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Fluorescence resonance energy transfer
between green fluorescent protein and

doxorubicin enabled by DNA
nanotechnology

DNA nanotechnology is a rapidly growing research area, where DNA may be used for
wide range of applications such as construction of nanodevices serving for large scale of
diverse purposes. Likewise a panel of various purified fluorescent proteins is investigated
for their ability to emit their typical fluorescence spectra under influence of particular exci-
tation. Hence these proteins may form ideal donor molecules for assembly of fluorescence
resonance emission transfer (FRET) constructions. To extend the application possibilities
of fluorescent proteins, while using DNA nanotechnology, we developed nanoconstruc-
tion comprising green fluorescent protein (GFP) bound onto surface of surface active
nanomaghemite and functionalized with gold nanoparticles. We took advantage of natu-
ral affinity between gold and thiol moieties, which were modified to bind DNA fragment.
Finally we enclosed doxorubicin into fullerene cages. Doxorubicin intercalated in DNA
fragment bound on the particles and thus we were able to connect these parts together. Be-
cause GFP behaved as a donor and doxorubicin as an acceptor using excitation wavelength
for GFP (395 nm) in emission wavelength of doxorubicin (590 nm) FRET was observed.
This nanoconstruction may serve as a double-labeled transporter of doxorubicin guided
by force of external magnetic force owing to the presence of nanomaghemite. Further
nanomaghemite offers the possibility of using this technology for thermotherapy.
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DNA-origami [5-7], use of DNA fragments for construction
of nanodevices [8], development of DNA machines [9], or ap-

Area of research including the DNA nanotechnologies is
nowadays rapidly developing, because this is provided by the
rich structural and functional properties of nucleic acids [1,2].
Different directions in the area of DNA nanotechnologies
can be observed, such as utilization of nucleic acids for sens-
ing [3, 4], self-assembly of different DNA nanostructures like
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plication of nucleic acids as functional materials for biocom-
puting [10, 11]. Applications of DNA-based nanotechnologi-
cal systems are currently tested also in nanomedicine, where
the development of intracellular autonomous sense-and-treat
systems and the use of DNA matrices as drug carry/release
systems show large potential [12,13].

The nanoscale materials, for targeted therapy of can-
cer and other diseases, have become the most productive
area in biomedical research field [14, 15]. Researches in nan-
otoxicology have indicated that the pharmacological proper-
ties, as well as biodegradability, biocompatibility and non-
toxicity are crucial for transporting molecules [16]. In this
study, Maghemite nanoparticles showing negligible toxicity
and good biocompatibility as discussed previously [17-19]
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were used for functionalization of green fluorescent protein
(GFP), representing also negligible health risks [20, 21].

In these perspectives, we aimed to suggest a construc-
tion using DNA nanotechnology in the form of thiol modi-
fied dsDNA connecting GFP, functionalized with two types
of nanoparticles (maghemite and gold), with fullerenes carry-
ing commonly used antineoplastic drug doxorubicin. Herein
we report that complex constructed in this manner behave
as a labeled paramagnetic nanotransporter, which is able to
load doxorubicin and transport the drug to the required lo-
cation. Moreover, due to connection of two fluorophores as
GFP and doxorubicin via thiol modified dsDNA, fluorescence
resonance emission transfer (FRET) was observed. FRET also
called Forster resonance emission transfer is a photophysical
process through which electronically excited donor molecules
nonradiatively transfers its excitation energy to an acceptor
molecule via a long range dipole—dipole interaction [22-25].
This description is applicable when the two molecules are
separated by a distance that is large enough so that the ap-
proximation of the molecules as point dipoles is valid [26-28].
The FRET observed by us can be used for a fast confirmation
of the presence of this drug in complex through spectral
overlap.

2 Materials and methods
2.1 Chemicals and pH measurement

Working solutions like buffers and standard solutions were
prepared daily by diluting the stock solutions. Standards and
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO, USA) in ACS purity, unless noted otherwise.
Washing solutions were prepared in MilliQ water obtained
using reverse osmosis equipment Aqual 25 (Aqual, Brno,
Czech Republic). The deionized water was further purified
using apparatus Direct-Q 3 UV Water Purification System
equipped with the UV lamp from Millipore (Billerica, MA,
USA). The conductance was established to 18 M /cm. The
pH was measured using pH meter WIW inoLab (Weilheim,
Germany).

