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a b s t r a c t

Spherical and needle shaped magnetic nanoparticles (MNPs) were synthesized by thermal decompo-
sition, functionalized with 2-pyrrolidinone for the attachment of pUC19 plasmidic DNA and used in
transformations assays of Escherichia coli JM109. Frictional and magnetic stimulation were employed
for promoting the translocation of the nanoparticle-pUC19 complexes across the cell envelope.
Transformants were obtained through frictional stimulation using needle shaped MNPs achieving
a maximum transformation efficiency of 3.1 × 102 CFU/µg pUC19. Magnetic stimulation was also
performed using both types of nanoparticles under conventional magnetofection conditions on a
magnetic bioreactor and did not induce transformation of E. coli JM109, possibly due to the field
intensity at the region of the cells (∼100 mT) not being high enough to overcome the rigidity of
the bacterial cell envelope. This work substantiates the need for the delivery agent to have a high
aspect ratio in order to achieve transformation of prokaryotes. Moreover, it highlights the limitations
of magnetic stimulation for translocation of MNPs across the microbial cell wall, as opposed to
magnetofection of eukaryotic cells whereby the entry of genetic material can be readily accomplished
using spherical MNPs through an endocytotic uptake mechanism.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Transformation or genetic modification of microorganisms is
redominantly performed by heat-shock or electroporation but
any species remain recalcitrant to these methods, in particular
naerobes and species from the kingdom Archaea [1]. The search
or alternative methodologies to deliver DNA into microorgan-
sms to attain an intended genetic expression is a prominent task
or the development of new pharmaceuticals and bio-fuels and
or the production of endogenous compounds or enzymes for the
hemical, food, environmental and related industries [2]. The use
f MNPs to transfect mammalian cells through magnetofection
s an approach that has been implemented over the past two
ecades [3]. It is a strategy used for delivering genetic mate-
ial into the interior of cells through the action of an external
agnetic stimulus applied to a magnetic delivery agent com-
osed by a metallic nanoparticle core which is usually coated
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with a DNA attachment agent such as polyethylenimine (PEI).
However, magnetofection has not become a widespread strat-
egy for transformation of microorganisms, probably due to the
small dimensions of microorganisms as compared to eukaryotic
cells, discouraging research directed towards the development of
protocols that would require a corresponding size reduction of
the magnetic delivery agent for cell-envelope permeation. Fur-
thermore, microorganisms usually possess a rigid cell wall that
is unfavorable for translocation of macromolecules from the cell
exterior into the cytoplasm, and evidence suggests that the mech-
anism underlying magnetofection in eukaryotic cells is based on
endocytosis [4–8], a process performed only by a few bacterial
species [9,10]. On the other hand, frictional stimulation has been
a method successfully used to genetically modify microorganisms
using nanofibers such as sepiolite [11,12] or nanosheets such as
aminoclays [13,14], that morphologically resemble nanoneedles
and nanoblades respectively and are able to permeate microbial
membranes when friction is applied. Nanomaterials with high
aspect ratio is a highly researched topic since these nanomaterials
have the potential to enable cell penetration and therefore are
being explored for the development of materials with bacteri-
cidal activity that preclude the formation of biofilms in medical
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evices [15–17] or provide alternative solutions to conventional
ntibiotics for certain applications [18–20]. On the hand, delivery
f genes into cells for medical or biotechnology purposes is a
rominent and well-established topic where various types of
anoparticles can be employed as delivery agents. Nanoparticles
uch as sepiolite or Mg aminoclays have been used as delivery
gents of genetic material for microorganisms due to their ability
o translocate the cell envelope, reversibly attach DNA and release
t in a fully functional state inside the cell. Nevertheless, the
nfluence of the aspect ratio of the delivery agent in the pro-
otion of DNA delivery into cells is still poorly understood and

urther examination is required for a proper description of the
ranslocation mechanism that leads to genetic modification by
his approach. Furthermore, the synthesis and characterization of
anoparticles with shape anisotropy is also very relevant for the
evelopment of other fields such as nanofluids [21,22], thermal
ngineering [23,24] magnetic resonance imaging [25,26], drug
elivery [27,28] and hyperthermia therapy [29,30], among others.
In fact, magneto-transformation has already been achieved

