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Abstract: Responsive, theranostic nanosystems, capable of both signaling and treating wound
infections, is a sophisticated approach to reduce the most common and potentially traumatizing
side effects of burn wound treatment: slowed wound healing due to prophylactic anti-infective
drug exposure as well as frequent painful dressing changes. Antimicrobials as well as dye
molecules have been incorporated into biodegradable nanosystems that release their content
only in the presence of pathogens. Following nanocarrier degradation by bacterial enzymes, any
infection will thus emit a visible signal and be effectively treated at its source. In this study, we
investigated the effect of fluorescent-labeled hyaluronan nanocapsules containing polyhexanide
biguanide and poly-L-lactic acid nanoparticles loaded with octenidine on primary human dermal
microvascular endothelial cells, which play a major role in cutaneous wound healing. Micro-
scopic and flow cytometric analysis indicated a time-dependent uptake of both the nanocapsules
and the nanoparticles. However, enzyme immunoassays showed no significant influence on the
expression of pro-inflammatory cell adhesion molecules and cytokines by the endothelial cells.
Under angiogenic-stimulating conditions, the potential to form capillary-like structures in co-
culture with dermal fibroblasts was not inhibited. Furthermore, cytotoxicity studies (the MTS
and crystal violet assay) after short- and long-term exposure to the materials demonstrated that
both systems exhibited less toxicity than solutions of the antiseptic agents alone in comparable
concentrations. The results indicate that responsive antimicrobial nanocomposites could be used
as an advanced drug delivery system and a promising addition to current best practice wound
infection prophylaxis with few side effects.

Keywords: enzyme-responsive nanosystems, burn wound infection, endothelial cells, wound
healing

Introduction
Bacterial infections represent a ubiquitous problem in wound management. While
localized infections cause tissue destruction and necrosis, often leading to cosmetic as
well as functional impairment as late sequelae, wound infections can also develop into
acutely life-threatening systemic forms such as sepsis. Despite the extensive efforts
focused on both the prevention and treatment of infections, they are still considered
as the most serious wound healing disorder and remain a major challenge in health
care.

Among cutaneous lesions, thermic injury occupies a special position. Predispos-
ing factors including the condition and extent of burn wounds make them particularly
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susceptible for infections so that early anti-infective therapy
is indicated."? According to the gold standard, general disin-
fection measures, combined with a close monitoring of the
wound following debridement, are implemented in order to
reduce the risk of infection. However, mechanical manipu-
lations caused by dressing changes are extremely painful
for the patient and the use of antiseptic agents may lead to
irritation and affect healing processes. Silver sulfadiazine, for
example, is widely used for the disinfection of burns, but it is
also known to have a negative impact on re-epithelialization.?
In addition, as a sulfonamide derivative it promotes the
development of bacterial resistance.*> Other types of drug
delivery, such as nitrogen oxide-releasing wound dress-
ings, were shown to have a significant inhibitory effect on
microbes, but at the same time eukaryotic cell viability also
decreased.® Recent studies also indicate that nanoscaled
systems utilizing the antimicrobial activity of heavy met-
als such as silver and zinc seem to be a suitable alternative
to conservative disinfection measures.”® Nevertheless, the
therapeutic activity of these drugs is also not selective and
inhibitory effects are not limited to pathogens but may affect
cells and tissue, t00.>2

By a combination of biological mimicry and nanotechnol-
ogy, a novel approach to reduce such side effects has been
developed. Antimicrobials have been incorporated into bio-
degradable polymeric nanosystems that release their content
only in the presence of pathogens. Following the degradation
of the nanosystem by bacterial enzymes, any infection will
be effectively treated at its source and, if the nanocarrier is
also loaded with dye molecules, the system will emit a visible
signal on activation. This innovative approach could reduce
the need for prophylactic disinfection measures, including
regular traumatic dressing changes.

Fluorescent-labeled hyaluronan nanocapsules containing
polyhexamethylene biguanide (HYA-PHMB-NC)" as well
as poly-L-lactic acid nanoparticles loaded with octenidine
(PLLA-OCT-NP)" have been previously described that
display the above-named characteristics. Their susceptibility
to degradation by hyaluronidase and proteinase facilitates a
response to the most common germs found in infected burn
wounds, such as Staphylococcus aureus and Pseudomonas
aeruginosa.” However, to ensure an adequate biocompat-
ibility of the nanocomposites, potential effects on cells and
tissue have to be extensively evaluated as well. Endothelial
cells are among the first cells to come into contact with nano-
compounds in general, not only in wounds, but also upon
inhalation or injection. In addition, microvascular endothelial
cells play a key role in wound healing processes such as

inflammation and angiogenesis and therefore represent an
important experimental model for this purpose.

The goal of the present study was to investigate the reac-
tion of primary human dermal microvascular endothelial
cells (HDMECs) to HYA-PHMB-NC and PLLA-OCT-NP
in their non-degraded form simulating non-infectious condi-
tions to evaluate their applicability in wounds. In addition to
cytotoxicity assessment, we focused on nanocarrier uptake,
inflammatory response, and effects on the potential to form
capillary-like structures in vitro.

