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Introduction: One of the major challenges of modern pharmacology is the development of
systems for the delivery of therapeutic molecules in a controlled and localized manner. One
strategy is to use nanostructured supports, which are well suited to carry a large number of
molecules on a per mass basis. A major challenge for these supports is, however, their limited
ability to bypass the cell membrane. Recent studies propose that to overcome this issue, potent
translocating cell-penetrating peptides (CPPs) can be conjugated to their surfaces.

Methods: Here, we conjugated the antimicrobial CPP buforin II (BUF2) to the surface of mag-
netite nanoparticles to enhance their cell penetration. Conjugates were characterized via Fourier
transform infrared spectroscopy, dynamic light scattering, and thermogravimetric analysis, and
their biocompatibility was corroborated. The conjugates were delivered in both bacterial and
mammalian cells demonstrating the intracellular inclusion in THP-1 cells for the first time.
Results: Despite the promising outcome, our studies showed that the obtained conjugates failed
to maintain the native antimicrobial activity of BUF2. We hypothesize that to overcome this
issue, a flexible linker can be inserted prior to conjugation.

Conclusion: Our study highlights the potential of BUF2-magnetite conjugates as cell-penetrating
vehicles for the targeted delivery of pharmacological agents. This provides support for the idea
of a promising combined drug delivery and antimicrobial peptide therapy.

Keywords: BUF2-magnetite, antimicrobial activity, cell-penetrating peptides, nanomaterials,
drug delivery

Introduction

Drug delivery systems have attracted considerable attention in the medical arena
due to possibilities for treating or eliminating cells of certain diseases in a targeted
manner, ie, without affecting the surrounding tissues or cells. Despite their potential,
implementation of most drug delivery systems at the clinical level has been largely
limited due to challenges such as low membrane permeability and short circulation
half-time." Recent reports suggest that by incorporating cell-penetrating peptides
(CPPs) into these systems, these issues can be successfully addressed. This approach
takes advantage of CPPs’ small size, ease of production, and particularly their ability
to spontaneously translocate across the cell membrane or even complex structures
such as the blood—brain barrier.!

Buforin IT (BUF2) is a cationic (+6) and amphipathic 21-residue CPP capable of
killing bacteria by efficiently crossing the cell membrane without damaging it and
subsequently binding to DNA and RNA, thereby interrupting the replication cycle.>
The C-terminal region of BUF2 is associated with the antimicrobial mechanism, while
a proline hinge in the structure is responsible for aiding the cell membrane penetration
without promoting significant disruption.® In spite of its potent antimicrobial activity,
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BUF2 is prone to proteolytic degradation by endogenous
proteases, which significantly reduces its in vitro and in vivo
half-life and consequently its therapeutic value.**

A strategy to maintain the CPPs biological activities
as well as extending their stability, efficacy, and lifespan
is the immobilization on nanomaterials.” Immobilization
of CPPs on magnetite iron-oxide nanoparticle (MNP)
surfaces has been exploited for the development of anti-
bacterial coatings.® Additionally, MNPs have been widely
used for a number of biological applications including
bioseparations, agents for MRI contrasting, magnetic fluid
hyperthermia for cancer treatment, and drug delivery for
the treatment of various conditions.”!" MNPs generally
exhibit low cytotoxicity depending on factors such as dose,
chemical composition, size, structure, surface chemistry,
and route of administration.'>'*> Moreover, they have been
extensively used as immobilization supports to improve the
stability of a variety of biomolecules including epidermal
growth factor,'® albumin,' and bacitracin.® Immobilization
of biomolecules on MNPs is also advantageous mainly due
to the increased number of active molecules per unit mass
and the ease of transport and manipulation under magnetic
fields.!s Accordingly, this work was aimed at exploring the
immobilization of BUF2 on magnetite as cell translocating
vehicles to enable highly targeted drug delivery applications
in mammalian cells. Here, we also worked on estimating
possible changes in the antimicrobial activity of BUF2 upon
immobilization.

