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Abstract: Polyamidoamine (PAMAM) dendrimers are multi-branched, three-dimensional
polymers with unique architecture, which makes these molecules attractive for medical and
pharmaceutical applications. Using PAMAM as drug carriers for topical delivery might be
beneficial as they only produce a transient effect without skin irritation. To evaluate the dermal
toxicity of cationic PAMAM dendrimers generation 2 and generation 3, skin irritation studies
were performed in vivo in the rat skin model. After 10 days topical application of various con-
centrations of PAMAM-NH, (0.3 mg/mL, 3 mg/mL, 6 mg/mL, 30 mg/mL, 300 mg/mL), skin
irritation was evaluated by visual, histopathological, and immunohistochemical examination.
Microscopic assessment after hematoxylin-eosin staining revealed significant morphological
changes of epidermal cells after application of PAMAM-NH, at a concentration of =6 mg/mL.
Morphological alterations of epidermal cells included cytoplasmic vacuolization of keratino-
cytes in the basal and spinous layers. Cytomorphological changes in keratinocytes, overall
picture of the epidermis, and histopathological changes in the dermis were dose dependent.
Detected alterations concerned hyperplasia of connective tissue fibers and leukocyte infiltration.
Visible granulocyte infiltration in the upper dermis and sockets formed by necrotic, cornified
cells in the hyperplastic foci of epithelium were also noted. Immunohistochemical analyses
revealed that increased nuclear immunoreactivity to PCNA correlated with the concentration
of PAMAM-NH,,, but no significant differences in the cell proliferation activity in skin treated
with PAMAM-NH, generation 2 or generation 3 were observed. Significantly higher expres-
sion of PCNA extended throughout the skin layers might suggest abnormal cell proliferation,
which, as a consequence, might even lead to neoplastic changes.

Keywords: cationic PAMAM dendrimers polymers, topical delivery, nanomaterials, in vivo
toxicity, skin irritation test

Introduction

Dendrimers are well-defined, highly branched macromolecules with precisely controlled
chemical structure and low polydispersity. They provide a number of opportunities for
design of novel drug carriers, gene delivery systems, and imaging agents.!> Dendrim-
ers have been found to be suitable carriers for a variety of drugs including anticancer,
antiviral, antifungal or antibacterial, with capacity to improve their bioavailability.*®
Among existing dendrimers, polyamidoamine (PAMAM) are the most intensively
investigated. They consist of ethylenediamine nucleus and branches based on methyl
acrylate and ethylenediamine. Half generations of PAMAM possess carboxyl surface
groups, while complete full generations have amine or hydroxyl groups. The surface
groups are responsible for their high solubility and reactivity, and internal cavities can
be used in encapsulation of small molecules. PAMAM dendrimers have demonstrated
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potential use as vehicles in several routes of administration,
including oral, ocular, parenteral, and transdermal.!-*!°

It was shown that PAMAM dendrimers enhanced trans-
dermal delivery of many drugs, including indomethacin,'!
ketoprofen, diflunisal,'? 8-methoxypsoralen,'3!'* and
5-fluorouracil.’® The skin penetration of cationic dendrim-
ers increased with the increase in treatment time and was
inversely related to the dendrimer molecular weight.!®
Interestingly, the improved penetration caused by neutral
or anionic dendrimers was significantly lower. The higher
skin penetration of cationic dendrimers is probably due to
their binding to the negatively charged skin, interacting
with the intercellular lipids,'>!” changing the architecture
of the lipid bilayer'® or even inducing holes formation in
the cell membranes.!” Membrane disruption by inducing
formation of nanoholes or causing membrane erosion as a
consequence might cause leakage of cytosolic enzymes and
cell lysis.!”2! The possible clinical use of dendrimers must
be preceded by extensive in vivo toxicity studies. Before
Vivagel® (SPL7013) — the first product based on dendrimers
(containing modified polylysine dendrimers) was introduced
clinically, it was evaluated in various animal models: mice,
guinea pigs, and macaques.?

Using dendrimers as drug carriers for topical delivery
might be beneficial as they only produce a transient effect
without skin irritation. Since, to our knowledge, there are no
studies devoted to evaluation of cationic dendrimers toxicity
after topical application, the goal of this work was to assess
the dermal toxicity of PAMAM-NH, dendrimers in vivo
in the rat skin model. As the lower generations of cationic
dendrimers showed greater penetration enhancement than
the higher ones,'>'”* PAMAM-NH, generation 2 (G2) and
generation 3 (G3) (Figure 1) were applied in this study. Skin
irritation was assessed after 10 days topical application of
various concentrations of PAMAM (0.3 mg/mL, 3 mg/mL,
6 mg/mL, 30 mg/mL, 300 mg/mL) by visual, histopathologi-
cal, and immunohistochemical examination. Dissected skin
samples were stained by hematoxylin-ecosin (H and E) method
and viewed using a light microscope for any pathological
changes. Since PCNA immunostaining is widely used for
detecting proliferating cells in tissue sections, especially of
neoplastic lesions, the distribution of PCNA immunoreactiv-
ity (PCNA-IR) cells in the skin of rats treated with various
concentrations of PAMAM-NH, dendrimers was determined.
The morphometric features of PCNA-IR nuclei, intensity of
immunohistochemical reaction, and thickness of the epider-
mis were also evaluated.

