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Abstract
Dextran is widely exploited in medical products and as a component of drug-delivering

nanoparticles (NPs). Here, we tested whether dextran can serve as the main substrate of

NPs and form a stable backbone. We tested dextrans with several molecular masses under

several synthesis conditions to optimize NP stability. The analysis of the obtained nanopar-

ticles showed that dextran NPs that were synthesized from 70 kDa dextran with a 5%

degree of oxidation of the polysaccharide chain and 50% substitution with dodecylamine

formed a NP backbone composed of modified dextran subunits, the mean diameter of

which in an aqueous environment was around 100 nm. Dextran NPs could be stored in a

dry state and reassembled in water. Moreover, we found that different chemical moieties

(e.g., drugs such as doxorubicin) can be attached to the dextran NPs via a pH-dependent

bond that allows release of the drug with lowering pH. We conclude that dextran NPs are a

promising nano drug carrier.

Introduction
When Pasteur isolated dextran [1] for the first time in 1861, he certainly did not expect that
this simple structure, synthesized by bacteria polysaccharide, could find such wide applications
in medicine. Although dextran is simply a combination of glucose molecules, it is extensively
used in the medical field, primarily as supplementary material that reduces blood viscosity and
prevents the formation of blood clots [2]. Moreover, iron-dextran derivatives are used for the
treatment of iron deficiency [3], diethylaminoethyl-dextran reduces cholesterol and triglycer-
ide levels, and dextran-sulphate may be used as a coating to increase the biocompatibility of
inorganic systems [4]. Dextran has also been applied in nanomedicine, a novel discipline that
applies submicron particles for therapeutic and diagnostic purposes. Dextran is used as an
alternative for PEGylation to avoid NP and opsonin interactions [4]. Dextran sulfates are used
to form NPs via electrostatic interactions with chitosan amine groups [5]. Conjugates of dex-
tran and poly(e-caprolactone) are another popular component of NPs, which are mostly used
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as micelles that are composed of block polymers that encapsulate the drug inside [6]. Using
dextran as an additive to solid lipid NPs also improves the properties of drugs that are delivered
orally (e.g., ibuprofen) [7]. Dextran was also used to protect and stabilize unique structure of
protein (such as albumin, streptokinase, asparagines, insulin, hemoglobin) [8–10]. Dextran
supplementation allows to extend protein biodistribution time, reduces protein’s immunoge-
nicity while keeping they high activity.

Considering dextran’s widespread use and effective metabolism and clearance in the liver
and spleen [11], it is tempting to exploit dextran as not only a supplementary material but as a
nanosystem backbone. Thus, we investigated whether dextran can form a stable NP backbone,
particularly how various modifications of dextrans with several molecular masses influence NP
formation. We also tested several chemical modifications to optimize the stability of NPs.

Materials and Methods

2.1 Nanoparticle synthesis
2.1.1 Synthesis of polyaldehydodextran. The dextrans (Nobilus, Kutno, Poland; isolated

from Leuconostoc mesenteroides, MW = 15, 40, 70, and 500 kDa) were oxidized according to a
modified protocol of Muangsiri and Fuentes [12,13]. Briefly, 10 g of each dextran was dissolved
in 200 ml distilled water. Subsequently, sodium metaperiodate (Sigma-Aldrich) was added in
molar ratios of 1:20, 1:10, 1:7.5, and 1:5 (IO-

4/glucose units). For details, see Table 1. The solu-
tions were stirred in the dark at room temperature for 1 h. The reactions were quenched by the
addition of ethylene glycol (Chempur, Piekary Slaskie, Poland). The solutions were dialyzed
against distilled water using a dialysis membrane bag (Carl-Roth, MWCO 12–14 kDa) for 3
days. The final products were dried in an incubator at 50°C for 24 h. The number of aldehyde
groups in polyaldehydodextran (PAD) were determined using a modified hydroxylamine
hydrochloride method [14] with unmodified dextran as a reference.

2.1.2 Synthesis of dextran nanoparticles (Dex-NPs) and with doxorubicin (Dox-NPs).
One gram of dried PAD was dissolved in 10 ml of distilled water at 30°C, and prewarmed coil-
ing agent solution (Table 2) was added. For Dox-NPs synthesis, 0.01 g/ml of doxorubicin aque-
ous solution was added 5 min before the coiling agent. The mixture was constantly stirred at
30°C for 30 min. The pH was measured and increased with 0.5 M sodium hydroxide within 60
min until the solution reached pH 10. Finally, the pH of the mixture was decreased to 7.4 with
HCl, and the obtained Dex-NPs solution was dialyzed against distilled water for 30 min. Dex-
NPs were lyophilized using dextran with the corresponding molecular weight as a cryoprotec-
tant. Nanoparticles with different dextran molecular weights and coiling agent chain lengths
(hexylamine, octylamine, dodecylamine, and benzylamine) were synthesized the same way.
The schematic representation of the NPs synthesis is presented on Fig 1A.