Materials and methods

Materials

Iron (II) chloride tetrahydrate (98%) and sodium hydroxide
(NaOH) (98%) were obtained from PanReac AppliChem.
Iron (III) chloride hexahydrate (97%), dimethyl sulfoxide
(99.5%), tetramethylammonium hydroxide (TMAH) (25%),
(3-aminopropyl) triethoxysilane (APTES) (98%), car-
boxymethyl cellulose (CMC) (98%), N-[3-(dimethylamino)-
propyl]-N’-ethylcarbodiimide hydrochloride (EDC)
(98%), and glutaraldehyde (25%) were purchased from
Sigma-Aldrich Co. DMEM, RPMI 1640 medium, FBS,
and trypsin EDTA were obtained from Biowest. Penicillin/
streptomycin (P/S) was purchased from Lonza. BUF2
(BUF2-TRSSRAGLQFPVGRVHRLLRK) and fluorescein
isothiocyanate (FITC)-BUF2 were synthetized by the Peptide
Synthesis Facility at Pompeu Fabra University and GL
Biochem (Shanghai, China). Purification was performed by
high-pressure liquid chromatography (>95%), and masses
were confirmed via mass spectrometry as we did in a previous
work.* Vero Cells (ATCC® CCL-81), THP-1 Cells (ATCC®

TIB-202) were used for citotoxicity and delivery assays.
Bacterial strain used was Escherichia coli (ATCC 25922).

Synthesis and functionalization of

magnetite nanoparticles

Nanoparticles were obtained by co-precipitating 500 mM
ferric chloride and 250 mM ferrous chloride (molar ratio 1:2)
in the presence of a 5 M NaOH aqueous solution at 90°C.
The solution was left to cool for at least 30 minutes prior
to use. Nanoparticles were subsequently washed with dis-
tilled water to remove excess reagents aided by a permanent
magnet. The MNP suspension (100 mg) was adjusted to pH
11.3 and sonicated for 10 minutes. TMAH solution (2 mL,
25% (v/v)) was then added to the magnetite solution and
sonicated for 10 minutes. APTES (200 uL) was added to
the magnetite solution for silanization along with 100 uL of
acetic acid. Silanized nanoparticles were washed five times
with milli Q water to remove excess of APTES aided by a
strong permanent magnet and subsequently resuspended in
30 mL of milli Q water. Silanization rendered free amine
groups on the surface of the nanoparticles to subsequently
conjugate the N-terminal and C-Terminal of BUF2 to the
nanoparticles. Free amine groups were also used to con-
jugate Phalloidin Alexa Fluor 488 via glutaraldehyde as
crosslinker (see the following section for details on the
conjugation protocol).

Nanoparticle characterization

Nanoparticle size was confirmed by dynamic light scattering
(DLS, Zeta-Sizer Nano-ZS; Malvern Instruments, Malvern,
UK), and the sample was sonicated for 6 hours in water at
37°C. Surface modifications of MNPs with APTES and
BUF2 were confirmed via Fourier transform infrared spec-
troscopy (FTIR) using a Bruker Alpha II FTIR Eco-ATR
(Bruker Optik GmbH, Ettlingen, Germany). Spectra were
collected in the range of 4,000-400 cm™ with a spectral
resolution of 2 cm™'. Thermogravimetric analysis (TGA)
was carried out with 10 mg of samples in a simultaneous
TGA/differential scanning calorimetry (TA Instruments,
Newcastle, DE, USA). Analyses were performed by ramping
up the temperature at a rate of 10°C/min from 25°C to 800°C
in a nitrogen atmosphere with a gas flow rate of 100 mL/min.
TGA data are shown as the percentage of mass loss as a
function of temperature.