Materials and methods

Reagents

PAMAM dendrimers G2 and G3 with amine surface
groups were provided by Sigma-Aldrich Co. (St Louis,
MO, USA), as were most other chemicals used. To prepare
water solutions of PAMAM, methanol was evaporated
from purchased solutions by using Centrivap Concentrator
FreeZone6 (Labconco, Kansas City, MO, USA). Reagents
for routine histological H and E staining, a specific mono-
clonal mouse anti-PCNA clone PC10 M 0879, target
retrieval solution S 1699, antibody diluent S 0809, and
wash buffer S 3006 were obtained from Dako Denmark
A/S (Glostrup, Denmark).

Animals

Male Wistar rats, weighing 150-200 g were fed a standard
diet and housed in plastic cages (50/40/20 cm), one animal
per cage, in an air-conditioned and temperature-controlled
(21°C+2°C) room with a 12 hours light/dark cycle. Food and
water were freely available. All experiments were carried
out in a quiet, diffusely lit room.?* The in vivo experimental
protocol was approved by the Ethics Commission of the
Medical University of Biatystok, Poland. On the day prior
to the experiment, the animals were anesthetized with pen-
tobarbital 40 mg/kg body weight (bw) and the hair on the
dorsal side of the rats (area 4x2 cm) was carefully removed
with an electric hair clipper in the direction of tail to head
without damaging the skin.

Study design

The rats were divided into XII groups (n=6). Group I
served as control, without any treatment; group Il was
administrated 0.8% aqueous solution of formalin as a stan-
dard irritant; groups III-XII were treated with 100 uL of
water solutions of various concentrations of PAMAM-NH,
dendrimers G2 or G3 (0.3 mg/mL, 3 mg/mL, 6 mg/mL,
30 mg/mL, 300 mg/mL), which corresponded to 0.17, 1.67,
3.33, 16.67, and 166.67 mg/kg bw. Tested solutions were
applied to the exposed skin and spread over the entire area,
once a day during a 10-day period. Finally, the application
sites were evaluated visually always by the same investiga-
tor and graded according to a standard visual scoring scale:
0 — no erythema, 1 — slight erythema (barely perceptible-
light pink), 2 — moderate erythema (dark pink), 3 — moderate
to severe erythema (light red), 4 — severe erythema (extreme
redness).” Then rats were sacrificed by decapitation
under pentobarbital anesthesia (80 mg/kg bw) and dorsal
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Figure | Chemical structure of polyamidoamine-NH, dendrimer generation 2 (A) and generation 3 (B).

skin samples from treated and untreated (control) areas

Histopathology

were taken for histological and immunohistochemical
studies. The Kruskal-Wallis analysis was used to check
whether control groups were equal among themselves
and to test any differences among all groups (control and
experimental).

Light microscopy

The skin samples were fixed in 4% buffered formalde-
hyde and routinely embedded in paraffin. Sections, 4 um
thick, were cut using rotary microtome, Leica 2025 (Leica
Microsystems, Wetzlar, Germany) and stained by H and E
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and by Azan method for general histological examination.
Tissue sections were viewed by one pathologist using a
light microscope, Olympus BX41 (Olympus Corporation,
Tokyo, Japan) interfaced with an image analysis system.
The images were captured using a DP12 camera (Olympus
Corporation).

Immunohistochemical procedures
Evaluation of cell proliferation by PCNA staining

The paraffin blocks were cut into 4 um sections, mounted
onto Superfrost Plus slides (Menzel Glédser, Braunschweig,
Germany) and dried overnight at 37°C followed by 1 hour
at 60°C. An immunohistochemical reactions to find PCNA
was performed on paraffin skin sections of the animals.
In these studies a specific monoclonal mouse anti-PCNA
clone PC10 was used (M 0879; Dako Denmark A/S).
The EnVision method according to Herman and Elfont
was applied.?® Control reactions were simultaneously
performed. In the negative control, the specific antibody
was omitted in the staining procedure and control reaction
performed gave negative results. Positive control was done
for specific tissue recommended by producer — for PCNA
it is human colon.