2.1.3 Synthesis of dextran nanoparticles with reduced bonds (rDox-NPs). Bonds
between dextran aldehyde groups and amine groups of doxorubicin were reduced at 37°C for 1
h with NaBH4 (Sigma-Aldrich) EtOH solution. The pH of the mixture was set to 7.4 with HCl,
and the obtained rDox-NP solution was dialyzed against distilled water for 24 h (Fig 1B). The
reduction of the amine bond results in the rDox-NPs formation. As the release of the

Table 1. Amount of substances used in dextran oxidation.

Molar ratio 1:20 1:10 1:7 5 1:5

Dextran [g] 10 10 10 10

NaIO4 [g] 1.2 2.3 3.5 4.9

Ethylene glycol [ml] 0.6 1.2 1.9 2.45

doi:10.1371/journal.pone.0146237.t001
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doxorubicin from rDox-NPs is not possible, rDox-NPs can be used for the calculation of the
drug encapsulation efficiency. Concentration of doxorubicin that remained unbound after the
synthesis was measured after 24h dialysis in PBS (pH 7.4) solution by spectrophotometric anal-
ysis (EpochTM, BioTek1 Instruments, Winooski, Vermont, USA) at 490 nm.

2.2 Dex-NP diameter and size distribution
The mean diameter and size distribution of the Dex-NPs were determined with an LM 10 –HS
Nanosight instrument (Malvern Instruments Ltd.) with 405 nm laser scattering and Nanopar-
ticles Tracking Analysis software. The measurements were replicated at least three times.

2.3 Lyophilization
Prior to drying, the Dex-NPs were frozen at -40°C and then lyophilized for approximately 25
h. As a cryoprotectant, dextran was added at a 1% (w/w) ratio (Table 2).

2.4 In vitro drug release
Doxorubicin release from the NPs was evaluated using the dialysis tube diffusion technique.
Dry drug-loaded NPs (lyophilized) were suspended in water for self-assembly (final drug con-
centration 1 mg/ml) under gentle stirring for 45 min. As a control of doxorubicin release rate

Table 2. Amount of substances in NP synthesis for 1 g dextran.

Dextran MW [kDa] 15 40 70 500

Oxidation degree [%] 5 5 5 10 15 20 5

Substitution degree [%] 50 100 11 22 33 55 100 11 22 33 50 55 100 50 100 50 100 50 100 50 100

Coiling agent [mmol] 0.41 0.90 0.09 0.18 0.27 0.45 0.90 0.09 0.18 0.27 0.41 0.45 0.90 0.90 1.80 1.35 2.70 1.80 3.60 0.45 0.90

Doxorubicin [mmol] - - - - - - - - - 0.08 0.08 - -

Alanine [mmol] 0.12 - 0.63 0.54 0.44 0.1 - 0.63 0.54 0.44 0.12 0.1 - 0.12 - 0.12 - 0.12 - 0.12 -

Cryoprotectant [kDa] 15 40 70 500

doi:10.1371/journal.pone.0146237.t002

Fig 1. Diagram of nanoparticles synthesis strategy.

doi:10.1371/journal.pone.0146237.g001
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from dialysis bag water solution of doxorubicin was used (doxorubicin concentration 1 mg/ml)
Ten milliliters of the suspension was then placed inside the dialysis bag (Carl Roth, MWCO
12–14 kDa) in glass flasks that contained 100 ml phosphate-buffered saline (PBS), pH 7.4 and
5.5, as release media. The samples were kept at 37°C and light-protected. At selected time
points between 0.5 and 384 h, 1.6 ml of the release media was withdrawn and replaced with
fresh PBS, and the concentration of doxorubicin that was released from the NPs was analyzed
using an ultraviolet (UV)-visible microplate spectrophotometer (EpochTM, BioTek1 Instru-
ments, Winooski, Vermont, USA) at 490 nm. The standard calibration curve of absorbance as
a function of doxorubicin concentration was studied at 490 nm with the UV-visible microplate
spectrophotometer.