In silico analysis of BUF2 in vitro and

in vivo half-life
A prediction of BUF2 stability and half-life in vivo and
in vitro was completed in silico via the Antimicrobial Peptide
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Database (http://aps.unmc.edu/AP/main.php). ProtParam
tool relies on the “N-end rule”, which relates the half-life of
a protein to the identity of its N-terminal residue.'®

Conjugation of BUF2 on magnetite

nanoparticles

To obtain BUF2-magnetite conjugates (Figure 1A), 100 mg
of magnetite-APTES nanoparticles were freeze dried for
24 hours and subsequently dispersed in 30 mL of distilled
water and sonicated for 30 minutes. This was followed by
addition of 1 mL of glutaraldehyde 2% (v/v). The reaction
mixture was left at rest for 30 minutes. Excess of glutaralde-
hyde was removed by washing the nanoparticles five times
with milli Q water with the aid of a strong permanent magnet.
Finally, 500 uL of BUF2 solution at 1 mg/mL in sterile PBS
1X was added to the nanoparticles solution and left to react
overnight. This solution was then washed four times with
distilled water and freeze dried for 24 hours. Alternatively,
BUF2-FITC-magnetite conjugates were prepared by conjuga-
tion to the C-terminal with the aid of 2 equivalents of EDC
and N-hydroxysuccinimide with respect to the free amine
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groups on the surface of the nanoparticle. The reaction was
conducted under continuous agitation at room temperature
for 24 hours on 100 mg of well suspended magnetite-APTES
nanoparticles in distilled water. After conjugation, samples
were thoroughly washed with milli Q water with the aid of
a strong permanent magnet.

Cell culture and cytotoxicity assay

The African green monkey fibroblast-like kidney cells
(Vero ATCC CCL-81), their maintenance, and subculture
were described in a previous work.* Cell monolayers were
trypsinized, washed with culture medium, and plated in
a flat-bottomed 96-well microtiter plate with 3x10* cells
per well, and then cell toxicity was determined by lactate
dehydrogenase (LDH) assay kit (Thermo Fisher Scientific,
Waltham, MA, USA). Vero cells were exposed to magnetite
and BUF2-magnetite conjugates in serially diluted samples
starting at 100 pg/mL down to 6.25 pg/mL during 24 and
72 hours of incubation at 37°C and 5% CO,. Cells without
treatment were used as a negative control, and for the posi-
tive control, cells were treated with LDH 10X lysis buffer.
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Figure | (A) Schematic of the BUF2-magnetite by conjugation with glutaraldehyde (top) and EDC (bottom) as crosslinkers. (B) DLS histograms for size distribution of
magnetite nanoparticles at different functionalization steps. Bare magnetite (red), magnetite functionalized with APTES (green), and magnetite conjugated with BUF2 (blue).
(C) FTIR spectra of magnetite (blue), magnetite with APTES (red), BUF2 (purple), and magnetite-APTES-BUF2 (green). (D) TGA of magnetite (green) and magnetite
conjugated with BUF2 (red). The first weight loss steps (2.54% and 2.22%) represent the dehydration of the samples. Second weight loss steps (12.57% and 13.04%)
correspond to physically absorbed organic solvents. The final weight loss step (6.06%) is attributed to the detachment of BUF2 from the nanoparticle’s surface.
Abbreviations: BUF2, buforin Il; EDC, N-[3-(dimethylamino)-propyl]-N’-ethylcarbodiimide hydrochloride; DLS, dynamic light scattering; APTES, (3-aminopropyl)
triethoxysilane; FTIR, Fourier transform infrared spectroscopy; TGA, thermogravimetric analysis.
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After incubation, plates were centrifuged at 300x g for 5
minutes, and the supernatant was transferred to a new plate
followed by addition of 50 UL of LDH reaction mixture dur-
ing 30 minutes. The absorbance from the LDH released was
quantified at 490 nm wavelength and 650 nm as reference
wavelength, using a microplate reader. Cell viability was
calculated by triplicate readings as the mean absorbance of
LDH activity by the following formula: % Cell viability =
(Msample - Mncontrol)/ (Mpcomrol - Mncontrol) % 100.
Antimicrobial activity assay