2.2 SDS-PAGE

SDS-PAGE was used for confirmation of the presence of GFP
in the sample after FPLC isolation. The 12.5% separation gel
was used while the concentration of focussing gel was 5%.
The apparatus Maxigel (Biometra, Goettingen, Germany) was
used in this case. Separation was conducted under 120 V, un-
til forefront in the gel did not reach down end (~80 min).
During separation, the whole space was cooled by water. The
gel was stained using Rapid Coomassie Blue staining. After
that the gel was heated for 1.5 min till boiling with solution
No. 1 (0.05 g Coomassie brilliant blue R250 (CBR-250) dis-
solved in 25 mL of isopropanol, 10 mL of acetic acid, and
65 mL of H,0). Subsequently the gel was shaken on Biosan
Orbital shaker (Biosan, Riga, Latvia) for 5 min. After shaking,
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the solution was removed and the gel was washed with water.
After that, solution No. 2 (0.005 g CBR-250 dissolved in 10 mL
of isopropanol, 10 mL of acetic acid, and 80 mL of H,0) was
added and the gel was heated. The solution was then removed
again and the gel was washed with water. Subsequently, so-
lution No. 3 (0.002 g CBR-250 dissolved in 10 mL of acetic
acid and 90 mL of H,0) was added followed by the removal
of excess solution and washing with water. Finally, solution
No. 4 (10 mL of acetic acid with 90 mL of water) was added
and the gel was heated. After this procedure, the solution was
removed. For obtaining GFP fluorescent gels images, a Care-
stream In Vivo Xtreme Imaging System (Carestream Health,
Rochester, NY, USA) was used. Fluorescent scans were car-
ried out before staining of gel with Coomassie brilliant blue.
Parameters were set as follows: excitation wavelength 480 nm,
emission wavelength 535 nm, exposure time 10 s, binning
2 x 2, f'stop 1.1, and field of view 10 x 10 cm.

2.3 MALDI-TOF for GFP identification

For further confirmation of the presence of GFP, MALDI-
TOF/TOF MS was applied. The experiments were performed
using MALDI-TOF/TOF mass spectrometer Bruker Ultra-
flextreme (Bruker Daltonik, Bremen, Germany) equipped
with a laser operating at wavelength of 355 nm with an ac-
celerating voltage of 25 kV, cooled with nitrogen and a maxi-
mum energy of 43.2 nJ with repetition rate 2000 Hz in linear
and positive mode, and with software FlexControl version 3.4
and FlexAnalysis version 2.2 for data acquisition and process-
ing of mass spectra respectively. a-cyano-4-hydroxycinnamic
acid was used as the matrix. The matrix was prepared in
TA30 (30% acetonitrile, 0.1% TFA solution, w/w). Working
standard solutions were prepared daily by dilution of the stock
solutions. The solutions for analysis were mixed in ratio of 1:1
(matrix/substance). After obtaining a homogeneous solution,
1 nL was applied on the target and dried under atmospheric
pressure and ambient temperature. A mixture of peptides
calibrations standard (Bruker Daltonik) was used for external
calibration of the instrument. The MS spectra were acquired
by averaging 20 subspectra from a total of 500 shots of the
laser (Smartbeam 2. Version: 1_0_38.5).

2.4 Determination of total protein content

The total protein content was determined for results stan-
dardization and was performed using SKALAB CBT 600T
kit (Skalab, Svitavy, Czech Republic) according to manu-
facturer instructions. For analysis, BS-400 automated spec-
trophotometer (Mindray, Schenzhen, China) was used.

2.5 Preparation of nanoparticles
Nanomaghemite particles (MAN32) were prepared according

to the following protocol. Briefly, 5 g of FeCl;-6H,0O was dis-
solved in 400 mL of water and subsequently 1 g of NaBH,
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in 50 mL of 3.5% NH; (7 mL 25% NH; in 43 mL of H,0
(v/v)) was added. Mixture was heated for 2 h at 100°C. After
cooling to room temperature nanomaghemite was separated
using the magnetic force of external magnetic field. Further,
maghemite nanoparticles were washed five times with water
and dried at 40°C. Au nanoparticles were prepared by citrate
method at room temperature according to Kimling et al. and
Polte et al. [29,30]. Briefly, an aqueous solution of sodium cit-
rate (0.5 mL, 40 mM) was added to a solution of HAuCl,-3H,0
(10 mL, 1 mM). The color of the solution slowly changed from
yellow to violet. The mixture was stirred overnight. Doxoru-
bicin@fullerenes conjugate was prepared according to our
previous study [31] in concentration of 500 pg/mL.

2.6 Determination of size distribution and zeta
potential

Particle size and zeta potential was evaluated using Particle
Size Analyzer (Zetasizer Nano ZS90, Malvern instruments,
Malvern, UK) as well as size distribution and zeta potential of
entire complex. Prior to measurements the conjugates were
incubated at 25°C for 15 min in PBS.

2.7 Chromatographic techniques

For identification of highest GFP@nanomaghemite binding
affinity, the ion-exchange liquid chromatography (IELC) with
post column derivatization by ninhydrin and the absorbance
detector in the VIS range were used in conditions accord-
ing to our preliminary study [32]. Further, for detection of
doxorubicin, high performance liquid chromatography with
electrochemical and UV-VIS detection was used in configu-
ration and conditions according to Blazkova et al. [31].

2.8 X-ray fluorescence measurements

X-ray fluorescence element analysis was used to confirm that
GFP can establish a nonspecific binding with gold nanopar-
ticles (AuNPs). Gold modified GFP was isolated on surface
of paramagnetic particles and washed three times with PBS.
Than analyses were carried out on Xepos (SPECTRO ana-
lytical instruments, Kleve, Germany) fitted with three detec-
tors: Barkla scatter aluminium oxide, Barkla scatter HOPG,
and Compton/secondary molybdenum, respectively. Analy-
ses were conducted in Turbo Quant cuvette method of mea-
surement. The parameters for analysis were as follows: mea-
surement duration 300 s, tube voltage from 24.81 to 47.72 kV,
tube current from 0.55 to 1.0 mA, with zero peak at 5000 cps,
and vacuum switched off.