2.5 Nanoparticle composition analysis
For the assessment of the possible internal composition of NPs (i.e., the number of modified
dextran chains that participated in the formation of a single NP) aerosol technology methods
were employed [15–17]. Dex-NPs were dispersed in an electrically conductive liquid and trans-
ferred to the aerosol phase by electrostatic atomization [18,19] by means of a nanoelectrospray
generator (TSI Inc., Mod. 3480, Shoreview, MN, USA). The so produced monosized droplets
from the solution containing the desired material had a diameter of approximately 150 nm.
The electrospray conditions were adjusted in such a way that single droplet contained at most
a single analyte molecule. The droplets were then dried and brought into known charge equi-
librium using a bipolar diffusion charging process to obtain NPs which were either electrically
neutral or singly charged. Consequently, charged NPs were size-separated in a custom-built
(Tapcon & Analysesysteme, Salzburg, Austria) differential mobility analyzer (DMA) according
to their electrical mobility [17], and the selected fraction was counted using a Condensation
Particle Counter (CPC). From this data the mobility-equivalent diameter was calculated and
used to determine the number of dextran chains per NP. Serial dilutions of NPs, beginning
from 10 mg/ml in 20 mM aqueous (water for analysis; Merck) ammonium acetate (Sigma-
Aldrich) solution, were measured. If the droplet did not contain analyte no signal was recorded
as ammonium acetate sublimates during droplet drying process.

2.6 Scanning electron microscopy (SEM) analysis of Dex-NPs
Visualization of Dex-NPs was performed using novel electron imaging method applying ionic
liquids: Dex-NPs were dissolved in ultra pure water to prepare stock solution to the concentra-
tion of 1g/ml. NPs stock solution was incubated with 5% solution of HILEM1 IL 1000 in pro-
portion 1:1 for 2–3 min. After incubation samples were put on the TEM grid. Images were
collected on scanning electron microscope (SEM) SU8320 (Hitachi, Japan) instrument in scat-
tered electrons (SE) mode and dark field STEM (DF) mode with accelerating voltage of 30 kV.

2.7 Cell culture
HeLa cells (ATCC) were seeded on cover glasses in 24-well plates and cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 2 mM L-glutamine, 1% penicillin-strep-
tomycin, and 5% fetal bovine serum (FBS; all reagents from Gibco). After incubation for 24 h
at 37°C in 5% CO2, the culture medium was replaced with fresh medium supplemented with
doxorubicin, Dox-NPs, or rDox-NPs normalized to the equal final concentration of doxorubi-
cin of 10 μg/ml. The cells were incubated with NPs for 30 min. Subsequently, the media were
removed and replaced with fresh media. The cells were incubated for 2 h and fixed with 4%
paraformaldehyde for 10 min. After fixation, the cells were rinsed three times with PBS and
mounted with ProLong Gold Antifade Mountant with DAPI (Life Technologies) according to
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the manufacturer’s protocol. Photomicrographs were recorded using a Zeiss 710 NLO confocal
system equipped with a 40c/1.3 oil-immersion objective. Five Z-stacks (0.5 μm) were collected
and used for Maximum Intensity Projections.

Cytotoxicity tests were made according to the procedure from International Standard Oper-
ation (ISO) 10993–5 “Tests for in vitro cytotoxicity”. The cytotoxicity of the nanoparticles was
tested by MTT viability assay against HeLa cells (ECACC). HeLa cells were seeded in 96-well
plates (1 x 104 cells/well) in 100 ml of Dulbecco’s Modified Eagle medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) for 24 h at 37C in a humidified 5% CO2-containing
atmosphere. After 24 h the media in 96 well plate was aspirated and replaced by 100 μl media
containing different concentrations of doxorubicin or doxorubicin-loaded NPs. The cells were
incubated for additional 24 h. The medium was aspirated and replaced by 50 μl 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) solution (1mg/ml from Sigma
Aldrich). The cells were incubated for 2 h before the medium was aspirated. The MTT-forma-
zan generated by live cells was dissolved in 100 μl isopropanol and the absorbance of each well
was measured using a microplate reader at a wavelength of 570 nm (reference 650 nm). The
relative cell viability (%) was determined by comparing the absorbance in each well at 570 nm
with blanks. Data are presented as average ±SD. Five concentrations of Dex-NPs (55% substi-
tution) Dox-NPs and rDox-NPs were examined, which was equivalent to 1, 10, 100, 1000,
10000 nM doxorubicin.