n Escherichia coli DH1 by Chen et al. using a pulsed magnetic
field of 2.15 T, but the highest transformation efficiency ob-
tained with an acceptable cell survival rate (1.1%) using PEI-
coated MNPs with an overall average size of 65 nm was only 64
CFU/µg DNA [31]. Transformation of microorganisms using de-
livery agents or nanocarriers has been mainly performed through
the employment of acicular material such as sepiolite [32–35] or
chrisolite [36–40] due to their ability in promoting DNA entry into
cells following cell piercing. Needle shaped natural materials have
shown large potential for transformation of a small variety of mi-
croorganisms such as Escherichia coli strains DH5α and C600 [41],
TOP 10 [33], JM109 [34,36–39] and XL-2 Blue [11], Agrobac-
terium radiobacter IFO2665b1 and Thiobacillus intermedius 13-
1 [40], Yersinia enterocoliticaWA-314 and Acinetobacter baumannii
ATCC17978 [33], Pseudomonas aeruginosa strains PAO1, PA14,
ATCC27853 and PA JCI-1A7 and Pseudomonas putida KT2440 [32]
and Salmonella Typhimurium LT2 [35].

In this work, synthetic needle shaped MNPs functionalized
with 2-pyrrolidinone were produced and their potential for trans-
forming non-competent E. coli JM109 using magnetic and fric-
tional stimulation was evaluated. The transformation potential
of sub ten-nanometer diameter 2-pyrrolidinone coated spherical
shaped MNPs was also tested under the same conditions. The
coating agent was selected to promote hydrophilicity of the as-
synthesized MNPs and affinity for plasmids without substantial
gain in diameter, as 2-pyrrolidinone is known to exhibit cationic
properties under a large pH range and a much smaller size than
more conventional DNA attachment agents such as PEI.

2. Materials and methods

2.1. Synthesis of 2-pyrrolidinone coated spherical MNPs

The synthesis of 2-pyrrolidinone coated spherical MNPs was
performed following the main guidelines of the method pre-
sented in Li et al. [42]. Four mmol Fe(acac)3 were mixed with
0 mL of 2-pyrrolidinone, stirred at 400 rpm using a bar magnet
nder N2 flow to remove oxygen, and then heated to 200 ◦C. The
ixture was maintained at this temperature for 30 min, heated

o reflux (249 ◦C) and left at this temperature for another 15 min.
The flask was left cooling to room temperature and the content
was divided in two centrifuge tubes (20 mL in each). Each 20
mL of MNPs dispersions was washed by adding 25 mL methanol,
resulting in the formation of a dark precipitate. After centrifuga-
tion at 8421g the pellet was suspended in 45 mL acetone using a
vortex. A homogeneous dark dispersion was formed and another
centrifugation step at 8421g was performed, forming a clear
2

supernatant which was discarded. After the addition of 45 mL
acetone and vortexing, the centrifugation step was repeated and,
after decanting, the content of each falcon was resuspended in 10
mL acetone and transferred to a scintillation glass vial. A strong
permanent magnet was used to separate the nanoparticles from
the acetone and the supernatant decanted. Ten mL acetone were
added repeatedly to perform 3 more washes using the permanent
magnet to remove the functionalized MNPs from all unbound 2-
pyrrolidinone. After the last decantation, the MNPs were finally
left to dry in vacuum oven at 60 oC overnight, resulting in about
150 mg of dried spherical MNPs product. All chemicals were
purchased from Sigma Aldrich and used as provided.

2.2. Synthesis of needle shaped MNPs and functionalization with
2-pyrrolidinone

The synthesis of needle shaped MNPs was performed follow-
ing the main guidelines of the method presented in Sun et al. [43].
Hexadecylamine (0,20 g), oleic acid 90% (2.6 mL) and n-butanol
(8 mL) were heated at 50 ◦C and magnetically stirred until a
homogeneous solution was obtained. After cooling to room tem-
perature, 2 mL Fe(CO)5 > 99.99% metal trace basis was then
added using a syringe and stirred magnetically until dissolved.
The liquid was transferred to a stainless-steel autoclave with
a Teflon inner lining and left for 6h at 200 ◦C. After cooling
to room temperature, the precipitate was centrifuged at 8421g ,
washed 3 times with ethanol and left to dry under ambient
conditions. For functionalization of the needle shaped MNPs with
a hydrophilic and DNA-affinity coating, a ligand-exchange of the
oleic acid coating agent with 2-pyrrolidinone was performed.
First, a sample consisting of 250 mg of the previously obtained
needle shaped MNPs was dispersed in a 50/50 mixture of 1,2-
dichlorobenzene and N,N′-dimethylformamide (30 mL of total
volume), to which 5 mL of excess 2-pyrrolidinone was added.
The mixture was then stirred at 100 ◦C for ∼24 h under a reflux
system. The needle shaped MNPs were subsequently precipitated
by the addition of ethyl ether (∼50 mL) and recovered with
a permanent magnet. The needle shaped MNPs were dispersed
in acetone and precipitated by means of a permanent magnet
3 to 4 times to remove all traces of unbound coating agent.
The samples were dried at ambient temperature for 2 days and
sealed in a glass vial. Two hundred mg of 2-pyrrolidinone coated
needle shaped MNPs were recovered using this procedure. The
functionalization protocol followed the procedure presented in
Lattuada et al. [44] for the functionalization of magnetite MNPs
with citric acid. All chemicals were purchased from Sigma Aldrich
and were of analytical grade, except for oleic acid, which was of
technical grade.

