/r. B3aemonis BCA 3 HaHOUACTKAMH, HOKPHTHMH LHTPATOM HATPIIO,
BUKIJIMKA€ HEBEJIMKE 3POCTAaHHS MOTJIMHAHHS HaJl0CaJ0BOI PiAMHM BiIHOCHO MOTJIMHAHHS KOHTPOJIBHOTO
pozunHy Oinka. Lle Moke OyTH MOB’SI3aHO 3 THM, 1110 YTBOPEHI KOMIUIEKCH HE OCAIKYIOThCS il BILTHBOM
MarHiTHOTO mois. CrekTpu HamocamoBoi pimuan cyMimn BCA 3 HemommdikoBaHUMEH HaHOYACTKAMH i
KOHTPOJBHOTO PO3YMHY OiJTKa MPAKTUIHO HE BiAPI3HAIOTHCS.

BucnoBkn. OTpuMaHi pe3yibTaTH CBigUaTh HPO Te, IO KOMIUIEKCH yTBOproloThcst Mik JHK i
HeMoau(iKOBaHMMH HaHOYACTKaMH, a TakoK Mixk BCA Ta HaHOYaCTKaMH, MIOKPUTHUMH IIUTPATOM HATPIfO.
Ile HEoOximHO OpaTH K0 yBaru Mpu BUKOPHUCTaHHI HAHOYACTOK OKCHAY 3ali3a y SIKOCTI HOCIiB JIKapChKUX
MpenapariB.

KJIIOYOBI CJIOBA: cynepnapamarHiTHi HaHOYaCTHHKH okcuny 3amiza; JIHK; cupoBarkoBuil ansOyMiH; murpat
Hani}O; KOMIIJICKCOYTBOPECHHSA CHCKTpO(bOTOMeTpiS{,

B3AI/IMOI[EI71CTBI/IE CYIIEPITAPAMATHUTHBIX HAHOUYACTHUIL OKCHUIA KEJIE3A
C IHK 1 BCA
A. A. CkypartoBckas, [. A. Ilecuna, E. I'. bepe3nsik, H. A. 'nagkoBckas, E. B. lyxoneibHuK0B
Hncemumym paouoghuzuru u snexkmponuru um. A. A. Yeuxoea HAH Ykpaunuvl,
yn. Ax. Ilpockypu, 12, Xapvkos, 61085, Ykpauna

AxtyanabHocTh. CymneprnapaMarHUTHBIE HAHOYACTHIIBI OKCHJA J>Kejie3a INMHPOKO WCIIONB3YIOTCS B
pa3TMYHBIX OMOMENEIMHCKMX TEXHOJOTHSAX, B YAaCTHOCTH, B KadeCTBE HOCHTENEH IJIeKapCTBEHHBIX
[IpenapaToB Uil HUX JOCTaBKM K MullIeHH. [IOCKONbKY IUIaHMpYETCS HCIOJIb30BaTh KOMILIEKCHI
HAaHOYACTHUI] OKCHIA JKeJe3a C TIpemapaTamMd in  Vivo, HEOOXOIMMO BBIICHUTH, BO3MOXHO JIH
CyIIIECTBOBaHHE KOHKYPEHTHOTO CBS3BIBAHHS HAHOYACTHI] C OMOIOTHYECKH BaYKHBIMA MaKpPOMOJIEKYIaMU
(HYKJIEMHOBBIMH KUCJIOTAaMHU U OEJIKaMU).

Hean padoTel. MccnenoBats BO3MOXHOCTh KOMIUIEKCOOOpA30BaHUsI HAHOYACTHUI] okcHa xxenes3a ¢ JJHK
1 CBIBOPOTOYHBIM aJ'II)6yMI/lHOM.

Marepuansl u MeToabl. Vcrnonp30Bannch HEMOIU(DHUIMPOBAHHBIE M IIOKPHITHIE LUTPATOM HATPHA
HAHOYACTHUIBI C Pa3IMYHBIMH ITOBEPXHOCTHBIMH 3apsiiaMu, Obldnii chlBOpoTOuHbI ansOymun (BCA) u
JHK Ttumyca teneHka. Kommiekcsl HaHOYAaCTHI ¢ MaKpOMOJEKYJIaMU OCAaXAAIMCh MOJ ACUCTBHEM
BHEIIHEr0 MarHUTHOTO IoJis1. VcciieqoBaHus IPOBOIIIIUCH METOAOM CIEKTPO(POTOMETPHH B BUIUMOU H
yIbTpaduoIeTOBOM 00TACTSIX.