Results

3.1 Dex-NP synthesis and dextran oxidation
To obtain Dex-NPs, single dextran molecules must undergo numerous modifications. To cre-
ate covalent bonding with amines, dextran is oxidized to aldehyde groups while keeping the
polysaccharide chain intact (Fig 2 (Step 1)). The amount of NaIO4 that was added to the reac-
tion was calculated to oxidize 5% of the dextran glucose rings. Dextran oxidation is controlled
and confirmed by determination the number of aldehyde groups in dextran backbone in com-
parison non oxidized dextran. The number of aldehyde groups in the resulting product reached
7% ± 0.3% (Table 3). The discrepancy between the expected and obtained oxidation degrees
was consistent with earlier reports [12], in which the authors explained that every molecule of
periodate causes the formation of approximately 1.7 aldehyde groups. Under our experimental
conditions, however, the oxidation factor deviated between 1.2 and 1.5, depending on the reac-
tion conditions (Table 3). Thus, we contend that the degree of oxidation must be monitored
every time for every theoretically predicted dextran oxidation reaction.

Schiff reaction was already applied in vascular prosthesis sealing and products proved its
biocompatibility and hydrolytic degradation [20] and we decided to exploit the ability of Schiff
base formation between the active carbonyl groups present in PAD and amino groups of the
coiling agent (aliphatic amine) or drug, resulting in pH-sensitive carbon-nitrogen double
bonding (Fig 2 (Step 2)) during nanoparticle synthesis. Moreover, introducing of hydrophobic
moieties to dextran chains enable NP formation in the self-assembly process. The formation of
connection between coiling agent and dextran is monitored during reaction visually. When
coiling agent does not form Schiff base it precipitates from water solution at pH = 9, which can
be observed by the turbidity of the solution. Such observation is not observed when the Schiff
base is formed.

3.2 Influence of synthesis parameters on NP diameter
The key NP features that determine their potential use in nanomedicine are their diameter
and size distribution. Nanoparticle synthesis conditions strongly influence these features;
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Fig 2. Scheme of dextran modifications. Step 1: Oxidation, leading to opening of the glucose rings. Step 2: Schiff base formation between glucose
carbonyl group and aliphatic amine.

doi:10.1371/journal.pone.0146237.g002

Table 3. Comparison of theoretically predicted and experimentally measured dextran oxidation
degrees.

Theoretical oxidation degree [%] Measured oxidation degree [%] Oxidation factor [–]

5 7 1.5

10 13 1.3

15 17.5 1.2

20 23 1.2

doi:10.1371/journal.pone.0146237.t003
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thus, we performed a series of experiments to modify key parameters, such as dextran molec-
ular weight, dextran oxidation degree, coiling agent, and degree of aldehyde group substitu-
tion (Fig 3).

3.3 Influence of dextran molecular weight on NP diameter
Four Dex-NPs with four PAD molecular weights (15, 40, 70, and 500 kDa) and a 5% degree of
oxidation were synthesized. The amount of dodecylamine that was added was calculated to
substitute 50% or 100% of the introduced aldehyde groups on the dextran backbone (see
Table 2). For 15, 40, and 70 kDa PAD, the size of the NPs decreased as the molecular weight of
dextran increased (Fig 3A). The synthesis of NPs from 500 kDa dextran did not work under
the present experimental conditions, likely because of the high viscosity of the dextran solution
(we tried a 1% dextran concentration, which resulted in a significant deviations of the mea-
sured NP diameter, disqualifying them from possible applications and further analysis: the
obtained NPs had a diameter of 180 ± 35 nm for a 50% degree of substitution and diameter of
143 ± 42 nm for a 100% degree of substitution).

For further analysis we chose PADs of 40 and 70 kDa due to the converge size distribution
for both substitution degrees, indicating the sustained NPs characteristic in case of full substi-
tution of aldehyde groups.

3.4 Influence of coiling agent type and oxidation degree on NP diameter
Dex-NPs were synthesized from 70 kDa PAD with four increasing degrees of oxidation ranging
from 5% up to 20% with four coiling agents (Fig 3B and 3C). The amounts of the coiling agents
that were added were appropriate for substitution of 50% or 100% of the aldehyde groups in
the dextran backbone (see Table 2). Nanoparticle diameters were measured after synthesis, fol-
lowed by 30 min dialysis. As we finally aim to exploit NPs as a drug carriers we will eventually
substitute all the remaining aldehyde groups with drugs and reach 100% degree of substitution.
Thus we looked for the conditions where the full saturation of aldehyde groups does not impair
NPs structure. For 50% and 100% degrees of substitution, the trend of the NPs diameter change
was retained by benzylamine and dodecylamine whereas in the case of octylamine and hexyla-
mine the trends were not concurrent. For further analysis, dodecylamine was chosen because
of its lowest in vivo toxicity (i.e., the LD50 in rats is 1020 mg/kg) compared with other coiling
agents (the LD50 for benzylamine in rats is 552 mg/kg; the LD50 for hexylamine in rats is 240
mg/kg; the LD50 for octylamine in rats is 250 mg/kg).