2.3. Transmission Electron Microscopy Measurements

Transmission Electron Microscopy (TEM) measurements were
performed on a JEOL 200CX (200 kV) microscope. All samples
were prepared by evaporation of dilute dispersions in acetone on
a carbon-coated film. ImageJ software was used to estimate the
size distribution of the nanoparticles present in the samples by
measuring at least 177 nanoparticles.

2.4. Attenuated Total Reflectance Fourier Transform Infrared Spec-
troscopy

Attenuated Total Reflectance Fourier Transform Infrared (ATR-
FTIR) spectroscopy was performed on a Thermoscientific NEXUS
8700 FTIR spectrometer (Thermo Nicolet, Inc.). Spectra were
recorded between 4000 and 500 cm−1 at a resolution of 2 cm−1

and are reported as the average of 64 spectral scans. All samples
were previously dried under vacuum to evaporate any remaining

solvent or moisture.
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.5. Superconducting Quantum Interference Device measurements

Superconducting Quantum Interference Device (SQUID) mea-
urements were conducted on both types of 2-pyrrolidinone
oated MNPs using a Magnetic Property Measurement System
odel MPMS-XL (Quantum Design) to determine their magneti-
ation. The hysteresis loop SQUID measurements were performed
t 300 K and 10 K over a −10 to 10 kOe range and Zero Field

Cooled–Field Cooled (ZFC–FC) measurements were performed
from 1.8 K to 300.4 K under the influence of 100 Oe on samples
weighing 7.5 mg. The ZFC measurements were performed by
cooling the samples in a zero field from the upper temperature
limit, which is well above the usual blocking temperature (TB) of
magnetite MNPs (superparamagnetic state), down to the lower
temperature limit, well below their usual TB (ferrimagnetic state).
The magnetic field was then applied and the magnetization as
a function of temperature was measured during the heating
process back to the upper temperature limit. The FC curve was
obtained by measuring the magnetization when cooling the sam-
ple back to the lower temperature limit in the same field as used
during the heating period. The field used in the ZFC–FC measure-
ments was weak enough in comparison with the anisotropy field
to guarantee that the ZFC–FC curve reflected the intrinsic energy
barrier distribution.

2.6. Transformation assays

2.6.1. Transformation by frictional stimulation
Agar containing Petri dishes were prepared using 2% agar

2% lysogeny broth (LB) in 400 mL double distilled water that
was autoclaved for 45 min. In a sterile laminar flow hood, after
the 2% agar 2% LB cooled to around 40 ◦C, isopropyl β-D-1-
thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-gal) and ampicillin were added to a final
concentration of 1 mM IPTG, 40 µg/mL X-gal and 100 µg/mL
ampicillin. The mixture was divided into Petri dishes (15 mL
in each) and left to cool at room temperature. E. coli JM109
was grown overnight until an OD600 of 0.7 was reached. Then a
1:50 dilution was performed in LB and cells were left to grow
until OD600 reached 1.2. Eight 1.5 mL Eppendorf tubes containing
500 µL of cells each were centrifuged at 16162g on a bench
top centrifuge and the supernatant was decanted. Two separate
stock dispersions of 2-pyrrolidinone coated spherical and needle
shaped MNPs were prepared at 3 mg/mL in LB and sonicated
for 15 min. After washing 3 times with LB with decantation–
centrifugation steps,1:5, 1:10, 1:100 and 1:1000 dilutions of these
2 separate nanoparticle dispersions were prepared in 2% LB pro-
ducing 2 sets of 4 samples having a concentration of 0.6, 0.3,
0.03 and 0.003 mg/mL. Five µL 50 ng/mL of pUC19 were then
added to 500 µL of each of the previous samples and mixed
with a micro-pipette using up and down movements, promoting
nanoparticle-pUC19 complex formation. The cells were resus-
pended with 500 µL of each of the previous mixtures. The
resuspension was performed by vortexing 1 min and 100 µL
of each vial was plated inside a sterile laminar flow hood on
previously prepared Petri dishes that were dried for at least 20
min. The spreading was performed with an L-shaped polystyrene
spreader through about 50 circular spreading movements for
30 s. The Petri dishes were left overnight in a bacteriological
incubator (JP Selecta, model Incubat) at 37 ◦C to promote growth
of the transformed colonies. Five replicas were produced for
each concentration of MNPs and the highest and lowest numbers
of colony forming units were discarded to diminish standard
deviation, so the values presented are in triplicate. The colonies
were counted using an automatic cell counter from Interscience
(Scan 300) and the efficiency of transformation determined as
colony forming units (CFU) per µg pUC19.
3