2.9 Fluorescence measurements
Further, fluorescence analyses were used to obtain the ba-

sic information about GFP behavior after binding to various
paramagnetic particles, confirmation of successful doxoru-
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bicin conjugation to fullerenes, identification of AuNPs in-
fluence of GFP fluorescence and for FRET monitoring. For
this purpose multifunctional microplate reader Tecan Infi-
nite 200 PRO (TECAN, Maennedorf, Switzerland) was used.
Sample was applied into UV-transparent 96-well microplate
with flat bottom Costar” purchased from Corning (NY, USA).
The dose per well was 50 L of sample for all analyzed vari-
ants. All measurements were performed at 30°C controlled
by Tecan Infinite 200 PRO (TECAN, Switzerland). For the
fluorescence measurements of doxorubicin, excitation wave-
length was set to 480 nm and the fluorescence scans were
carried out within the range from 520 to 850 nm (emission
wavelength step size: 5 nm, gain: 100, number of flashes: 5).
For GFP fluorescence analyses, excitation wavelength was set
to 395 nm and the fluorescence scans were carried out within
the range from 430 to 800 nm (emission wavelength step size:
5 nm, gain: 80, number of flashes: 5).

2.10 Absorbance analysis

Absorbance was monitored using multifunctional microplate
reader Tecan Infinite 200 PRO (TECAN, Maennedorf,
Switzerland). Sample was applied to UV-transparent 96 well
microplate with flat bottom Costar” purchased from Corn-
ing. In all cases, 50 pL of sample was pipetted into each
well. All measurements were performed at 30°C controlled
by Tecan Infinite 200 PRO (TECAN) in conditions as follows:
wavelengths range 230 to 800 nm, wavelength step size 2 nm,
and number of flashes 5.

2.11 Electrochemical measurements

Electrochemical measurements of interaction of fullerene
with oligonucleotides were carried out in standard elec-
trochemical cell in three-electrode system with working
mercury electrode (HMDE), silver chloride (Ag/AgCl/3 M
KCl) reference electrode and auxiliary carbon electrode. All
measurements were performed in acetate buffer 0.2 M
CH;COOH + 0.2 M CH;3;COONa (pH 5.0) at temperature
of 25°C. Samples were deoxygenated by argon (99.99%,
120 s) prior to analysis. Measurements were carried out at
663 VA Stand, 800 Dosino, 846 Dosing Interface (Metrohm,
Herissau, Switzerland). Software GPES 4.9 was used for
data treatment. For detection of CA signal, adsorptive trans-
fer stripping technique connected with square wave voltam-
metry (AdT SWV) was applied. The parameters of the
electrochemical determination were as follows: initial po-
tential 0 V, end potential —1.85 V, frequency 280 Hz,
potential step 0.005 V, and amplitude 0.025 V.

2.12 Descriptive statistics

Mathematical analysis of the data and their graphical in-
terpretation were made using Microsoft Excel”, Microsoft
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Word”, and Microsoft PowerPoint”. Results are expressed
as mean + SD unless noted otherwise.

3 Results and discussion
3.1 GFP isolation

In the study using exogenous fluorophores as biolabels, a ma-
jor challenge is to harvesta sufficientamount of proteins of in-
terest for labeling. GFP is special in the sense that it can read-
ily be isolated from Escherichia coli transformants and other
mutants [21, 33]. We used pGLO plasmid containing GFP
gene, arabinose operon araC, arabinose-induced promoter
araBAD and ampicillin resistance gene Amp " (Supporting In-
formation S2). The principle, which states that AraC operon
could induce E. coli pGLO to synthesize GFP, was described
previously in few studies [34, 35]. Final selection of bacteria
transformed in the right way was based on their ampicillin re-
sistance. After harvesting of positive transformants, GFP was
isolated using fast protein liquid chromatography. Confirma-
tion of the presence of the protein was subsequently carried
out using MALDI-TOF/TOF MS (Fig. 1A), and SDS-PAGE
(Fig. 1B), where typical molecular weight of GFP of 26.9 kDa
was observed [36, 37]. That provided us the certainty that we
are able to produce GFP in sufficient amount and thus we had
strong base for the experiment. Shaner et al. described that
expressed GFP is bright enough, providing sufficient signal
above autofluorescence for detection and has sufficient photo-
stability to be imaged for the duration of the experiment [21].