3.5 Influence of percentage degree of substitution on NP diameter
Dex-NPs from 70 and 40 kDa PAD with a 5% degree of oxidation and 11%, 22%, 33%, 55%,
and 100% degrees of substitution were synthesized. The sizes of the NPs were measured at two
time points: after synthesis followed by 30 min of dialysis and after lyophilization followed by
the rehydration process.

For 70 kDa PAD with an increasing amount of coiling agent added (% substitution with
dodecylamine), the NP size initially increased (until a 33% degree of substitution) and then
decreased (Fig 3D). The average sizes of the Dex-NPs for the 11% degree of substitution were
around 100–110 nm while size distribution measurements resulted with either a single or
bimodal peak. We assumed that the concentration of dodecylamine at the 11% degree of sub-
stitution caused unstable Dex-NP formation. Instability can arise from the combination of
physical and chemical properties. Amine chains are far apart and do not interact with each
other strongly enough to form a stable structure or the reaction products undergo further
conversion to the next step of the Maillard reaction (i.e., the dissolution of Amadori products
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Fig 3. Influence of synthesis parameter modifications on Dex-NP diameter. (A) Diameter of Dex-NPs (non lyophilized) synthesized from dextran with 15,
40, and 70 kDa molecular weights and 50% and 100% degrees of substitution, dodecylamine as a coiling agent, 5% oxidation degree. Dextran with 70 kDa
and (B) 50% degree of substitution and (C) 100% degree of substitution with various coiling agents. Percentage of degree of substitution of dodecylamine on
(D) 70 kDa dextran; 5% oxidation degree and (E) 40 kDa dextran; 5% oxidation degree. Mean n = 3 ± SD.

doi:10.1371/journal.pone.0146237.g003
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when short hydrolysis products, such as methylglyoxal and diacetyl, are formed). The mea-
surements of Dex-NPs for the 22% degree of substitution resulted in single peaks, indicating
a NP diameter of 112 ± 5.2 nm, for 33% of 117 ± 9.2 nm, for 55% of 101 ± 2.3 nm and for
100% of 95 ± 7.5 nm before lyophilization and of 122 ± 3 nm, 148 ± 19.3 nm, 108 ± 2.7 nm
and 101 ± 3.8 nm after lyophilization, respectively. Large error bars for Dex-NPs of 33% sub-
stitution before lyophilization are caused by high differences between particular NPs batches
synthesis. We assume that in this particular formulation the synthesis conditions are less
stable.

For 40 kDa PAD, the NP diameters before lyophilization increased with the degree of sub-
stitution from 88 up to 155 nm, with the exception of the 100% degree of substitution, where
the diameter of NPs was 122 ± 2.3 nm (Fig 3E). After lyophilization, this trend disappeared,
and the size of the NPs ranged from 90 to 120 nm.

We assume that the increase of NPs diameter before and after lyophilization (Fig 3D and
3E) can result from different water incorporation into the NP structure during rehydration as
water removal may influence packaging of dextran chains.

3.6 Doxorubicin encapsulation efficiency
Drug encapsulation efficiency was calculated as the ratio of doxorubicin that was chemically
bound to the NPs to the total amount of the doxorubicin used in the synthesis. To distin-
guish between Doxorubicin fraction that was not bound to the NPs during synthesis and
Doxorubicin fraction that is released from NPs upon release rDox-NPs were used. Doxoru-
bicin that was not firmly connected to nanoparticles during synthesis migrated during 24 h
dialysis (after synthesis) out of the dialysis bag to the dialysat. The concentration of doxoru-
bicin in dialysat was used for the spectroscopic measurement of the unbound amount of
doxorubicin. Finally, the encapsulation efficiency ranged between 92–96% (3 independent
synthesis).