Materials and methods

Nanocomposites

Nanocomposites were synthesized and characterized based
on methodology described previously.'*!* However, for
cell culture application, both samples were prepared using
slightly modified procedures. Briefly, HYA-PHMB-NC
were synthesized using the inverse mini-emulsion tech-
nique. They were purified by repetitive centrifugation
(3,300x g, 20 minutes, two times) in order to remove
surfactant residues and the pellet was redispersed in cyclo-
hexane. The nanocapsules (NCs) were then transferred to
an aqueous phase (Lutensol AT50, BASF, Ludwigshafen,
Germany, aqueous solution 0.1 wt%) and afterwards the
NC were cleaned by repeated centrifugation (1,467 g,
20 minutes, three times) in order to remove residues of the
surfactant Lutensol AT50 and were finally redispersed in
0.9% NaCl before being stored under gentle stirring con-
ditions. For the PLLA-OCT-NP, the surface-active agent
hydroxyethyl starch (10%, degree of molar substitution
=0.5, molecular weight =200,000 g mol™'; Fresenius Kabi,
Bad Homburg, Germany) was used as a stabilizer. The
nanoparticles (NPs) were cleaned by repeated centrifugation/
redispersion in demineralized water in order to remove
residual surfactant. After the last redispersion step, NP were
resuspended in 0.9% NaCl and were stored under gentle
stirring conditions. Prior to the in vitro studies, the nano-
composites were centrifuged (1,500 g, 20 minutes) and
redispersed in cell culture medium.

Dynamic light scattering was performed using a PSS
Nicomp Particle Sizer 380 (Nicomp Particle Sizing Systems,
Port Richey, FL, USA). Zeta potentials were measured in
10~ M potassium chloride solution, pH 6.8 with a Zeta
Nanosizer (Malvern Instruments, Malvern, UK). Scanning
electron microscope (SEM) images were made with a Leo
1530 Gemini (Zeiss, Oberkochen, Germany).

Polyhexanide (polyhexamethylene biguanide, 20% in
H,0) was purchased from Fagron, Barsbiittel, Germany.

submit your manuscript

4112

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Enzyme-responsive nanocomposites for wound infection prophylaxis

Octenidine was purchased from Bode Chemie, Hamburg,
Germany. For the toxicity studies, a stock solution of 10%
was prepared in 70% ethanol (AppliChem, Darmstadt,
Germany).

Cell isolation and growth conditions
HDMEC were isolated from healthy juvenile foreskin as pre-
viously described. !¢ Briefly, the cells were obtained from the
tissue by enzymatic digestion and grown to confluence, after
which a biomagnetic separation of HDMEC was performed.
Human dermal fibroblasts (HDFs) were obtained as the nega-
tive fraction following endothelial cell isolation. HDMEC
were then cultured in Endothelial Cell Basal Medium MV
(PromoCell, Heidelberg, Germany) supplemented with 15%
fetal bovine serum (Invitrogen, Life Technologies, Carls-
bad, CA, USA), 100 U/100 mg/mL Penicillin/Streptomycin
(Invitrogen), 10 mg/mL sodium heparin (Sigma-Aldrich,
St Louis, MO, USA), and 2.5 ng/mL basic fibroblast growth
factor (Sigma-Aldrich). HDF were cultured in Dulbecco’s
Modified Eagle’s Medium 4,500 mg glucose/mL (Sigma-
Aldrich) containing 10% fetal bovine serum (Invitrogen),
and 2 mM Glutamax I (Gibco, Life Technologies, Carlsbad,
CA, USA) and 100 U/100 mg/mL penicillin/streptomycin
(Invitrogen).

Cells were maintained under standard conditions (37°C,
5% CO,, saturated moisture in atmosphere) and used between
passages 3 and 5.

Assessment of cytotoxicity
Cytotoxicity of HYA-PHMB-NC and PLLA-OCT-NP as well
as polyhexanide and octenidine solution was determined by
the MTS and crystal violet assay after short- (24 hours) and
long-term (7 days) exposure. Prior to cell seeding, growth
surfaces were coated with 0.2% gelatin (Sigma-Aldrich)
for 30 minutes at 37°C. Confluent cultures of HDMEC
were trypsinized and seeded into 96-well cell culture plates
(TPP Techno Plastic Products, Trasadingen, Switzerland)
at a density of 1.2x10* cells per well. After 18-24 hours,
serial dilutions of the nanocarrier suspensions in fresh cul-
ture medium ranging from 0.3 to 1,000 pg nanoparticle/mL
(resulting in antimicrobial concentrations of 0.00933-31.1 ug
polyhexanide/mL and 0.0498—166 g octenidine/mL, respec-
tively) were prepared and added to the cells after removing
the old medium. The antiseptic agents alone were adjusted to
the respective concentrations and processed analogously.
After 24 hours and 7 days, the cytotoxicity assays were
performed. Cell viability was quantified by the CellTiter
96 AQ,,,,. non-radioactive assay (Promega, Mannheim,