3.2 Selection of suitable paramagnetic particles for
binding GFP

Our first goal was to find a way how to establish a bind-
ing between GFP and different types of paramagnetic parti-
cles (PMPs) and thereby make the protein paramagnetic. For
this purpose we have carried out an analysis with six types
of paramagnetic particles synthesized in different manner
as it is mentioned in Supporting Information S1. Paramag-
netic particles were prepared as a stock solution consisting of
40 mg of PMPs dissolved in 1000 pL of water with ACS pu-
rity using ultrasonic homogenizer SONOPULS mini20 (Ban-
delin electronic, Berlin, Germany) for 2 min. It was shown
that sonication is an essential step in PMPs pretreatment,
because the PMPs clusters were disrupted, and hence the
functional surface of particles was increased. Then, diluted
50 L of PMPs was mixed together with 200 L of PBS prior
to further experiments. It was necessary to include washing
steps as another part of our workflow process. In our pre-
liminary study dealing with paramagnetic particles, we used
Britton-Robinson buffer of pH 2 for protonation of amino
acids for binding to PMPs [32]. However it was observed
that GFP fluorescence was decreasing in direct proportion
with pH, due to protonation, thereby blocking the excited-
state proton transfer [38, 39]. Therefore PBS (pH 7) was used
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for washing and removing of undesired impurities using
the magnetic force of a permanent magnet, purchased from
Chemagen (Baesweiler, Germany). Subsequently GFP inter-
action with nanomaghemite was carried out in conditions
as it follows: 30 min, 10°C, 1250 rpm using Thermomixer”
R (Eppendorf, Hamburg, Germany). After proper isolation,
nanomaghemite with GFP was washed with PBS for three
times again to remove unbound GFP. In compliance with
this protocol, we obtained complex of paramagnetic particles
with GFP (hereinafter called GFP@nanomaghemite).

For the purpose of the chromatographic analysis,
GFP@nanomaghemite had to be dissolved in 3 M HCI
in conditions as it follows: 15 min, 25°C, 1250 rpm
in Thermomixer” R (Eppendorf). Dissolved GFP@nano-
maghemite was transferred to 96-well evaporation plate Deep-
well plate 96 (Eppendorf) and evaporated. For evaporation
of dissolved GFP @nanomaghemite the nitrogen blow-down
evaporator Ultravap 96 with spiral needles (Porvair Sciences
limited, Leatherhead, UK) was used. Finally, the samples
were resuspended with dilution buffer and analyzed. Iden-
tification of GFP binding affinity was carried out on IELC
and the results were evaluated as total sum of amino acids
for each type of PMPs (Fig. 1C). As it was obvious, the largest
affinity was observed after GFP application on MAN32 par-
ticles, where the total concentration of amino acids was of
2200 ~ 200 wM. Disparity in individual PMPs was caused
by the modification of nanomaghemite with various sub-
stances such as Dowex, Amberlite, etc. (Supporting Infor-
mation S1). Unlike other particles, MAN32 were formed only
by nanomaghemite. From this data, we can conclude that
modification of nanomaghemite not only increases the speci-
ficity of particles, but also decreases the functional surface
of nanomaghemite and thus reduces its binding potential.
Therefore we decided to use surface active nanomaghemite
that acts as an excellent magnetic carrier due to its well de-
fined stoichiometric structure, single-phase character, and
quite uniform size distribution with potential to be easily
derivatized to immobilize specific organic molecules in a so-
lution. This information was supported by previous experi-
ments [40, 41].

3.3 GFP functionalization

Although we were able to establish a binding between
nanomaghemite and GFP and it was important to obtain
information about nanomaghemite influence on protein flu-
orescence. Figure 1D shows that even though fluorescence
of GFP@nanomaghemite was reduced to approximately half
of original protein, it still ranks more than 12000 AU and
that was still detectable very easily using our methods. Flu-
orescence analysis shed light on the underlying process and
pointed at the loss of fluorescence resulted from protein ad-
sorption onto PMPs surface [42].

Further, we tested hypothesis that GFP may be sponta-
neously adsorbed onto AuNPs and thereby functionalization
of a protein as a base for binding of dsDNA modified with
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Figure 1. Characterization of green fluorescent protein represented via (A) MALDI-TOF/TOF mass spectra of green fluorescent protein,
obtained in conditions as follows: linear positive mode, HCCA matrix used in dry-droplet method. (B) Overlay of SDS-PAGE of GFP
(26.9 kDa) stained with Coomassie blue with SDS PAGE without staining, where fluorescence of GFP bands was obtained using fluo-
rescence camera. (C) IELC expression of total amino acids counts bound on different types of paramagnetic particles. (D) Fluorescence
spectra of green fluorescent protein compared with green fluorescent protein bind on nanomaghemite (MAN 32), measurements were
carried out in following conditions: excitation 410 nm, detector gain 80. (E) Fluorescence spectra of green fluorescent protein and green
fluorescent protein in complex with Au nanoparticles. (Ea) Comparison of maxima (A = 510 nm) of green fluorescent protein and green
fluorescence protein with Au nanoparticles fluorescence (both in concentration of 500 wg/mL). (F) X-ray fluorescence element analysis
of green fluorescent protein bind with Au nanoparticles showing the increase of gold in GFP scan after establishing of the GFP/AuNPs
complex.