3.7 Lyophilization
We used lyophilization for the long-term storage of Dex-NPs. Due to the fact, that almost
every drug should be transported and stored after manufacturing and before administration,
we assume that nanoparticles will undergo the lyophilization and rehydratation steps. The use
of a cryoprotectant is recommended to overcome uncontrolled aggregation and destruction of
the NP structure [21]. Many cryoprotectants are commonly used for NP lyophilization, such as
glucose, sucrose, lactose, mannitol, poly(vinyl alcohol), and dextran. Few features of the lyophi-
lized product need to be verified: (i) rapid rehydration, (ii) unaffected NP size distribution, (iii)
long stability of the desiccated product, and (iv) humidity< 2% [21]. In our case, dextran with
the same molecular weight as during synthesis served as the cryoprotectant. The NP diameter
distribution remains concurrent after the lyophilizatation and rehydratation process (Fig 4)
Diameter distribution measurement revealed the population of NPs that diameter was greater
than 200 nm as not greater than 20%. This “tail” reflects the natural chain length distribution
of the raw dextran used for synthesis.

3.8 In vitro drug release
The in vitro drug release from doxorubicin loaded nanoparticles was monitored as a function
of released doxorubicin in PBS buffer at pHs 7.4 and 5.5 at 37°C over time. We also tested
whether a difference exists in the release of doxorubicin from NPs with and without lyophiliza-
tion. After 24 h, the amount of doxorubicin that was released from NPs was approximately
18.5% at pH 5.5 and 7.4% at pH 7.4, whereas the amount of doxorubicin that was released in
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the control group (raw doxorubicin) was 88.4% and 81.0%, respectively (Fig 5A). At the initial
time points we did not observed an undesirable burst effect in in vitro drug release. Over 72 h
(Fig 5B) and in later time points (S1 Fig) of drug release monitoring, we noticed no significant
effect of NPs lyophilization on the rate of doxorubicin release indicating sustained release.

Fig 4. A) Size distribution curve and B) cumulative size distribution of Dex-NPs before and after lyophilization and rehydration.Graph represents
size distribution of Dex-NPs for 55% substitution degree.

doi:10.1371/journal.pone.0146237.g004

Fig 5. Doxorubicin release rate in PBS. (A) Comparison of doxorubicin release from the dialysis bag in the control group (raw doxorubicin) and Dox-NPs
(rehydrateded) in the PBS solution at two pHs (5.5 and 7.4) at 37°C. (B) Effect of NP lyophilization on the rate of doxorubicin release in PBS solution at pH 5.5
and 7.4 at 37°C. Mean n = 3 ± SD.

doi:10.1371/journal.pone.0146237.g005
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3.9 Nanoparticle composition
Dex-NPs with 70 kDa dextran and two degrees of substitution (55% and 33%) as well drug-
containing NPs (Dox-NPs with 70 kDa dextran) with a 33% degree of substitution were exam-
ined to determine the NP composition using aerosol techniques (Fig 6).

The Dex-NP suspensions show a bimodal distribution (Fig 6) when compared to the pure
70 kDa dextran that showed a mean mobility-equivalent diameter of 6.6 nm. Peaks at mobil-
ity-equivalent between 5.6 and 6.8 nm originated mostly from pure dextran, which was added
to the samples as a cryoprotectant (5% w/w), and single subunits of modified dextran. Shift
between modified and original dextran mobility equivalent diameters came from different
packing/density or different shape of aerosol nanoparticles. Peaks of around 12 nm represent
Dex-NPs.

The presence of solely those two peaks suggests a tendency to form NPs structure while
minimizing the free energy. Mobility of aerosol particles is proportional to its geometric diame-
ter. Volume of particles is proportional to the third power of diameter. The diameter ratio of
aerosol particles formed from Dex-NPs to the aerosol particles formed from single chains of
dextran is slightly above 2 (12/5,5). We can calculate that volume of Dex-NPs is approximately
10 times higher than the volume of particle composed of single dextran chains. Thus we postu-
late that nanoparticles are composed of approximately 10 modified dextran subunits. At higher
concentrated NPs solution equilibrium between NPs and free dextran subunits shifted towards
the NPs formation, what reveals micelle like properties of obtained NPs (Fig 6A). The binding
constant of modified dextran in NPs depends on the degree of substitution of dextran chains:
the more hydrophobic groups (Fig 6A), the more dextran organized in NPs and the less free
modified dextran chains present in the solution (when compared to Fig 6B). The attachment of
doxorubicin does not influence the bimodal character of the peaks distribution (Fig 6D) but
the lowest measured concentration of 10 μg/ml promotes Dox-NP dissociation into single dex-
tran chains. The presence of cryoprotectant (Fig 6C) does not influence the bimodal distribu-
tion but has an impact on mobility equivalent diameter—the phenomena which needs further
investigation.