Germany). The medium was removed, the cells were washed
with 0.2% bovine serum albumin (Sigma-Aldrich) in HEPES
buffer, and then incubated with MTS solution 1:6 diluted in
medium at 37°C. After 60 minutes, the supernatants were
collected in 96-well plates and the absorbance was measured
by spectroscopy at A=492 nm (GENios plus multiplate reader,
Tecan, Mannedorf, Switzerland). The amount of cell DNA
was determined by the crystal violet assay. The residual cell
layers were washed three times with phosphate-buffered
saline (PBS) and then fixed with methanol/ethanol (both
AppliChem) (2:1) for 15 minutes, before a crystal violet
staining was performed as previously described.!” Briefly,
the cells were stained with 0.1% crystal violet (Merck,
Darmstadt, Germany), washed with tap water, and dried at
room temperature overnight before 33% acetic acid (Appli-
Chem) was added to remove the DNA-bound dye from the
cells into the supernatant. The absorbance was measured by
spectroscopy at A=600 nm. The absorption of untreated cells
was set as 100% viability or cell DNA.

Uptake: microscopic and flow cytometric

cell analysis

To investigate cell-nanocarrier interactions of cells after
exposure to the samples for various time periods, HDMEC
were stained for CD31 and examined microscopically and
also analyzed by flow cytometry. For microscopic analysis,
the cells were trypsinized and seeded onto 13 mm gelatin-
coated Thermanox™ coverslips (Thermo Fisher Scientific,
Waltham, MA, USA) placed into 24-well plates (TPP) at a
density of 6x10° cells per well. After 1824 hours, the medium
was changed by adding 0.1 mg/mL of HYA-PHMB-NC and
PLLA-OCT-NP. Cells were exposed to NPs for 2, 8, 24, and
72 hours after which the cell layers were washed twice with
PBS and subsequently fixed with 3.7% paraformaldehyde
(Merck) for 15 minutes. After this, the cells were washed
three times with PBS, followed by addition of 0.2% Triton X
(Sigma-Aldrich) in PBS and incubation for 10 minutes to per-
meabilize the cells. Primary antibody mouse antihuman CD31
(Dako, Hamburg, Germany) was used in a 1:50 dilution in
PBS containing 1% of bovine serum albumin (Sigma-Aldrich)
and was allowed to incubate for 60 minutes, before the cells
were washed three times with 0.05% Tween 20 (SERVA,
Heidelberg, Germany) in PBS. Subsequently, secondary anti-
body (Alexa Fluor 488 and 594, Life Technologies, Carlsbad,
CA, USA, 1:1,000 in 1% bovine serum albumin in PBS) was
added and incubated for 60 minutes. After washing three
times with 0.05% Tween 20 in PBS, nuclear counterstaining
was performed by adding DAPI (Sigma-Aldrich) (1:10,000
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dilution in PBS) for 5 minutes. After thorough washing with
PBS, the coverslips were finally transferred to slides, mounted
with Fluoromount-G (Southern Biotech, Birmingham, AL,
USA), and examined using a Keyence BZ-9000 (Keyence,
Osaka, Japan). Processing of images and quantification of
fluorescence and nuclei were performed using the open
source software ImagelJ 1.47n (National Institutes of Health,
Bethesda, MD, USA).

For flow cytometry, the cells were detached and seeded
onto gelatin-coated six-well plates (TPP) at a density of
3x10° cells per well. After they had grown to confluence,
the culture medium was changed by adding 0.1 mg/mL of
the NPs. Analogous to the microscopy experiment, exposure
was for 2, 8, 24, and 72 hours, before the cells were washed
twice with PBS and trypsinized. The cells were resuspended
in 500 uL PBS, kept at 4°C, and immediately analyzed using
a FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA). For each suspension, 2x50,000 events were
assayed and data quantification was performed with the mean
fluorescence intensities provided by region statistics.

Inflammatory response: enzyme
immunoassay and enzyme-linked

immunosorbent assay

To investigate the effect of HYA-PHMB-NC and PLLA-
OCT-NP on inflammatory response, the expression of
various cell adhesion molecules (CAMs) and cytokines by
microvascular endothelial cells was analyzed.

For the CAM enzyme immunoassays (EIAs), confluent
cultures of HDMEC were detached and seeded onto gelatin-
coated 96-well plates at a density of 1.2x10* cells per well.
After the cells had grown to confluence, the medium was
removed and 0.1 mg/mL nanosamples were added in fresh
medium. As a positive control, the cells were treated with
1 ug/mL lipopolysaccharide derived from Escherichia coli to
induce pro-inflammatory processes. The E-selectin EIA was
performed after 4 hours exposure as described previously.'®
The stimulation period for the analysis of ICAM-1 and
VCAM-1 was 24 hours. Briefly, after blocking endogenous
peroxidases and unspecific binding sites, the primary anti-
bodies were added, followed by the biotinylated secondary
antibody (both 45 minutes) and streptavidin—biotinylated
horseradish peroxidase complex (60 minutes). Subsequently,
the substrate solution was added for 20 minutes, and the
absorbance was measured by spectroscopy at A=492 nm
(GENios plus multiplate reader, Tecan).