thiol moiety may be carried out and moreover; to serve as a conjugation of nanoparticles with GFP with great quantum
positive control of AuNPs presence prior to doxorubicin inter- yield for variety of applications was utilized in many other
calation. Bisker and colleagues previously showed that GFP at studies [44—46]. As it can be seen in Fig. 1E and Ea, fluores-
AuNPs complex may be prepared in a controlled manner us- cence of our GFP with AuNPs conjugate showed only small
ing intense single ultrashort pulses with wavelength, tuned to reduction (20 603 AU for GFP compared to 20 354 AU for con-
the plasmonic resonance of nanoparticles [42]. Nevertheless jugate). This phenomenon was probably caused by the low
their method decreased fluorescence of GFP, probably due to amount of AuNPs conjugated with protein. This statement
denaturation and aggregation of the protein molecules due was subsequently confirmed by X-ray fluorescence analysis,
to the mechanical and thermal energy released from the irra- showing that concentration of Au in conjugate after accom-
diated nanoparticles. We used simple procedure for protein plishment of our procedure was 0.1 pg/mL of GFP (Fig. 1F).
attaching to AuNPs comprising mixing of protein in final con- Asitis mentioned in comprehensive review by Love et al. gold
centration of 1 mg/mL with AuNPs both dissolved in PBS. binds thiols with a high affinity and it does not undergo any
The suspension was shaken overnight at 25°C and the result- unusual reactions with them [47] and thus only few molecules
ing solution was filtered using Amicon Ultra Centrifugal Fil- are required to establish a binding. Demers and colleagues
ters with ultracel-3 membrane (Merck Millipore, Darmstadt, used thiol-modified 12-mer oligonucleotide for AuNPs
Germany) to remove surplus of unbound AuNPs. Similar pro- surface coverage and they concluded that average cover-
cedure was used by Bale et al. to form conjugate containing age was approximately 34 & 1 pmol/cm? of AuNPs, cor-
hydrophobic silica nanoparticles and GFP [43]. Immobilized responding to roughly 159 thiol-bound 12-mer strands per
GFP retained 70% of its fluorescence, indicating favorable gold particle [48]. While primary purpose of forming conju-
retention of protein structure after immobilization. Possible gate in this manner was to utilize natural ability of gold and
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thiol to self-assemble spontaneously, this concentration was
sufficient.

3.4 Doxorubicin adsorption on the fullerene cages

After functionalization of GFP, another challenge was to form
a construction comprising fullerene cages loaded with dox-
orubicin, which with its ability to intercalate into dsDNA mod-
ified with thiol moieties, created the second fluorophore in
our nanotransporter. Currently many researchers are search-
ing for the way how to avoid unwanted serious side effect
of doxorubicin, i.e. cardiotoxicity. From this reason, various
types of transporters in the form of liposomes [49], apofer-
ritins [50] or fullerenes [31] were developed. In our study, we
followed our preliminary findings of using fullerenes as the
nanotransporter with perfect ability to carry doxorubicin [31].
Doxorubicin was adsorbed on the C60 fullerene cages in con-
centration 500 pg/mL. As it can be seen in Fig. 2A, we used
HPLC-ED with RP to gain insight into a complex formation.
By using this method no signal of pure fullerenes was ob-
served. This phenomenon was caused by the complex struc-
ture of especially higher fullerenes that cannot be easily sep-
arated and eluted from column [51]. According to the same
retention times of doxorubicin and doxorubicin at fullerenes
(hereinafter called doxo@fullerenes), we hypothesized that
presence of organic mobile phase (acetonitrile in this case)
is causing the deconjugation and observed signal belongs
to the doxorubicin released from fullerenes. We also deter-
mined the influence of doxorubicin adsorption on its fluo-
rescence properties. Adsorption of doxorubicin on fullerenes
caused fluorescence quenching (Fig. 2Aa) by approximately
40%, attributed to the strong electron-accepting capability of
fullerene [52].

3.5 Confirmation of doxo@fullerenes intercalation
into dsDNA

The ability of doxorubicin to intercalate into dsDNA is noto-
rious. It was described previously that there exist two doxoru-
bicin intercalation trajectories [53], but the drug prefers bind-
ing between cytosine and guanine bases for the intercalation
process [54]. Therefore we suggested ssDNA fragment with
the following sequence: 5° TTGGAATGCAGA 3’ modified
with thiol moiety on its 3’ end and we used complementary
sequence and hybridization process to obtain functionalized
dsDNA containing five cytosine/guanine positions, preferred
by doxorubicin as the intercalation sites.

For the basic experiments, we employed the Dynabeads
Oligo (dT),s purchased by Invitrogen (Oslo, Norway). These
beads provided magnetic properties to our complex and thus
we were able to wash unintercalated doxo@fulllerene out of
solution and to determine only the actual content of doxoru-
bicin entrapped in dsDNA, which was crucial for the accuracy
of analyses. Dynabeads contain magnetic particle caught on
the end of tail composed of five thymine bases. For this rea-
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son, we performed first hybridization using 5 TCTGCATTC-
CAA(AAAAA) 3 sequence. This sequence was also comple-
mentary to our thiol modified DNA, thus, we carried out
second hybridization step and finally we obtained magnetic
complex of dsDNA with intercalated doxo@fullerene. Pro-
cedure of the complex preparation is shown in Supporting
Information S3. For complementation of entire transporter,
only hybridization of oligonucleotide modified with thiol moi-
eties was carried out to obtain dsDNA(Th).