3.10 SEM visualization of Dex-NPs
Images of Dex-NPs revealed formation of spherical nanoparticles (Fig 7). Light shadows
around Dex-NPs observed in STEM dark field detection mode are caused by water repulsed
from Dex-NPs interior by ionic liquids. This phenomenon was not observed in SE detection
mode.

3.11 In vitro relevance
To verify whether doxorubicin can be released from NPs intracellularly, we monitored the fluo-
rescence of doxorubicin within HeLa cells that were incubated with free doxorubicin (control),
Dox-NPs, and rDox-NPs (Fig 8).

Free doxorubicin intercalates into the DNA of cell nuclei. The fluorescence signal of doxo-
rubicin delivered to the cells via Dox-NPs was observed in the cell nuclei and in the cytoplasm.
The cytoplasmic signal arose from doxorubicin bound to the NPs (unreleased fraction). To ver-
ify whether the nuclear signal arose from doxorubicin that was already released from the NPs
(i.e., Dox-NPs did not enter cell nuclei), we chemically reduced the bond between doxorubicin
and NPs to make doxorubicin release impossible. In fact, the signal that arose from rDox-NPs
was undetectable within cell nuclei (only in cell cytoplasm), confirming that the nuclear signal
in the case of Dox-NPs arose from released doxorubicin. This experiment also confirmed that
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whole NPs entered into the cell cytoplasm. Moreover, no drug release after chemical reduction
of the bond between doxorubicin and nanoparticles confirmed Schiff base formation.

No toxicity of Dex-NPs and rDox-NPs was observed for the concentration in range
1–10000 nM (equivalent to doxorubicin) in MTT assay (Fig 9). Dox-NPs reduced cell viability
at the concentration of 1000 nM by 15% and caused 85% reduction of viability for 10000 nM.
The effectiveness of Dox-NPs is comparable to the effectiveness of doxorubicin, as doxorubicin
reduced cell viability by 16% and 94% for concentrations 1000 nM and 10000 nM respectively.

Fig 6. Mobility-equivalent diameter distribution of nanoparticles.Dex-NPs with a 55% (A) and 33% (B) degree of substitution (10 μg/ml and 100 μg/ml)
referred to pure dextran 70 kDa (7μg/ml). (C) Dex-NPs with a 33% degree of substitution (10μg/ml) with and without cryoprotectant referred to pure dextran
70 kDa (7μg/ml). (D) Dox-NPs with a 33% degree of substitution (10 μg/ml; 33 μg/ml and 100 μg/ml). Mean n = 5.

doi:10.1371/journal.pone.0146237.g006
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Discussion

4.1 Oxidized dextran can form NPs based on the coiling agent
Nanoparticles that are used in nanomedicine take advantage of the leakiness of blood vessels,
which allows the flow of NPs with a diameter of up to 200 nm [22]. To meet this criterion, we
performed NPs synthesis using combination of dextrans of different molecular weights with
four degrees of oxidation and various types of coiling agents.

Dextran is a polymer that is composed of glucose units branched with alpha-1,6 and alpha-
1,4 glycosidic bonds and can be oxidized to polyaldehydodextran by glucose ring opening with-
out breaking the dextran backbone chain. To form NPs from dextran, we took advantage of the
aldehyde groups that are present along dextran chains after oxidation and bound hydrophobic

Fig 7. SEM visualization of Dex-NPs nanoparticles in two detection modes SE and DF STEM.

doi:10.1371/journal.pone.0146237.g007

Fig 8. Dox-NPs release doxorubicin within cells. Photomicrographs of fixed HeLa cells incubated with free
doxorubicin, Dox-NPs, and rDox-NPs. Cell nuclei were stained with DAPI (blue). Red color arises from
natural fluorescence properties of doxorubicin. Scale bar = 20 μm.

doi:10.1371/journal.pone.0146237.g008
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amines that serve as coiling agents, which allowed NPs formation by self-assembly in an aque-
ous environment.

Taking into account the additional criteria as NPs stability upon changing the substitution
degree and lyophilization as well toxicity of a coiling agent we selected the combination of 70
kDa PAD with 5% oxidation degree and 55% degree of substitution with dodecylamine. The
presence of remaining aldehyde groups allowed the attachment of the drug containing an
amine group (by Schiff base formation).