Antimicrobial activity of conjugates and peptide was deter-
mined by the broth microdilution assay, as described by Park
et al.® Two concentrations of each BUF2-magnetite (500 and
100 pg/mL) treatment were assayed against E. coli (ATCC
25922), as well as two concentrations of BUF2 (100 and
3.125 uM). Bacterial cells were also treated with a negative
(no treatment) and a positive control (10 UM gentamicin).
Fifty microliters of each treatment was seeded in triplicate on
a 96-well flat bottom microplate (TPP). Bacterial cells were
cultured overnight in LB Broth at 37°C, and an aliquot of
this culture was taken and incubated in fresh medium until
mid-logarithmic phase was achieved. Cells were harvested
by centrifugation, washed three times with a 10 mM sodium
phosphate buffer (pH 7.4), and diluted 1:10,000 in the same
buffer. Fifty microliters of the diluted cell suspension was
added to 50 pL of each of the treatments assayed and incu-
bated for 3 hours at 37°C. After incubating the mixture, 100
pL of fresh LB Broth was added to each well and incubated
for 16 more hours at 37°C. Inhibitory growth effects were
determined by absorbance at 620 nm. The presence of NaCl
and CMC on the antimicrobial activity of the peptide and
conjugates was also assayed.

Hemolysis assay

Blood was obtained from a healthy donor in a vacutainer blood
tube with EDTA. The hemolytic activities of magnetite and
BUF2-magnetite conjugates were evaluated according to a
method described previously.* Serially diluted concentrations
of magnetite and BUF2-magnetite conjugates were prepared
for the test in concentrations ranging from 1,500 pug/mL to
2.93 ug/mL. The hemolytic assay was performed in a 96-well
microtiter plate; 100 UL of either magnetite or BUF2-magne-
tite and 100 UL of the diluted red blood cells were incubated
for 1 hour at 37°C. The positive control was an erythrocyte
suspension incubated with ultrapure water (100% hemoly-
sis), and the negative control was an erythrocyte suspension
incubated with PBS 1X (0% hemolysis).

Delivery of BUF2-magnetite conjugates in

mammalian cells and E. coli

Translocation of conjugates and peptide in mammalian
cells and bacteria was imaged via confocal microscopy.
Briefly, fluorescently labeled BUF2 (BUF2-FITC) was
conjugated to magnetite as described earlier using both
glutaraldehyde and EDC as crosslinkers. BUF2-FITC and
BUF2-FITC-magnetite conjugates were then delivered to
THP-1 cells at a dilution ratio of 1:100 in 1 mL of RPMI
(10% FBS and 1% P/S). Samples were incubated for 1 hour
at 37°C and 5% CO,. Also, BUF2-FITC was delivered to
E. coli (0.5 McFarland standard) at a dilution ratio of 1:100
in 1 mL of PBS 1X. Samples were incubated for 1 hour at
room temperature. Imaging was conducted in a confocal
laser scanning microscope Olympus FV1000 with a 60x/NA
1.35 oil immersion objective. Finally, image analysis was
performed in ImagelJ and Fiji.

Results and discussion

Nanoparticle characterization
Size distribution of MNPs after each functionalization step
was determined by DLS of samples suspended in distilled
water at | mg/mL. Figure 1B shows that the size distribution
by intensity increases after each functionalization step. Bare
MNPs exhibited a mean hydrodynamic diameter of 161 nm
with a polydispersity index (PI) of 14.66%. After silanization,
the mean hydrodynamic diameter increased to 170 nm with
a PI of 23.08%. Finally, conjugation of BUF2 led to a mean
hydrodynamic diameter of 213.5 nm and a PI of 12.48%.
The sizes and PIs obtained here are comparable with those
reported elsewhere for the same synthesis method.'”'®

Surface modifications of MNPs were confirmed and
shown in Figures 1C and D by FTIR and TGA. Figure 1C
shows the FTIR spectra of bare, and APTES- and BUF2-
conjugated MNPs. FTIR spectrum of bare nanoparticles
exhibited absorption bands at around 632 and 585 cm™,
which can be attributed to the Fe—O bond of iron oxide.'*!"°
Silanization with APTES was confirmed by the presence of
the Si—O stretching vibration at about 1,040 cm™ as well as
bands at 1,391 and 1,653 cm™', which can be explained by
bending vibrations of C—H and N—H, respectively.? Finally,
conjugation of BUF2 was verified by the presence of the
amide I band at 1,650 cm™ and NH and CN stretching vibra-
tions of the peptide at 1,565 cm.2°