To gain detailed insight into mechanism of
doxo@fullerene intercalation, we performed absorbance
analysis, showing that absorbance of doxorubicin
(Amax = 485 nm) was reducing from individual dox-
orubicin, doxo@fullerene to doxo@fullerene intercalated in
dsDNA in downward trend (Fig. 2B). Previously it was shown
that binding behavior of intercalators is driven almost equally
by hydrophobic effect and van der Waals contacts within
the intercalation sites [55], whose amounts were capped
in our dsDNA. From this reason we did not obtain better
doxorubicin yield from ten independent measurements.
Nevertheless we received a confirmation that the doxorubicin
adsorbed on fullerenes was able to bind with DNA.

Further we employed AdT SWV to explore the complex
behavior. Interestingly, we found that AdT SWV, basically
used for investigation of biomolecules deposited on hang-
ing mercury drop electrode, may be applied also for mea-
surement of fullerenes or doxorubicin after establishment
of binding with DNA (schematically expressed at the top of
Fig. 2C). It is obvious from results obtained that doxorubicin
has no ability to deposit (adsorb) onto electrode surface as
well as fullerenes, which results in no peaks on voltammo-
grams. In contrast to this finding, dsDNA was identified at
voltammogram at potential —1.38 & 0.02 V, corresponding
to CA (cytosine—adenine) signal of double-stranded oligonu-
cleotides. After intercalation of individual doxorubicin into
dsDNA fragment, the second peak occurred. We still observed
CA peak of oligonucleotide, slightly shifted due to interaction
with drug (potential —1.54 + 0.02 V). Moreover we identified
also second peak in potential —0.42 =+ 0.01 V belongs to dox-
orubicin. The same situation occurred after interaction with
fullerenes. There were also two peaks observed. First CA peak
again slightly shifted due to interaction (—1.63 & 0.02 V) and
in potential —0.34 £ 0.01 V, we determined fullerenes peak.
Finally, we tested the deposition of dsDNA with intercalated
doxo@fullerene. Interestingly three peaks were observed on
the voltammogram. The first peak corresponding to fullerene
was identified at potential —0.30 £ 0.02 V, second one corre-
sponding to doxorubicin at potential —0.39 + 0.02 V and the
third one as typical CA peak of oligonucleotide in potential
—1.64 £0.02 V. All peaks were slightly shifted pointing at
influence of interactions. As it can be seen in Fig. 2C, peak
heights of analytes were converted to percentages for better
interpretation. Obviously, peak height of oligonucleotide is
decreased after conjugation with doxorubicin, fullerene or
doxo@fullerene. Probably analytes compete for a place for
adsorption on the electrode surface and thus may affect sig-
nals of other compounds.
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Figure 2. Characterization of doxorubicin presence in fullerenes. (A) HPLC-ED chromatogram of doxorubicin, doxorubicin enclosed in
fullerenes and fullerenes without doxorubicin. Concentration of doxorubicin used was 500 ng/mL for both, doxorubicin and doxoru-
bicin@fullerene analysis. (Aa) Comparison of fluorescence maxima (A = 590 nm) of doxorubicin (20 wg/mL), doxorubicin enclosed
in fullerenes and fullerenes without doxorubicin obtained using excitation of 480 nm. (B) Absorption spectra doxorubicin in concen-
tration of 20 pg/mL compared to absorption spectra of doxorubicin enclosed in fullerenes and to absorption spectra of doxorubicin
enclosed in fullerenes intercalated into double-stranded oligonucleotide. Last curve represents absorption spectrum of double-stranded
oligonucleotide. (C) Electrochemical analysis of interaction between working mercury electrode, oligonucleotide, doxorubicin, fullerenes,
doxorubicin@fullerene. In the picture on the top a schematic view of deposition of different substances on the working electrode surface
can be seen. Oligonucleotides are only partly able to spontaneously deposit onto electrode surface. After establishment of binding with
doxo and fullerenes oligonucleotides may also provide their signal. Below is shown expression of peak height (%) of different substances
(fullerene, doxorubicin (20 wg/mL) and oligonucleotide).

3.6 Fluorescence analysis of individual
nanotransporter parts

GFP onto paramagnetic particles surface decreased fluores-
cence as was discussed above as well as only low amount
of doxo@fullerene was able to intercalate to dsDNA, which
confirmed the absorbance results.

Evaluation of fluorescence of the entire nanotrans-

Even though we obtained enough information about func-
tionality of our procedure, we still had not sufficient infor-

mation about fluorescence behavior of individual nanotrans-
porter parts using both excitation of GFP N\ = 395 nm [56]
and doxorubicin N = 480 nm [57]. For this purpose we con-
structed individual parts of our nanotransporter, shown in
Fig. 3. Further, we determined emission maxima belongs
to each excitation wavelength (i.e. excitation A = 395 nm
was used to identify GFP emission maximum at 510 nm
and excitation N = 480 nm was used for evaluation of dox-
orubicin maximum at 590 nm). Results showed that fluo-
rescence intensities of our individual nanotransporter parts
were determined as we expected—increasing adsorption of