PesyabTaTel. UToOBl wmccrmenoBaTh BlammopeictBue HaHowactunm ¢ JHK u BCA, chexrpsr
HAJ0CaJOYHbIX JKHUAKOCTEH JBOMHBIX CHCTEM CPaBHUBAIMCh CO CIHEKTpaMH COOTBETCTBYIOLIHX
KOHTPOJIBHBIX PAacTBOPOB Makpomoliekyd. B cucteme JIHK-HaHOWAacTHIBI yMEHBIICHHE HOTJIOMICHHUS
JIHK Habmoaercst TOJIbKO 1l HEMOTU(PHUIIMPOBAaHHBIX HaHOYacTHIl. COrJIaCHO HAIIUM HCCIIEIOBAHUSIM
MaKCHUMaJIbHO BO3MOXHOE COOTHOIIEHHE KOHIeHTpauuu cBszaHHoi JIHK k xoHIeHTpanuy HaHOYaCTHIL
cocraBiser okoso 2.5x10 mons/r. B3aumoneiicteue BCA ¢ HAaHOYACTHIIAMH, HOKPHITHIMU LUTPATOM
HaTpHsl, IPUBOAUT K HEOOJIBIIOMY YBEJIMYEHHIO ITOTJIONIEHHS HAI0CaI09HON )KUAKOCTH TI0 CPAaBHEHHIO C
TMIOTJIOIIEHNEM KOHTPOJIFHOTO pacTBOpa Oesika. JTO MOXKET OBITh CBS3aHHO C TE€M, YTO 0Opa30BaHHbIC
KOMIUIEKChl HE OCaXJIAITCsl MOJ JeHCTBUEM BHEIIHEro MarHMTHOro nonsd. CoekTp HagocafouHOU
xkuakocta cmecu BCA ¢ HeMOIM(UIIMPOBAHHBIMH HAHOYACTHIIAMH IPAKTHYCCKH HE OTINYAETCS OT
CIIEKTpa KOHTPOJIBHOTO pacTBOpa Oenka.

BeiBoasl. [lonmydeHHBIE pe3ynbTaTBl CBHACTEIBCTBYIOT O (opmupoBanmn komurekco JHK ¢
HEMOIN(PHUINPOBAaHHBIME HaHOYacTHUIAMH, a Takke BCA ¢ HaHOYACTHIIAMH, TOKPBITBIMH IIHTPATOM
HaTpus. DTO HEOOXOAWMO YUYHUTHIBATh NPU HCIIOJIB30BAaHMK MATHUTHBIX HAHOYACTHI[ OKCHAA JKeJe3a B
KaueCTBE HOCUTENEH JIEKapCTBEHHBIX [IPENAapaToB.

K/JIIOYEBBIE CJIOBA: cyneprnapaMarHUTHBIE HaHOYacTHIB! okcupa xene3a; JJHK; ceiBopoTouHsId anpOymuH,
LUTpPAT HATPHsI; KOMILIEKCOOOpa3oBaHue; CIIEKTPO(OTOMETPHSL.

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 (Fe;O4) 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 Cy,cir= 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 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 (Cy,c;= 0.02 M) and in sodium citrate solution (Cy,cir= 8% 10 M). The
stock solutions of BSA were prepared in distilled water and in sodium citrate solution
(Cracit= 8x10™ M). The concentrations of the macromolecules were determined using the
molar absorption coefficients &,g9= 4.4x 10* M'em™ for BSA [12] and &,59= 6.4% 10° M'em™
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 kinetics 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 la, 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 434 = 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].
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Fig. 1. Absorption spectra of DNA and supernatant
of DNA-SPION suspension (a, b).
Absorption spectra of DNA and supernatant of
DNA-SPION@NacCit suspension (c).
The total DNA and SPION concentrations are
a) CDNA =0.15x% 10_4 M, CSPION =0.06 mg/ml,
; b) Cpws = 1.1x10* M, Cspjon = 0.06 mg/ml;
o . ¢) Cpya = 1.1x10™ M, Csproy = 0.06 mg/ml.
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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 Cpna, M Chround pN4» M Chouna pn4/ Cspion, mol/g
0.06 0.15x10* 0.66x107 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 Cpouna pna/Cspioy 1s about 2.5x 10 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@NacCit.

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
7 \\ - — - BSA-SPION@MNaCit supernatant 1,04 — — -BSA-SPION supernatant
4 —— BSA+SPION@NaCit

1,04

0,8+ 0,84
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0,4- 0,4
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Fig. 2. Absorption spectra of BSA, the supernatant of BSA-SPION@NaCit suspension and the superposition of
free BSA solution and SPION@NacCit suspension spectra (a). The total BSA and SPION concentrations
corresponding to the experimental spectra are Cpgy = 2% 10° M and Cgpion= 0.06 mg/ml. The total BSA and
unprecipitated SPION concentrations corresponding to the calculated superposition curve are Cpgy =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 Cgsy = 2x10” M and Cspjoy= 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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