2.6.2. Transformation by magnetic stimulation
Transformation assays using an external magnetic field were

performed using 6-well culture plates containing 1 mL of gel on
each well that consisted of agar 2%, LB 2%, 100 µg/mL ampicillin,
1 mM IPTG and 40 µg/mL X-gal. E. coli JM109 suspensions and
dispersions of MNPs were prepared using the same steps as in the
frictional stimulation assays. The cells were grown overnight until
an OD600 of 0.7 was reached. Then a 1:50 dilution was performed
in LB and cells were left to grow until OD600 reached 1.2. For each
concentration of MNPs used, one 1.5 mL Eppendorf tube contain-
ing 500 µL of cells was centrifuged at 16162g on a bench top
centrifuge and the supernatant was decanted. A stock dispersion
of 2-pyrrolidinone coated spherical shaped MNPs were prepared
at 3 mg/mL in LB and sonicated for 15 min. After washing 3 times
with LB with decantation–centrifugation steps, a 1:5 dilution was
prepared in 2% LB producing a sample having a concentration
of 0.6 mg/mL. Five µL 50 ng/mL of pUC19 were then added to
500 mL of the previous sample and mixed with a micro-pipette
using up and down movements, promoting nanoparticle-pUC19
complex formation, which was then used for resuspension of
the E. coli JM109 cells in the pellet prepared previously. The
resuspension was performed by vortexing the vial during 1 min.
Five replicas having 100 µL each were added to 5 wells of a the
6-well culture plate containing 1 mL of agar/LB 2%, 100 µg/mL
ampicillin, 1 mM IPTG and 40 µg/mL X-gal that was dried for at
least 20 min. The culture plate was assembled on a Magnefect-
Nano IITM device (NanoTherics, UK). This bioreactor produces a
oscillating magnetic field of approximately 100 mT at the level of
the cells [45,46] and was set to an oscillation frequency of 2 Hz,
displacement amplitude of 0.2 mm and kept working inside a
bacteriological incubator (JP Selecta, model Incubat) at 37 oC for
72 h. The same procedure was repeated using 0.3, 0.03 and 0.003
mg/mL spherical shaped MNPs and the whole assay repeated
using needle shaped MNPs under the same conditions.

2.7. Statistical analysis

The size distribution of the nanoparticles obtained using Im-
ageJ software was analyzed using OriginPro software to deter-
mine the mean values, standard deviations and to fit a lognormal
curve to the obtained histograms. To assess statistical differ-
ences among the number of colonies among different samples, a
one-way ANOVA test was used. For determination of differences
between means, a Tukey HDS test was performed as required.
Differences were considered significant for P values ≤0.05. * =

0.05 ≥ P > 0.01; ** = 0.01 ≥ P > 0.001; *** = P ≤ 0.001. All tests
were performed using Graphpad Prism analysis software package.