For the detection of IL-6, IL-8, and MCP-1, enzyme-
linked immunosorbent assays (ELISA, DuoSet®, R&D

Systems, Minneapolis, MN, USA) were used. HDMEC were
trypsinized and seeded onto gelatin-coated six-well plates at
a density of 3x10° cells per well. After the cells had grown to
confluence, they were treated with 0.1 mg/mL nanosamples
or 1 ug/mL E. coli lipopolysaccharide as a positive control
for 24 hours. The assay was then performed according to the
manufacturer’s instruction using the culture supernatants in
a 1:10 dilution.

For the evaluation of the assays, the data were normalized
to unstimulated cells.

Angiogenesis: co-culture conditions and

immunofluorescence

Under specific conditions such as in co-culture with stromal
cells, endothelial cells spontaneously form capillary-like
structures in vitro."” To investigate the effects of the nanocar-
riers on angiogenesis (or capillary-like structure formation),
HDMEC were co-cultured with HDF and exposed to the
samples, after which the endothelial cells were stained for
CD31 and the tubular networks evaluated. First, HDF were
detached and seeded into culture dishes (9.6 cm? growth area,
Greiner Bio-one, Frickenhausen, Germany) at a density of
3x10° cells per dish in Endothelial Cell Basal Medium MV,
supplemented as described previously. Following fibroblast
attachment, HDMEC were added to the HDF at a similar
density. After 18-24 hours incubation, the medium was
removed and replaced with medium containing the nano-
samples (0.01 mg/mL) in Endothelial Cell Basal Medium
MV, containing 2% fetal calf serum and the supplements
described above. Cells were exposed to NP for 48 hours, then
the culture supernatants were replaced with fresh medium and
the cells cultured for another 7 days. The co-cultures were
then washed twice with PBS and fixed with 3.7% paraform-
aldehyde for 15 minutes, before they were washed three more
times with PBS. To permeabilize the cells, 0.2% Triton X
in PBS was added for 10 minutes. Primary antibody mouse
antihuman CD31 (1:50 in PBS containing 1% of bovine
serum albumin in PBS) was allowed to bind for 60 minutes,
before the cells were washed with 0.05% Tween 20 in PBS
three times. Secondary antibody (Alexa Fluor 488, 1:1,000
in 1% bovine serum albumin in PBS) was then added and
incubated for 60 minutes. After three final washings with
PBS, the co-cultures were analyzed and images were col-
lected using a Keyence BZ-9000 (Keyence).

Statistics
All experiments were repeated using cells of at least three
different, healthy donors. Statistical analysis was performed
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via one-way analysis of variance (Bonferoni’s multiple
comparison test) using GraphPad Prism® 5.04 (GraphPad
Software Inc., La Jolla, CA, USA).

Results

Nanocomposites
Both nanosystems were investigated in terms of particle size,
size distribution, and morphology (Figure 1).

A homogeneous distribution of capsules/particles with
sizes within the nanometer scale was obtained using the
mini-emulsion process. Positive zeta potentials were obtained
for the PLLA-hydroxyethyl starch NP, since octenidine is a
cationic surface-active agent. The zeta potential of the redis-
persed and purified hyaluronic/polyhexanide-based NC was
negative (—15 mV) on account of the presence of carboxylic
groups on the surface of the hyaluronic acid-based NC.

A Hyaluronic acid

From SEM images, the collapse of the hyaluronic acid-based
nanocapsule wall was a result of drying effects.

Cytotoxicity of HYA-PHMB-NC and

PLLA-OCT-NP
To investigate the cytotoxicity of HYA-PHMB-NC and PLLA-
OCT-NP for endothelial cells, MTS cell viability and crystal
violet DNA staining assays were performed after 24 hours
and 7 days exposure periods. The effects of polyhexanide and
octenidine, the antiseptic agents representing the active sub-
stances in the nanosystems, on the cells were also analyzed.
A 24-hour treatment with HYA-PHMB-NC resulted in no
observable negative effect on cell viability, whereas exposure
to a polyhexanide solution alone at the same concentration
as present in the nanocomposite and arithmetically released
upon degradation leads to a distinct decrease in cell viability

B Poly(L-lactide)

(0]

* */Octenidine
*

HYA-PHMB-NC

PLLA-OCT-NP

Drug loading, 31.1, polyhexanide 166, octenidine
pg/mg nanosample

Size, nm/size 320/29 230/24
distribution, %

Zeta potential, mV —15+1 +12+1

Figure | Physicochemical characteristics of HYA-PHMB-NC and PLLA-OCT-NP.

Notes: Schematic view of HYA-PHMB-NC (A) and PLLA-OCT-NP (B), drug loading, particle size, size distribution, zeta-potentials and SEM images of HYA-PHMB-NP (C)

and PLLA-OCT-NP (D).