4.2 Stable Dex-NP structure and composition
We have made an attempt to structurally characterize Dex-NPs with traditional scanning elec-
tron microscopy but no nanostructures were visible. Thus we decided to characterize Dex-NPs
structure by the combination of the hydrodynamic diameter measurements and measurements
performed with use of aerosol techniques. Comparisons of NPs diameters in the wet and dry
state (Figs 3 and 6 respectively) revealed very high mass water content (> 95%) in Dex-NPs.
This can explain the failure of the traditional SEM observation as the specimen preparation
requires complete drying of the sample what in case of Dex-NPs can entirely destroy NPs
structure. Eventually we were able to obtain structure visualization by exploitation of scanning
electron microscope (SEM) SU8320 using ionic liquids. Thus we assume, that Dex-NPs do not
form the regular structure like e.g. liposomal formulations, instead they self-assemble into a
“skein” of dextran chains forming hydrogel structure of Dex-NP. Based on the results of aero-
sol analysis of Dex-NP we postulate that they are composed of approximately 10 modified dex-
tran subunits and the change of substitution degree did not influence this number.

4.3 Storage stability
Another necessary feature for nanomedical use is the stability of NPs in solution and the possi-
bility of long-term storage. Dex-NPs did not aggregate for at least 96 h in an aqueous solution
(S2 Fig), which is sufficiently long for potential in patient application. Over longer periods of
time, Dex-NPs can be stored in a lyophilized form. After rehydration, they regained their size

Fig 9. HeLa cell viability after 24h incubation with doxorubicin, Dex-NPs, Dox-NPs and rDox-NPs.

doi:10.1371/journal.pone.0146237.g009
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distribution within 30 min. Moreover, lyophilization did not affect the pH-sensitive in vitro
release rate of bound doxorubicin.

4.4 Drug release
One of the key factors that define an effective drug carrier is the release of entrapped drug at
the site of action and the prevention of the burst effect [23]. In the case of Dox-NPs doxorubi-
cin release rate is primarily limited by hydrolysis of the chemical bonds between the NPs and
the drug. Assuming that NPs poses faintly organized water structure we can conclude that
wide size distribution of Dox-NPs will be of little relevance on drug release. The results of the
Dox-NPs release in two distinct release environments: in PBS and in the cell culture supported
the phenomena observed in the previously reported research dextran-lipoic acid derivatives
NPs [24] that cellular environment e.g. presence of enzymes, activity of endosomal trafficking,
greatly accelerates the doxorubicin release. Thus, the doxorubicin release rates in the PBS can
be used for monitoring of the pH influence on the drug release rate, whereas release time in
PBS has limited predictive value for the estimation of time needed for a drug release intracellu-
larly. No toxicity effect was observed for rDox-NPs which confirms reduction of connection
between doxorubicin and NPs structure.

As the ultimate goal of the Dox-NPs is the doxorubicin release inside the human body the
observation of doxorubicin release inside the living cell (Fig 8) justifies further nanosystem
development for clinical use.

Conclusions
We demonstrated that dextran chains modified with hydrophobic coiling agents can form NP
backbone. Nanoparticles can be stored in a dry state and reassemble in water and reveal hydrogel
structure. In water solution nanoparticles are in the equilibrium with modified dextran, like in
the case of micelles and surfactant. We postulate that in order to achieve minimum structure
energy modified dextran forms nanoparticles of approximately 10 dextran subunits per nanopar-
ticle. Dex-NPs can serve as a carrier of drug (e.g., doxorubicin) with pH-dependent drug bonds
that allow accelerated drug release with decreasing pH, also within cells. To be applicable in can-
cer nanotherapy, further experiments are needed to verify the targeting properties of Dex-NPs,
but the present results indicate that dextran nanoparticles may be a promising drug nanocarrier.

Supporting Information
S1 Fig. Doxorubicin release rate in PBS. (A) Comparison of release of doxorubicin in free
form and doxorubicin bound in NPs (lyophilized) in the PBS solution at two pHs (5.5 and 7.4)
at 37°C. (B) Effect of NP lyophilization on the rate of doxorubicin release in PBS solution at
pH 5.5 and 7.4 at 37°C. Mean n = 3 ± SD.
(TIF)

S2 Fig. Aggregation of lyophilized and rehydrated Dox-NPs. Size distribution curve for the
indicated time points. Aqueous Dox-NPs solution stored at 4°C, without stirring. Mean n = 3.
(TIF)
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