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

porter was the most important process for us. To as-
semble the complementation of construct, we mixed to-
gether GFP@nanomaghemite functionalized with AuNPs
with doxo@fullerene intercalated to dSDNA. Because we used
the principle based on natural affinity of the gold and the
thiol moieties interacting together very willingly [47, 58—60],
we hypothesized that for anchoring of parts together the in-
teraction for 1 h at 25°C should be sufficient. After interac-
tion in this manner we used force of external magnetic field
and removed surplus of liquid, in which doxo@fullerene
was applied. Subsequent fluorescence evaluation of entire
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complex (Fig. 3) showed that according to doxorubicin exci-
tation and emission maxima, nearly all of doxo@fullerene
intercalated to dsDNA(Th), self-assembled with AuNPs on
GFP@nanomaghemite. When using excitation and emission
conditions suitable for GFP, protein fluorescence was ob-
served. That was confirmation for us that both fluorophores
are present and thereby we successfully constructed the nan-
otransporter composed of two fluorophores anchored to-
gether with DNA nanotechnology in the form of thiol mod-
ified dsDNA. Using a FRET configuration with excitation of
395 nm and emission of 590 nm, significant fluorescence
was observed only in case of entire complex (Fig. 3). Hence,
it was shown that our construct can assemble a spatial orien-
tation, enabling a spectral overlap between donor—GFP and
acceptor—doxorubicin, as it is shown further.

3.7 Forster resonance emission transfer

Since a closed contact of two fluorophores offers a possibility
to perform spectral overlap as a result of FRET [61-63], we
decided to perform this interaction between GFP and dox-
orubicin. Anchor, formed by dsDNA(Th), maintained the re-
quired proximity for FRET performance, because previously
it was found that FRET is enabled only when the distance
between two molecules is large enough so that the approxi-
mation of the molecules as point dipoles is valid [26, 64] and
for the majority of FRET pairs, Férster distance (Ro) values
are in the order of a few nanometers (3-7 nm) [65]. The
scheme of our nanotransporter is shown in Fig. 4. The basic
parameters of entire complex and individual nanoparticles

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Expression of fluorescence
values of individual parts of GFP/
doxo @fullerenes complex. Fluorescence
analyses were carried out both in
excitation wavelength of doxorubicin
(480 nm) and green fluorescent pro-
tein (500 wg/mL) (395 nm). Subse-
quent maxima were evaluated in typi-
cal wavelengths where doxorubicin and
green fluorescent protein showed the
largest emission (590 for doxorubicin
and 510 nm for GFP). Moreover; FRET
mode data (excitation 395 nm with emis-
sion 590 nm) are shown.
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b
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are shown in Table 1. It was shown that entire complex di-
ameter was 151 + 46 nm (represented only 31% of total ana-
lyzed particles, with zeta potential —13.21 £ 3.1 mV). While
keeping nanoparticles in blood for sufficiently long time as
to allow them to reach their therapeutic target is a major
challenge, engineering of the particles morphology, size, and
their charge can be one of the factor influencing this require-
ment [66]. It was shown that particles of less than 10 nm can
leave the systemic circulation through the permeable vascular
endothelium in lymph node [67]. Ideally, the size of an en-
gineered long-circulatory particle should not exceed 200 nm.
If larger, then the particle must be deformable enough to
bypass interendothelial cell slits filtration [68].

In Fig. 4 it can be seen that until our two fluorophores
were not anchored, they showed their emission maxima in
response to their excitation. After anchoring of fluorophores
together, spectral overlap was observed, when suitable exci-
tation for GFP was used (A = 395 nm) and its fluorescence
intensity was decreased (emission at N = 510 nm) due to the
quenching caused by emission transfer to doxo@fullerene.
Hence, doxorubicin was excited with GFP excitation wave-
length and emitted photons at its emission wavelength
(N =590 nm). This additional ability of our nanotransporter
may serve for rapid and cheap confirmation of the presence
of doxorubicin. We expect that the entire complex is more
sterically complicated than shown in our general dispropor-
tional scheme. It does not show the real size of individual
components and ODN linkers are probably organized in all
directions that causes decrease of donor/acceptor proximity
to perform a spectral overlap. As shown in Table 2 FRET
efficiency does not change significantly, using various

www.electrophoresis-journal.com
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concentrations of doxorubicin (0.6-20 pg/mL). Amount of
doxorubicin determined in construct was in all cases about
0.5 pg/mL (namely 0.48 pg/mL in case where 20 wg/mL of
doxorubicin was applied, 0.55 pg/mL in case of 10 pg/mL,

Table 1. The basic characterization parameters of individual
nanoparticles including entire complex

Part Diameter [nm]  Counts [%]  Zeta potential [mV]
Nanomaghemite 37 +5 35 —8.12 £ 0.1
AuNPs 15+ 09 58 —193 + 2.14
Fullerene C60 5+ 05 61 —246 + 338
Entire complex 151 + 46 31 —13.21 £ 3.1

P

Excitation
480 nm

Spectral overlap

Electrophoresis 2014, 35, 3290-3301

Doxo emission
(590 nm)

Figure 4. Expression of individual parts
of paramagnetic GFP/doxo@fullerenes
complex and scheme showing its struc-
ture, where GFP@nanomaghemite mod-
ified with Au nanoparticles behaves as
donor (A) and doxo@fullerenes interca-
lated into dsDNA fragment modified with
thiol moiety as acceptor (B) together
able to provide spectral overlap (FRET)
(C). Curves showing the shifts of fluo-
rescence caused by FRET are shown in
(D). Doxorubicin (concentration applied
0.6 pg/mL) commonly identified at 590
nm using excitation of 480 nm shows flu-
orescence using excitation of 395 nm—
excitation of green fluorescence protein.
Moreover; correlation between fluores-
cence intensities in emission maxima
510 and 590 nm with doxorubicin con-
centrations in range of 0.3-20 pg/mL is
shown in (E).