Abbreviations: SEM, scanning electron microscope; HYA-PHMB-NC, hyaluronan nanocapsules containing polyhexamethylene biguanide; PLLA-OCT-NP, poly-L lactic acid

nanoparticles loaded with octenidine.
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(Figure 2A). In the crystal violet assay, the highest concentra-
tion tested (1 mg NC/mL) thatis related to 31.1 ug PHMB/mL,
HYA-PHMB-NC lead to a half-maximal decrease in the signal
(Figure 2C). Still, like in the MTS cell viability assay, toxic
effects caused by the polyhexanide solution at comparable
concentrations started to appear one order of magnitude below
(Figure 2C). After long-term exposure (7 days) (Figure 2B and
D), effects on cells were observed in the presence of both the
NC and the polyhexanide solution. However, the half-maximal
inhibitory concentration (IC, ) of HYA-PHMB-NC was three

(crystal violet) to seven (MTS) times higher than the IC_ of
cells exposed to polyhexanide alone (Figure 2E). Over 24 hours,
HYA-PHMB-NC concentrations =0.1 mg/mL (3.11 pug/mL
PHMB) remained without any inhibitory effect on cells, over
7-day exposure, concentrations =0.01 mg/mL (0.311 pug/mL
PHMB) were assessed as harmless. PLLA-OCT-NP exhibited
only mild toxic effects after an exposure period of 24 hours,
whereas octenidine solution alone at comparable concentra-
tions affected the cells even at low concentrations (Figure 3A
and C). Upon 7-day treatment, both the NP and the octenidine

A B
0 200 & 200+
= =
> O 450- 8 1504
2 2 150 29 15
>3 53
Tw i
c @ 1001 @ @ 100
0 e 0n=e
E S [
= 5 501 s = 501
X X
~ 0 T T T — ~ 0 T T T —
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
c(polyhexanide) (ug/mL) c(polyhexanide) (ug/mL)
D
c — 200+ —~ 200 -
) )
] ]
@ 9O 1501 B © 1501
23 o3
> = S =
= & 1007 = & 1004
25 25
o 3 50+ 5 E 50 4
° o
X X
s" 0 T T T r 1 s" 0 1 1 T ] 1
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
c(polyhexanide) (ug/mL) c(polyhexanide) (ug/mL)
E
= 40~
1= Not calculable Not calculable
) (>31.1) (>31.1)
T 30+ PHMB
s B HYA-PHMB-NC
)
< 20
°
Q.
Q@ 10
= 4.74 5.70 3.92 4.65
5 1.55
(8] 0.56
o , , B i
MTS Crystal violet MTS Crystal violet

24 hours exposure

Figure 2 Toxicological assessment of HYA-PHMB-NC and polyhexanide.

7 days exposure

Notes: MTS cell viability assay (A, B), crystal violet cell proliferation assay (C, D), and the IC,; overview (E) after 24 hours (A, C) and 7 days (B, D) of exposure of
HDMEC to the HYA-PHMB-NC show that the NC (lines and bars in dark gray) exhibit less toxic effects on the cells than polyhexanide solution (lines and bars in light gray)

alone. n=3.

Abbreviations: PHMB, polyhexamethylene biguanide; HYA-PHMB-NC, hyaluronan nanocapsules containing polyhexamethylene biguanide; HDMEC, human dermal
microvascular endothelial cell; NC, nanocapsule; IC, half-maximal inhibitory concentration; c(polyhexanide); concentration of polyhexanide.
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Figure 3 Toxicological assessment of PLLA-OCT-NP and octenidine.
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Notes: The dose-response curves of the MTS cell viability assay (A, B) and crystal violet cell proliferation assay (C, D) after 24 hours (A, C) and 7 days (B, D) exposure
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This is confirmed by the IC,| values (E).

Abbreviations: OCT, octenidine; PLLA-OCT-NP, poly-L-lactic acid nanoparticles loaded with octenidine; HDMEC, human dermal microvascular endothelial cell; NP, nanoparticle;

c(octenidine); concentration of octenidine.

solution lead to a decrease in cell viability (Figure 3B) and the
amount of crystal violet and DNA, respectively (Figure 3D).
However, the EC, of PLLA-OCT-NP was 371 (MTS) to 532
(crystal violet) times higher than IC, of octenidine (Figure 3E),
and nanoparticle concentrations =0.1 mg/mL (16.6 ug/mL
OCT) exhibited no distinct effect on the cells.

Internalization of HYA-PHMB-NC and
PLLA-OCT-NP into endothelial cells

To investigate cellular reactions to the nanosystems,
endothelial cells were exposed to non-toxic concentrations

(0.1 mg/mL) of HYA-PHMB-NC and PLLA-OCT-NP for
various periods (2, 8, 24, and 72 hours). Analysis included
both immunofluorescence and flow cytometry. For quanti-
fication of the microscopic data, fluorescence intensity was
normalized to the number of cells.