3. Results and discussion

3.1. Nanoparticle synthesis, functionalization and characterization

The production of 2-pyrrolidinone coated spherical MNPs
was accomplished by the simultaneous employment of
2-pyrrolidinone as solvent and coating agent. The spherical MNPs
were synthesized by a direct route where the Fe(acac)3 pre-
cursor is thermally decomposed in strong polar 2-pyrrolidinone
stabilizer while heated under reflux. These nanoparticles do not
need to be submitted to any further treatment for becoming
dispersible in water, since the 2-pyrrolidinone coating layer en-
sures hydrophilicity. The size distribution of these nanoparticles
was measured using ImageJ software, and the mean diameter
obtained was 6.1 ± 2.0 nm (N = 177) (Fig. 1a). On the other
hand, the reaction responsible for the formation of needle shaped
MNPs proceeds through a solvothermal reaction controlled by
a side reaction in which initially part of the Fe(CO) precursor
5
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Fig. 1. (a) TEM image and diameter distribution of 2-pyrrolidinone coated spherical MNPs dispersed in acetone. (b) TEM image and length distribution of 2-
pyrrolidinone coated needle shaped MNPs dispersed in acetone. (c) ATR-FTIR spectra comparison between 2-pyrrolidinone coated spherical shaped MNPs (2-Pyr
sMNPs), 2-pyrrolidinone coated needled shaped MNPs (2-Pyr nMNPs) and 2-pyrrolidinone (2-Pyr). Absorbance bands attributed to the functional groups C==O, C–N
and Fe–O are highlighted.
decomposes to form the oxidized form FeO while some reacts
with oleic acid to form iron oleate. Oleic acid also reacts with
hexadecylamine that is present in the mixture producing water
which in turn hydrolyzes iron oleate forming the initial needle
shaped MNPs of Fe3O4. Subsequently, the dissolution of FeO and
decomposition of residual Fe(CO)5 as well as the hydrolysis of
ron oleate provides a source for the growth of these Fe3O4
NPs and their enlargement over time. By adjustment of the
mount of oleic acid added, the size and dispersity of the needle
haped MNPs were finely tuned (Fig. S1). The hydrophilicity
f these MNPs was promoted through ligand exchange of the
oating agent oleic acid by 2-pyrrolidinone, and the size dis-
ribution of the 2-pyrrolidinone coated needle shaped MNPs
roduced using 2.6 mL oleic acid was analyzed through ImageJ
oftware. The mean values obtained for their length and width
ere 88.6 ± 19.4 nm and 8.4 ± 2.3 nm respectively (N = 197)
Fig. 1b and Fig. S2). Both types of nanoparticles are dispersible
n acetone and water and no additional procedure is necessary
o ensure DNA affinity [47]. Considering the X-ray diffraction and
-ray photoelectron analysis presented in Li et al. [42] and Sun
t al. [43], both types of MNPs are expected to be composed of
e3O4 and the coordination of 2-pyrrolidinone to their surface to
ccur through the carbonyl group of 2-pyrrolidinone.
ATR-FTIR spectroscopy was performed to determine whether

he 2-pyrrolidinone ligand was attached to the nanoparticle sur-
ace through its carbonyl oxygen or nitrogen (Fig. 1c). The car-
onyl (C==O) absorbance of 2-pyrrolidinone is known to un-
ergo a shift to lower wavenumbers when its oxygen is cova-
ently or hydrogen bonded to the metal atoms from the sur-
ace of the nanoparticle [48]. As highlighted in Fig. 1c, the ab-
orbance band due to the stretch of the carbonyl group of pure
-pyrrolidinone lays on the 1516–1913 cm−1 region and shifts
o the 1331–1728 cm−1 region when bound to iron oxide. This
hift of 185 cm−1 indicates that the 2-pyrrolidinone coating agent
oordinates on the surface of the MNPs through the carbonyl
xygen of the ligand binding to a surface metal atom, which is
n agreement with the results obtained by Kinsella et al. [49].
oreover, the band corresponding to the C–N stretch remains
naltered at 970–1116 cm−1 among all samples, indicating that
he nitrogen does not coordinate to the surface of the MNPs.
he appearance of a new band containing peaks at 567 and
90 cm−1 exclusive to both samples of coated MNPs is due to
he presence of an iron–oxygen (Fe–O) bond, which constitutes a
onfirmation that the synthesized nanoparticles are composed of
ron oxide [50].
4

3.2. Magnetic properties

Relevant information can be retrieved from the magnetic
properties of a material by studying its magnetization curve or
hysteresis loop [51] (Fig. 2). The non-magnetic coating layer com-
posed of 2-pyrrolidinone contributes to the mass of the MNPs and
therefore influences the saturation magnetization (Ms), which
is obtained by dividing the maximum magnetization achieved
in each sample by the corresponding mass. The 2-pyrrolidinone
coated spherical MNPs exhibit superparamagnetic properties at
room temperature since no significant hysteresis is observable
[52] (Fig. 2a), which means that the thermal energy can overcome
the anisotropy energy barrier of a single particle and that the net
magnetization of particle assemblies is zero in the absence of an
external field. The obtained Ms is approximately 49 emu/g. The
difference in Ms compared to bulk magnetite (up to 92 emu/g
for commercialized fine powder) is attributed to the small size
of the particles and the difference in magnetization compared
to MNPs of similar size synthesized by other methods, might be
due to surface spin canting effects since polar 2-pyrrolidinone
was used instead of oleic acid. For example, in the case of the
production of 6.0 nm oleic acid coated MNPs by hot injection
of precursors composed of iron pivalate clusters in mixtures of
dodecanol/oleic acid/hexadecanol, a Ms = 62 emu/g at 300 K was
observed [53]. The obtained value of Ms = 49 emu/g fits well
between the values 31 and 65 emu/g reported by Li et al. for the
production 2-pyrrolidinone coated MNPs of diameter 5 and 8 nm
respectively [42]. On the hand, at 10 K, the spherical shaped MNPs
exhibited hysteresis, presenting ferrimagnetic behavior with a
coercivity of approximately 246 Oe, which is consistent with
other works, such as the findings reported by Phong et al. [54].