Doxorubicin
emission
(590 nm)

0.48 in case of 5 pg/mlL, 0.52 pg/mL in case of 2.5 pg/mL,
0.53 png/mL in case of 1.3 pwg/mL, 0.57 pg/mL in case
of 0.6 pg/mL of doxorubicin applied). Decrease in FRET
efficiency was observed after application of 0.3 wg/mL of
doxorubicin into fullerene cages (0.24 pg/mL of doxorubicin
determined). This phenomenon points to a capacity of
fullerene nanocages, where limited amount of doxorubicin
can be adsorbed, and thus acceptor ability may be evaluated
only in the presence of doxorubicin in concentrations higher
than approximately 0.2 pg/mL. Utilization of concentrations
lower than 0.2 pg/mL cannot provide sufficient spectral
overlap, applicable for reliable detection of doxorubicin, as it
can be seen in Fig. 4E. However, in doxorubicin concentra-
tion range used for experiments (0.3-20 pg/mL), the results

Table 2. Expression of FRET efficiency after application of various concentrations of doxorubicin

Concentration Fluorescence Fluorescence

Concentration of Intraday (n = 5)‘” RSDE'

of doxorubicina) (emission 510 nm)hj (emission 590 nm)b) doxorubicin determinedw CV (%) (%)
(ng/mL) (AU) (AU) (pg/mL)

20.0 5679 1325 0.48 4.25 35
10.0 5881 1501 0.55 497 41
5.0 5799 1315 0.48 6.25 5.2
2.5 6211 1421 0.52 3.26 41
1.3 5855 1458 0.53 4.88 36
0.6 5674 1567 0.57 6.05 25
0.3 6855 658 0.24 5.21 5.1

a) Concentration of doxorubicin used for entrapment into fullerene cage.

b) Excitation wavelength used for measurement 395 nm.

c) Calculation of doxorubicin concentration was carried out according to calibration curve made of fluorescence data in dynamic range

of 0.05-50 png/mL (y = 0.2815x + 1.0375).
d) Coefficient of variation
e) RSD for five measurements of the same FRET constructs.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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showed relatively good intra-day precision (n = 5) within the
range 3.26-6.25%, with good RSD of less than 5.2% (Table 2).
Since, the core of our complex is constituted by paramagnetic
nanoparticles of maghemite, entire complex may be also
applied as a recognition element in nanoanalysis via micro-
nanofluidic devices. Because of difficulties encountered in
ensuring homogeneity and reproducibility of recognition
element’s immobilization procedures are crucial for reliable
fluidic analyses [69]. Hence, the magnetic nanoparticles,
functionalized with various biomolecules—fluorophores
in our case, are useful for this purpose, as it was shown
previously [70,71]. Therefore, in sense of fluidic device, FRET
configuration of our complex, may potentially serve as rapid
sensor for the presence of doxorubicin in concentrations
higher than 0.2 pg/mL. Unlike other analytical techniques
for doxorubicin investigation based on separation like CE or
HPLC, FRET is noninvasive, and thus does not disrupt the
structure of complex that may be after evaluation of doxoru-
bicin amount further utilized in nanomedicine/theranostics.
In these applications, construct offers many other possibili-
ties, where the main role plays drug delivery and its protection
against degradation. Importantly, presence of gold nanopar-
ticles imparts the attributes of effective magnetic resonance
imaging contrast agent [72], and nanomaghemite, which is
labeled by FRET donor GFP, offers possibility to be employed
as a labeled photosensitizer in photodynamic therapy [73,74].

4 Concluding remarks

We designed an approach where GFP serves as a doxoru-
bicin nanotransporter’s probe providing the paramagnetic
properties of entire nanotransporter complex due to func-
tionalization with nanomaghemite. Due to comprehensive-
ness of our nanotransporter, it meets the conception of the
term theranostics—combination of therapeutics and diag-
nostics. Fluorescent paramagnetic nanotransporter formed
in this manner may serve for target transport of doxorubicin
into required location. FRET simply feasible between GFP
and doxorubicin may serve as a rapid, noninvasive confirma-
tion of the presence of drug. Moreover due to the presence
of maghemite nanoparticles, this structure may be applied
in cancer thermo and/or photodynamic therapy, employing
nanoparticles as the photoabsorbing probes capable of gen-
erating reactive oxygen species or heat from optical energy
leading to free radicals formation and hyperthermia that can
damage the tissues in their vicinity [75-77]. Further magnetic
nanoparticles contained in nanotransporter may be utilized
also as the vascular contrast agents for magnetic resonance
imaging or targeted multimodal imaging [78].
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CZ.1.05/1.1.00/02.0068. The authors wish also to express their
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