Microscopic images showed that the amount of HYA-
PHMB-NC (red) and associated with the cells increased
over time (Figure 4A—D). For PLLA-OCT-NP (green), the
amount of particles co-localized to the cells increased in a
similar manner (Figure 5SA-D). After 72 hours of exposure,
the nanocarriers were primarily arranged in the perinuclear
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Figure 4 Endothelial cellular uptake of HYA-PHMB-NC.

Notes: (A-D; K) Microscopic analysis. HDMEC were stained for CD31 (green) and Hoechst (blue) after exposure to 0.1 mg/mL HYA-PHMB-NC (red) for 2 hours (A),
8 hours (B), 24 hours (C), and 72 hours (D). For data quantification, fluorescence intensity was normalized to nuclear fluorescence (K). (E-J; L) Flow cytometric analysis.
Untreated HDMEC (E) and HYA-PHMB-NC alone (F) were used as controls. HDMEC were analyzed after exposure to 0.1 mg/mL HYA-PHMB-NC for 2 hours (G), 8 hours

(H), 24 hours (1), and 72 hours (J). Mean fluorescence intensity was used for quantification (L). n=3, *P=0.05, **P=0.01, **P=0.001.
Abbreviations: HYA-PHMB-NC, hyaluronan nanocapsules containing polyhexamethylene biguanide; HDMEC, human dermal microvascular endothelial cells; h, hour.
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0
10°

BT o
PMIGB-PLLA-86

T
1

0°

GB-PLLA-86.003

R e L L e R

10 102 10° 104
PMIGB-PLLA-86

-

Mean fluorescence

Fluorescence intensity/

intensity

607
401 | I
— |
[} |
= |
201
0 T T T T
2h 8h 24 h 72 h
12,0001 *kk
Kok
10,000 4 . -
8,000 A
6,000 A -1
|
4,000+
2,000 1 |—_—|
0 T T T T
2h 8h 24 h 72h

International Journal of Nanomedicine 2015:10

submit your manuscript

4119

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Gritzner et al

Dove

region, indicating that they had not only adhered to the outer
cell membrane, but also were internalized into the cytoplasm
(Figures 4D and 5D). Data quantification confirmed the time
dependence of the uptake processes (Figures 4K and 5K).
However, for the PLLA-OCT-NP-treated cells, the fluores-
cence intensity detected after 72 hours exposure was slightly
lower than after 24 hours.

For flow cytometric analysis, the autofluorescence of
untreated cells was used as the negative control and this
was used to adjust the voltage of the photomultiplier tubes
and to set the quadrant gates (Figures 4E and 5E). Dot
plots of the nanocarriers alone showed no overlap with the
cell population (Figures 4F and 5F). Comparable to the
microscopic data, flow cytometry of the cells after expo-
sure to the nanosamples demonstrated a time-dependent
increase in fluorescence due to an uptake of the fluorescent
nanosystems (Figures 4G-J and 5G-J). Mean fluorescence
intensity confirmed a differential and significant uptake over
time as can be seen in the microscopic data quantification
(Figures 4L and SL).

Inflammatory response on exposure to
HYA-PHMB-NC and PLLA-OCT-NP

To investigate the effects on the endothelial cell inflamma-
tory response, HDMEC were exposed to 0.1 mg/mL HYA-
PHMB-NC and PLLA-OCT-NP. As a positive control, cells
were stimulated with 1 pg/mL lipopolysaccharide derived
from E. coli. After 4 (E-selectin) and 24 hours (ICAM-1,
VCAM-1, IL-6, IL-8, and MCP-1), EIA and ELISA were
performed to analyze the presence of both membrane bound
and soluble inflammatory markers.

154

I HYA-PHMB-NC
[ PLLA-OCT-NP
[ E.coli LPS

101

*k%

*k%k

0l [

Amount of protein
(n-fold of unstimulated cells)

M Unstimulated cells i[

As can be seen in Figure 6, stimulation of HDMEC
with lipopolysaccharide resulted in a significant increase
in the expression of the CAMs, ICAM-1, VCAM-1, and
E-selectin as well as the cytokines I1L-6, IL-8, and MCP-1
(Figure 6) in comparison to unstimulated cells. However,
the exposure of cells to HYA-PHMB-NC and to PLLA-
OCT-NP did not lead to any significant changes in the
marker expression profile, implying that no inflammatory
response was induced.

Effect of HYA-PHMB-NC and PLLA-OCT-

NP on angiogenesis

To investigate the effect of HYA-PHMB-NC and PLLA-
OCT-NP on the potential of endothelial cells to form
capillary-like structures, HDMEC were co-cultured with
HDF. The cultivation period was for 7 days, including an
initial 48-hour exposure to 0.01 mg/mL of each of the nano-
samples. To visualize the endothelial cells, the co-cultures
were stained with endothelial cell-specific CD31.