The magnetization curve for needle shaped MNPs at 300 K
(Fig. 2b) exhibited hysteresis and a slight remanent magnetization
in the absence of external field (Mr = 3.84), which means that
these MNPs are not superparamagnetic at room temperature. The
Ms obtained at 300 K is approximately 30 emu/g, which is supe-
rior to the value reported by Sun et al. (20 emu/g) [43], but the
exact nanorod length that was used in this report for obtaining
the presented Ms value is not clear, lying between 28 and 140 nm.
The Ms should be proportional to the size of the particles, but the
high shape anisotropy of the needle shaped MNPs prevents the
magnetization in directions other than along their easy magnetic
axes [55,56], which is responsible for the observed low Ms ob-
tained from the 2-pyrrolidinone coated needle shaped MNPs in
comparison to the spherical shaped ones. For attaining genetic
modification by simultaneous spreading of E. coli/plasmid/MNPs,
some agglomeration should be produced due to the remanent
magnetization, but transformation of microorganisms should still
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Fig. 2. (a) Magnetization loop for 2-pyrrolidinone coated spherical shaped MNPs. (b) Magnetization loop for 2-pyrrolidinone coated needle shaped MNPs, exhibiting
a slight remnant magnetization at room temperature. (c) ZFC–FC curves for 2-pyrrolidinone coated spherical shaped MNPs. The blocking temperature is 108 K. (d)
ZFC–FC measurement for 2-pyrrolidinone coated needle shaped MNPs. ZFC–FC measurements were performed from 1.8 K to 300.4 K under a field of 100 Oe.
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be possible, since it has been acknowledged that transformation
by frictional stimulation of nanofibers is achieved by the forma-
tion of chestnut bur-shaped aggregates [37]. The employment of
friction combined with the ferrimagnetic nature of the synthetic
needle shaped MNPs presented in this work should also promote
the formation of bur-shaped aggregates and therefore favor the
transformation process. A summary of the relevant magnetic
properties is summarized in Table 1.

The temperature-dependent magnetization data measured in
ero-field-cooled (ZFC) and field-cooled (FC) are usually used to
btain information about energy barriers, but additional informa-
ion can be inferred through the analysis of these plots (Fig. 2c
nd Fig. 2d). As depicted in Fig. 2c, when the temperature is
ncreased from 1.8 K to 300.4 K the ZFC first increases and then
ecreases after reaching a maximum at 108 K, which corresponds
o the blocking temperature TB. This result further proves that the
2-pyrrolidinone coated spherical shaped MNPs are superparam-
agnetic at room temperature. The FC magnetization continues to
decrease as the temperature is increased and the difference in
magnetization between the ZFC magnetization and FC magnetiza-
tion below TB is attributed to energy barriers of the magnetization
anisotropy.

The magnetization anisotropy constant Kan can be calculated
by the following formula:

Kan = 25kbTBV−1

where Kb is the Boltzmann constant, TB is the blocking tem-
erature of the sample and V is the volume of a single parti-
le [57]. The estimated magnetic anisotropy constant Kan for the
2-pyrrolidinone coated spherical shaped MNPs is 4.18 × 105 J/m3,
when a radius of 6.1 nm and a TB of 108 K is assumed. This value
is of the same order of magnitude as those obtained by Li et al. for
4.5 and 8.5 nm trithiol-terminated poly(methacrylic acid) coated
MNPs (1.81 × 105 and 1.02 × 105 J/m3) for a TB of 25 K and 85
K respectively [58].
5

Magnetite has a cubic spinel structure of AB2O4 type (space
group Fd3m), that contains Fe3+ ions at tetrahedral sites (A) and
Fe3+/Fe2+ at octahedral sites (B) [59]. At low temperature, the
system undergoes a structural conversion, which is responsible
for a metal–insulator transition (also known as the Verwey tran-
sition (VT) (Fig. 2d)), and concurrently the magnetic, calorimetric,
electric and optical conductivity undergo a sudden change at
this temperature [60,61]. This transition temperature is shifted
to lower values in smaller particles [62] but is very sensitive
to oxygen stoichiometry, which disfavors a straightforward size-
dependent characterization due to the variety of particle growth
conditions that are reported. However, the Verwey transition is
usually suppressed when particles have a diameter below 20 nm,
and completely disappears for sizes below 6 nm [63,64]. For the
needle shaped MNPs obtained in this work with estimated length
of 88.6 ± 19.4 nm and width of 8.4 ± 2.3, a slight kink in the
ZFC curve at around 120 K emerges, which coincides with the VT