The presence of BUF2 conjugates on the surface of the
MNPs was also assessed via TGA (Figure 1D). Magnetite
and BUF2-magnetite conjugates showed a first weight loss
of 2.54% and 2.22% due to the dehydration of the samples.
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Table | APD in silico stability and half-life of the BUF2 peptide

Instability index | Half-life
In vitro In vivo
Mammalian Yeast E. coli
reticulocytes

84.2 Unstable 7.2 hours >20 hours >10 hours

Abbreviations: APD, Antimicrobial Peptide Database; E. coli, Escherichia coli.

Second weight loss for bare magnetite approached 13.04%,
while for the BUF2-magnetite conjugates was of 12.57%.
These losses can be attributed to physically absorbed organic
compounds left by the synthesis and functionalization pro-
cesses. Finally, the detachment of BUF2 from the magnetite
is estimated with the final weight loss step (6.06%). This
roughly corresponds to 3x10° BUF2 molecules/MNP.

In silico analysis of BUF2

Table 1 summarizes the in silico stability and half-life in vitro
and in vivo of BUF2 as predicted by the Antimicrobial Pep-
tide Database. In this case, the instability index estimates
the stability of peptide molecules in a test tube (reference
value of 40 for stable molecule). For BUF2, the index was
84.20, which indicates low stability and thereby the neces-
sity of finding a method to increase BUF2 stability without
detrimentally impacting its antimicrobial capacities.?' In
contrast, half-life is a prediction of the time it takes for half
of the amount of protein/peptide in a cell to disappear after its
synthesis in the cell. This parameter is related with the N-end
rule originated from the observations that the identity of the
N-terminal residue of a protein plays an important role in
determining its stability in vivo.? In this regard, the predicted
half-life indicates a short life while it is tested in vitro, while
its in vivo half-life is greater than 10 hours.
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Figure 2 (Continued)

Biocompatibility and cellular delivery of

BUF2-magnetite conjugate

In accordance with the ISO 10993 standard about biocompat-
ibility of nanomaterials, we assessed the cytotoxic (100—6.25
png/mL) effect on Vero cells (ATCC® CCL-81) and hemo-
lytic effect in red blood cells (1,500-2.93 pg/mL) of the
BUF2-magnetite conjugate (Figure 2A and B). The results
showed that the viability of Vero cells exceeded 95% in the
presence of BUF2-magnetite conjugate for all evaluated
concentrations. Similarly, hemolysis levels remained below
5%, which complied with the followed ISO standard. The
well documented antimicrobial activity of BUF2 includes
a translocation step across bacterial membranes without
promoting disruption.? Here, we explored whether this
translocation ability is preserved after immobilization by
exposing THP-1 cells to the BUF2-magnetite conjugate. Our
confocal images corroborated for the first time, to the best
of our knowledge, that BUF2-FITC-magnetite conjugates
are capable of translocating the membrane of THP-1 cells
without significantly reducing their viability (Figure 2C
and D). This is in contrast with the bare MNPs that failed to
translocate (Figure 2E) and the peptide alone that remains in
THP-1 cell membrane (Figure 2F). We also confirmed the
entrance of our conjugate into E. coli (Figure 2G).