Figure 7 shows that the microcapillary-like tube forma-
tion by endothelial cells in the co-cultures was not inhibited
by the presence of HYA-PHMB-NC (Figure 7A) or by
PLLA-OCT-NP (Figure 7B) in comparison to the untreated
co-culture (Figure 7C). Microcapillary-like structures were
distributed over the entire growth area. Magnification of
the image centers (Figure 7Aa—Cc) showed dense and
highly branched networks. In the PLLA-OCT-NP-treated
co-cultures, the CD31 signal was interspersed with the nano-
particle fluorescence, thus hampering any data quantification.
Endothelial microcapillary-like structures were, however,
easily distinguished.
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Figure 6 Inflammatory response after stimulation with HYA-PHMB-NC and PLLA-OCT-NP.

Notes: HDMEC were exposed to 0.] mg/mL nanosamples for 4 hours (E-selectin) and 24 hours (ICAM-1, VCAM-I, IL-6, IL-8, and MCP-1), before enzyme immunoassay and
enzyme-linked immunosorbent assay were performed. One microgram per milliliter Escherichia coli lipopolysaccharide was used as a positive control. n=3, ***P=0.001.
Abbreviations: LPS, lipopolysaccharide; HYA-PHMB-NC, hyaluronan nanocapsules containing polyhexamethylene biguanide; PLLA-OCT-NP, poly-L-lactic acid nanoparticles

loaded with octenidine; HDMEC, human dermal microvascular endothelial cell.
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5,000-pm

Figure 7 HDMEC/HDF co-cultures after exposure to HYA-PHMB-NC and PLLA-OCT-NP.
Notes: The co-cultures were cultivated for 7 days, including 48 hours exposure to 0.01 mg/mL HYA-PHMB-NC (A, a) or PLLA-OCT-NP (B, b), before being stained for

CD31 (green). Control co-cultures were left untreated (C, c). n=3.

Abbreviations: HDMEC, human dermal microvascular endothelial cell; HDF, human dermal fibroblast; HYA-PHMB-NC, hyaluronan nanocapsules containing
polyhexamethylene biguanide; PLLA-OCT-NP, poly-L-lactic acid nanoparticles loaded with octenidine.

Discussion
Bacterial infections represent a serious and frequent problem
in wound care. Due to the specific wound characteristics,
they often occur in burns, so that prophylactic disinfec-
tion measures are generally implemented to lower the risk
of infection. However, at the same time these procedures
may exhibit substantial negative effects on the tissue and
its healing processes. In this study, we investigated two
biodegradable, antimicrobial nanosystems and their effects
on relevant cells and the process of wound healing. Since
they play an important role during various wound healing
processes, primary dermal microvascular endothelial cells
(HDMECs) were used as an experimental model. The goal
of this study was to evaluate the non-degraded nanocarriers
with regard to their cytocompatibility and suitability as drug
delivery systems in wounds.

By microscopic and flow cytometric analysis after
exposure for 2, 8, 24, and 48 hours, we demonstrated that

HYA-PHMB-NC and PLLA-OCT-NP, both labeled and
visualized by fluorescent dyes, were internalized by the
endothelial cells. For the microscopic investigations, platelet
endothelial cell adhesion molecule-1 (CD31), a membrane
structural protein, was chosen as an endothelial cell marker to
facilitate a precise localization of the internalized materials.
The localization of the nanomaterials shown in the micro-
scopic images depended on the exposure time, starting with
an unspecific attachment to the cells and ending with a clearly
intracellular, perinuclear accumulation after 72 hours of
exposure. Image quantification and flow cytometry data also
pointed to a time dependency of the rate of uptake for both
the nanocarriers. A difference was observed between HYA-
PHMB-NC and PLLA-OCT-NP in that the internalization
process of the latter was already completed after 24 hours,
whereas the amount of intracellular HYA-PHMB-NC con-
tinuously increased over 72 hours. This might be explained
by a different size and/or surface design of the materials,

International Journal of Nanomedicine 2015:10

submit your manuscript

4121

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Gritzner et al

Dove

which is in accordance with Nel et al who reviewed the
biophysicochemical interactions at the nano-biointerface and
the relationship to nanoparticle composition.?

Furthermore, we investigated if the nanosystems induced
any inflammatory response in endothelial cells. During the
inflammatory phase of wound healing, a cascade of events
eventually results in the elimination of pathogens and tissue
debris and in the proliferation and migration of cells that are
involved in the closure of the wound and the regeneration of
the healthy tissue.?' The expression of three transmembrane
CAMs (E-selectin, ICAM-1, and VCAM-1) was examined
along with three pro-inflammatory cytokines (IL-6, IL-8,
and MCP-1) that are expressed by endothelial cells upon
exposure to inflammatory stimuli.?> Several other studies
have already demonstrated that certain NP with different
physicochemical properties can induce inflammatory pro-
cesses. For instance, for silica NP an inflammatory reac-
tion of the endothelial line ISO-HAS-1 and epithelial cell
line H441 was observed in both mono- and co-cultures.?
Furthermore, in primary human umbilical vein endothelial
cells (HUVECS) the expression of C-reactive protein and the
production of pro-inflammatory cytokines were significantly
elevated after exposure to silica NP.?* In addition, it has
been shown that titanium dioxide NP result in an inflam-
matory cytokine release in lung epithelial cells.”® Unlike
these nanosystems, HYA-PHMB-NC and PLLA-OCT-NP
do not induce a significant inflammatory response. These
findings in the present study indicate that vascular inflam-
matory processes during wound healing will probably not
be enhanced or generally interfered with by the presence of
HYA-PHMB-NC and PLLA-OCT-NP. Thus, these highly
favorable characteristics make these compounds suitable for
application in wound treatment.