transition of Fe3O4 [65]. Such a signature of the Verwey transition
n Fe3O4 MNPs is not uncommon and has been reported before
n other literature pertaining to Fe3O4 MNPs with needle-like
hape [66,67]. The Verwey transition is a special characteristic
f magnetite, which confirms that the needle shaped MNPs sam-
les contain Fe3O4 in their composition. When cooled below the
haracteristic Verwey transition at VT ∼120 K, the electrical con-
uctivity of Fe3O4 abruptly drops by two orders of magnitude and
s accompanied by a slight crystallographic distortion [68]. Other
tudies on magnetite MNPs suggest that the Verwey transition
hifts to lower temperatures due to the finite-size effect, or as
entioned above, vanishes below a critical size [69], not being
etected in the ZFC–FC measurements of 2-pyrrolidinone coated
pherical MNPs presented in this work.
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Table 1
Magnetic properties of both types of 2-pyrolidinone coated MNPs at 300 and 10 K used in transformation assays.
Values were obtained from the magnetization loop curves scanned at variable field. Ms- Saturation magnetization;
Hc- Coercivity; Mr- Remanent magnetization.
2-Pyrrolidinone coated MNPs T (K) Ms (emu/g) Hc (Oe) Mr (emu/g) R = Mr/Ms

Spherical shaped 300.00 49.09 2.09 0.21 0.00
10.00 58.60 246.60 13.92 0.24

Needle shaped 300.00 30.19 69.26 3.84 0.13
10.00 33.67 235.97 9.34 0.28
t
a
b
u
t
d
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3.3. Transformation assays

3.3.1. Transformation of E. coli JM109 with pUC19 using frictional
stimulation

Escherichia coli JM109 is a popular host in recombinant DNA
technology especially for cloning and plasmid expression pur-
poses and was selected in this work as a model for transformation
assays with both types of MNPs due to its versatility, robustness
and widespread use. The plain pUC19 plasmid without any DNA
insertion in its multiple cloning site was used as a proof-of-
concept for transformation accomplishment. Therefore, cell sur-
vival at the employed ampicillin concentration is a good indicator
of transformation since this plasmid grants ampicillin resistance
after being correctly translated by the host cell. Moreover, when
the cells are plated on a medium supplemented with IPTG and X-
gal, transformed colonies are expected to grow in blue instead of
white color due to α-complementation of the ω-peptide fragment
(mutant β-galactosidase from E. coli JM109) with the α-peptide
fragment (encoded by the lacZα sequence from pUC19), which
confirms the occurrence of an induced genetic modification.

The transformation assays using frictional stimulation only
produced transformants when 2-pyrrolidinone coated needle
shaped MNPs were used (Fig. 3a). The average transformation
efficiency obtained was 2.9 × 102 CFU/µg pUC19 for 0.6 mg/mL,
3.1 × 102 CFU/µg pUC19 for 0.3 mg/mL, 9.3 × 101 CFU/µg
pUC19 for 0.03 mg/mL and 3.3 × 101 CFU/µg pUC19 for 0.003
mg/mL. The maximum average transformation efficiency using
needle shaped MNPs is 3.1 × 102 CFU/µg pUC19 for 0.3 mg/mL
2-pyrrolidinone coated needle shaped MNPs. The ferrimagnetic
properties of the needle shaped nanoparticles may contribute
for the formation of chestnut bur-shaped aggregates facilitating
the adsorption and entrance of pUC19 into the cells [37,39].
Some aggregation of the needle shaped MNPs is likely to occur,
forming penetration intermediates with the cells as the friction
time increases and the moisture is absorbed into the Petri dishes.
The observed positive genetic modification results are a conse-
quence of the needle-like shape of the coated MNPs submitted
to frictional stimulation and cannot be attributed to the effect of
2-pyrrolidinone itself. If 2-pyrrolidinone was by itself the cause,
both types of 2-pyrrolidinone coated MNPs should have produced
positive genetic modification results, but the 2-pyrrolidinone
coated spherical shaped MNPs failed in producing transformed
colonies. Moreover, despite the low cytotoxicity (IC50 values
of 2.5µg/ml for HeLa cells and 3µg/ml for PC-3 cells [70])
nd the cationic nature of 2-pyrrolidinone, there is no evidence
upporting any inherent transfection capabilities, which would
equire the formation in aqueous environment of stable DNA-2-
yrrolidinone cationic complexes capable of translocating the cell
nvelope without detrimental cell death, which is unfavorable
ue to the high water solubility and low molecular weight of
-pyrrolidinone.
The transformation efficiency obtained is not very high, how-