Antimicrobial activity

Preliminary results showed that as opposed to BUF2,
BUF2-magnetite conjugates failed to produce any
significant antimicrobial activity. This was the case for con-
jugates prepared with both EDC (MBE) and glutaraldehyde
(MBA) as crosslinkers (Figure 3A and B). In an effort to
understand the possible causes for this result, we conducted
variations in the components of the growth medium. We first
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Bright field

Figure 2 (A) Cytotoxicity of BUF2-magnetite conjugates as tested by LDH assays after 24 and 72 hours. Cell viability remained above 95% for all studied concentrations.
(B) Assessment of the hemolytic effect of BUF2-magnetite conjugates at different concentrations. Data points are mean data of each concentration. In all cases, hemolysis was
below 5%. (C) Confocal microscopic images of effective cellular internalization (THP-1 cells) of BUF2-FITC-magnetite as prepared by conjugation via glutaraldehyde (arrow in
inset). Scale bar corresponds to 10 um. (D) Confocal microscopic images of effective cellular internalization (THP-1 cells) of BUF2-FITC-magnetite as prepared by conjugation
via EDC (arrow in inset). Scale bar corresponds to 10 um. (E) Confocal microscopic image showing failed internalization of fluorescently labeled bare magnetite (negative
control). (F) Confocal microscopic images of effective cellular internalization of BUF2-FITC (arrow in inset). Scale bar corresponds to 10 pum. (G) Confocal microscopic
images of internalization of BUF2-FITC into E. coli (arrow in inset). The image on the right shows the threshold mask to BUF2-FITC to remove the fluorescence background.
Scale bar corresponds to 10 um.

Abbreviations: BUF2, buforin Il; LDH, lactate dehydrogenase; EDC, N-[3-(dimethylamino)-propyl]-N’-ethylcarbodiimide hydrochloride; FITC, fluorescein isothiocyanate;
E. coli, Escherichia coli.
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Figure 3 (A) Antimicrobial activity against Escherichia coli of magnetite (brown) and BUF2-magnetite (500 pig/mL, green; 100 ug/mL, purple) as prepared by conjugation via
glutaraldehyde. BUF2-magnetite as prepared by conjugation via EDC at the same concentrations (blue and red, respectively). Comparison with the antimicrobial activity of
BUF2 at 100 uM (orange) and 3.125 uM (black). The positive control was Escherichia coli in gentamicin at 10 LM, and suspension containing only cells was the negative control.
(B) Actual image of the microplate where the antimicrobial assay was conducted. BUF2 at 100 M and the positive control showed insignificant turbidity when compared
with the rest of the treatments.

Abbreviations: BUF2, buforin Il; EDC, N-[3-(dimethylamino)-propyl]-N’-ethylcarbodiimide hydrochloride; Mag, magnetite; MBE, BUF2-magnetite conjugated with EDC;
MBG, BUF2-magnetite conjugated with glutaraldehyde.
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started by carrying out the tests in the presence of 0.1 M NaCl,
which showed BUF2 inhibition and no impact for the conju-
gates, (data not shown). Next set of experiments responded
to the notion that conjugates were not fully suspended in
the medium during the test. Accordingly, CMC was added
to the medium to increase its viscosity and maintain the
conjugates suspended throughout the experiment. No inhibi-
tory bacterial growth effect was observed in the presence of
CMC for the conjugates, and a complete loss of activity was
detected for BUF2 (data not shown). This was attributed to
interactions of BUF2 with a charged moiety present in the
CMC structure. Magnetite alone showed no antimicrobial or
growth promoting activity. Taken all together, our findings
suggest that upon immobilization, regions of BUF2 respon-
sible for interaction with the replication machinery of E. coli
were blocked, which led to a total loss of the antimicrobial
functionality. A possible avenue to overcome this issue is to
conjugate the peptide with the aid of a flexible spacer that
helps to maintain the structural integrity.

Conclusion

We presented a feasible approach for immobilization of
BUF2 on MNPs. Upon immobilization, BUF2 loses antimi-
crobial activity most likely due to the blockage of C-terminal
residues involved in abrogating the replication machinery
of E. coli. BUF2-magnetite conjugates are still capable of
bypassing mammalian and bacterial membranes very effec-
tively without promoting disruption as evidenced by the high
biocompatibility of LDH assays. Our study highlights the
potential of BUF2-magnetite conjugates as cell-penetrating
vehicles for the targeted delivery of pharmacological agents.
This provides support for the idea of a promising combined
drug delivery and antimicrobial peptide therapy.
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