In addition, we analyzed the impact of HYA-PHMB-NC
and PLLA-OCT-NP on the angiogenic potential of endothe-
lial cells by examining the ability of the latter to form
capillary-like structures in vitro in the presence of these
compounds. Endothelial cells were co-cultured with dermal
fibroblasts to mimic the conditions of dermal neovascu-
larization in vivo. Within this co-culture, a spontaneous
self-organization of the endothelial cells into tubular vessel-
like networks can be observed."” Since wound healing and
cellular activity require sufficient concentrations of oxygen
and nutrients and therefore a sufficient blood circulation,
neovascularization is of major importance and a critical
step during wound healing. For various types of NP, it
has been shown that they can have an inhibitory effect on

angiogenesis. Silica NPs have been shown to impair angio-
genesis of HUVECs.” Pan et al demonstrated that gold NP
inhibited HUVEC VEGF165-induced migration and tube
formation.?’” On the contrary, neither HYA-PHMB-NC nor
PLLA-OCT-NP used in the present studies exhibited any
effect on the formation of microcapillary-like structures
in the NP-treated co-cultures compared to the untreated
co-culture. Thus, angiogenesis, one of the most important
factors in the wound healing process, is not influenced by
the presence of the nanocompounds, further demonstrating
their high tissue compatibility.

The cytotoxicity of the nanosystems was assessed by
performing both a cell viability and a DNA-staining assay
after exposure. Since for an application as responsive drug
delivery systems in wounds the effects of a long-term
exposure is of particular interest, an exposure time in vitro
of 24 hours was generally used as a model of short-term
exposure, whereas 7 days were used to mimic long-term
exposure. Although uptake analysis demonstrated that a
considerable amount of NC or NP, respectively, is inter-
nalized, the dose-response curves obtained showed that
both the compounds exhibited only mild toxic effects on
the endothelial cells when applied at high concentrations.
Remarkably, HYA-PHMB-NC and PLLA-OCT-NP affected
the cells less than solutions of the antiseptic agents alone
when added to the cells at the comparable doses pres-
ent in the respective NC or NP. These experiments were
performed under non-infectious conditions. However,
exposure to enzymes that can be produced by common
wound germs, eg, S. aureus will lead to the degradation
and release of the antiseptic drugs.'>'* In a comparative
study of antiseptic efficacy, Koburger et al showed that for
polyhexanide 0.5-2 mg/L and for octenidine 2 mg/L are
required for a sufficient inhibition of S. aureus.” It should
be highlighted that particularly at these concentrations the
nanosystems have practically no negative influence on the
cells even after 7-day exposure, in contrary to the agents
alone. This indicates that unlike a prophylactic antisepsis,
wound exposure to the nanosystems will result in negligible
effects on cell and tissue viability.

Every injurious stimulus leads to inflammation. Wischke
et al observed a significant discrepancy between endothelial
cell response upon exposure to different NP under normal
and under inflammatory conditions and therefore suggested
that inflammatory test conditions should generally be
included in in vitro cell studies of nanotoxicity.?’ However,
it is useful to test NP initially under standard conditions in
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order to identify safe and promising candidates. Indeed, all
of our experiments were performed using healthy cells under
conventional culture conditions. It will be interesting to
assess these nanosystems under inflammatory conditions in
further studies. In addition, it will also be useful to examine
the effects on additional cell types involved in cutaneous
wound healing such as fibroblasts and keratinocytes as pro-
tagonists of granulation and epithelialization, respectively.
Finally, the pathophysiology of wounds remains highly
complex, so that further in vivo studies are needed to deter-
mine the consequences of an exposure to the nanosystems.
However, our data indicate that the HYA-PHMB-NC and
PLLA-OCT-NP are highly biocompatible with primary
human endothelial cells and important healing processes
in vitro and have therapeutic potential for the management
of burn wounds.

Conclusion

The present studies demonstrate that although microscopic
and flow cytometric analysis showed time-dependent cellular
uptake of HYA-PHMB-NC and PLLA-OCT-NP, none of the
nanosystems induced inflammatory response or interfered
with endothelial cell angiogenic potential in relevant human
cell-based assays in vitro. Furthermore, toxicity assays after
short- and long-term exposure demonstrated that both nano-
carriers affected the cells less than solutions of the antiseptic
agents alone in comparable concentrations. This is encourag-
ing for their application as an innovative drug delivery system
with few side effects and a promising alternative to common
infection prophylaxis in burn wound treatment.
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