ver, each assay produced dozens of colonies (Fig. 3b) and the
pproach has potential to be used for cloning purposes [71] by
n easy one-step procedure since the cells that were used are
on-competent, which translates to a simpler, more cost-effective
 u
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and less time-consuming process than conventional or improved
heat-shock [72] or electroporation [73] approaches. The growth
of blue colonies in the presence of ampicillin confirms that the
pUC19 plasmid entered the cell and was translated. Transforma-
tion was successfully accomplished using this procedure, since
the non-transformed host only produces white colonies and does
not survive at the ampicillin concentration present in the Petri
dishes. Considering that endocytosis is not performed by E. coli
JM109, the form factor of the delivery agent should play an
important role in transformation due the requirement of a cell
envelope piercing mechanism, which should be promoted by
nanoscale needle-like morphologies. In fact, sepiolite and Mg
aminoclays, being the usual reported delivery agents capable of
promoting transformation of microorganisms, also possess a high
aspect ratio between two of their dimensions [74,75], which
supports this hypothesis. Moreover, theoretical and experimental
studies using high aspect ratio nanomaterials such as vertically
aligned carbon nanotubes (CNTs) have suggested that the bend-
ing energy stored in the CNTs is a substantial factor for the
physical rupture of both Gram-positive and Gram-negative bac-
teria [76]. Certain nanoparticles with high aspect ratio can also
simultaneously facilitate the passive delivery of genetic material
into species-independent plant cells and provide protection from
nuclease degradation. Therefore, adjusting the aspect ratio of
nanoparticles can also potentially contribute to the development
of advanced plant biotechnology applications [77], in addition to
any advantages that can be obtained from a likely increase in
permeability of other types of eukaryotic cells, as well as become
beneficial for further applications involving prokaryotes.

3.3.2. Transformation of E. coli JM109 with pUC19 using magnetic
stimulation

No colonies were obtained in experiments with magnetic
stimulation using the Magnefect-Nano IITM bioreactor. The set-
tings used corresponded to typical values used in magnetofection
of eukaryotic cells, but possibly the intensity of the magnetic
field produced by the device (∼100 mT) is not high enough
o induce permeation by the needle or spherical shaped MNPs
cross the cell envelope of E. coli JM109. Colonies never grew
eyond the values observed in controls. Genetic modification
sing the Magnefect-Nano IITM bioreactor might only be possible
o attain if the cells are able to perform endocytosis of the
elivery agent–DNA complex.

. Conclusions

Water dispersible spherical and needle shaped 2-pyrrolidinone
oated MNPs were produced and characterized by TEM, ATR-FTIR
nd SQUID. Both types of nanoparticles presented a magnetic be-
avior characteristic of magnetite nanoparticles consistent with
heir size, shape and coating layer. The saturation magnetization
btained at 300 K was Ms = 49 and Ms = 30 for spherical
nd needle shaped 2-pyrrolidinone coated MNPs respectively and
he Verwey transition was detected in the MNPs with needle
orphology. Transformation of E. coli JM109 was accomplished
sing monodisperse 2-pyrrolidinone coated needle shaped MNPs
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Fig. 3. (a) Transformation efficiency of E. coli JM109 using frictional stimulation at various concentrations of 2-pyrolidinone coated needle shaped MNPs. (b)
Representative image of a Petri dish of transformed E. coli JM109 colonies obtained using frictional stimulation with 2-pyrolidinone coated needle shaped MNPs.
through frictional stimulation, but magnetic stimulation using a
commercial magnetofection bioreactor did not induce formation
of transformed colonies. The maximum average transformation
efficiency attained was 3.1 × 102 CFU/µg pUC19 for 0.3 mg/mL
2-pyrrolidinone coated needle shaped MNPs. The 2-pyrrolidinone
coated spherical shaped MNPs are superparamagnetic at room
temperature, a requirement to avoid aggregation into larger clus-
tered structures, which could lead to more difficulties in cell
envelope permeation. However, neither frictional nor magnetic
stimulation produced transformants using these nanoparticles.
This work suggests that the magnetic field produced by a stan-
dard bioreactor conceived for magnetofection of eukaryotic cells
is not strong enough to enable the penetration of E. coli JM109 by
any of the types of MNPs used. Moreover, the findings presented
support the hypothesis that a high aspect ratio of the delivery
agent is an important factor for the successful transformation
through DNA delivery agents on E. coli JM109. The aspect ratio
might also play an important role in the transformation of other
prokaryotes, taking into account the difficulties for translocation
of the cell wall compared to the eukaryotic cell membrane.
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