Immunostaining was performed by the following pro-
tocol: paraffin-embedded sections were deparaffinized and
hydrated in pure alcohol. After washing with distilled water,
sections were pretreated with antigen retrieval in a pressure
chamber heating for 1 minute at 21 psi (1 psi equates to
6.895 kPa, the conversion factor provided by the United
Kingdom National Physical Laboratory) at 125°C using
target retrieval solution S 1699. After being cooled at room
temperature, sections were incubated with peroxidase block-
ing reagent for 10 minutes to block endogenous peroxidase
activity. Primary antibody was diluted 1:4,000 using the anti-
body diluent S 0809. The sections were incubated overnight
at 4°C in a humidified chamber with the diluted antibody,
followed by incubation with labeled polymer per 1 hour
(EnVision System HRP Mouse Kit K4007; Dako Denmark
A/S). Appropriate washing with wash buffer S 3006 was per-
formed in-between each step. Then sections were incubated
in liquid 3,3’-diaminobenzidine (+) chromogen, controlled
under microscope. Finally the sections were counterstained
in Vector QS hematoxylin mounted and evaluated under
light microscope. The nature of staining and the distribution
of PCNA-IR were determined. A cell was scored as posi-
tive when there was distinct brown granular staining of the
nucleus regardless of its intensity.

Quantitative analysis of PCNA staining
and imaging

The analysis of the preparations and their photographic
documentation were performed using an Olympus BX41 light
microscope (Olympus Corporation) equipped with Olympus
DP12-2 camera (Olympus Corporation). Images from five
randomly selected microscopic fields (each field 0.785 mm?),
at a magnification of 200x were morphometrically evaluated
by using image analysis software (NIS-Elements Advanced
Research Nikon software, Nikon Instruments, Melville,
NY, USA).

The number of PCNA-IR cells was counted in each
analyzed image and presented as median per visual field
(0.785 mm?). Morphological characteristics of PCNA-IR
nuclei, (diameter, area), intensity of immunohistochemical
reaction, and thickness of the epidermis were also evaluated.
Intensity of immunohistochemical reaction was measured
by using 0 to 256 gray scale level, where completely black
pixel had a value of 0, and completely white or bright one
possessed a value of 256. The gray scale intensity and PCNA
expression have inverse relation.

Statistical analysis

Quantitative variables were expressed as the median with
25%-75% quartile range. A statistical analysis was per-
formed using nonparametric technique, the Kruskal-Wallis
with Dunn’s post hoc test with the Statistica 10.0 software
(StatSoft, Krakéw, Poland). Differences between groups
were considered to be significant at P<<0.05.

Results and discussion

Despite PAMAM dendrimers being promising drug delivery
systems and their potential commercial applications hav-
ing received considerable attention, the majority of studies
performed to date focused on dendrimer toxicity evaluated
in vitro. It was shown that PAMAM dendrimers demonstrated
generation, surface charge and concentration dependent
cytotoxicity.?”’ Assays in vitro provide cell type specific
information, but do not accurately reflect dendrimers’
in vivo behavior. Limited studies have been performed to
investigate dendrimer toxicity in vivo — there are only few
studies concerning toxicity of PAMAM dendrimers after
oral or parenteral administration.?' It was found that lower
generations of PAMAM administered parenterally did not
cause behavioral changes or weight loss, but for higher gen-
erations, incidents of mice death were noted. Roberts et al
studied toxicity of PAMAM G3, G5, and G7 after
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intraperitoneal administration in Swiss-Webster mice at doses
0f2.6, 10.0, and 45.0 mg/kg bw. These studies suggested that
cationic dendrimers (G <7) even at high doses did not cause
adverse effects.’* However, Heiden et al found that cationic
PAMAM dendrimers G4 were toxic to zebrafish embryos, and
the toxicity was dose and exposure duration dependent. Expo-
sure to =20 UM (~0.283 mg/mL) G4 dendrimer caused 100%
mortality by 24 hours post fertilization. Otherwise, in the
same study anionic PAMAM dendrimers G3.5 were not toxic
and reveled no signs of embryo development impairment.’!
Malik et al found that 95 mg/kg bw daily doses of anionic
PAMAM dendrimers (G3.5, carboxylic acid termini) admin-
istered intraperitoneally led to no mortalities and no weight
change in B16F10 tumor bearing mice.*> Chauhan et al
examined toxicity profile of PAMAM-NH, and PAMAM-OH
dendrimers G4 (4.75-19.0 mg/kg bw) via the intraperitoneal
route for 15 days in Swiss albino mice and observed no
significant effect on feed intake, body and organ weights,
lipid and protein metabolism, hematological parameters,
and histopathology.** Generally, it was shown that the rank
order of PAMAM toxicity is hydroxyl-terminated<<carboxyl-
terminated<<amine-terminated dendrimers.'*3

Although several reports have studied PAMAM as
potential skin penetration enhancers and nanocarriers for
transdermal delivery,' "' the toxicity of PAMAM after
topical administration is largely unknown. Therefore, in this
study to evaluate dermal toxicity of PAMAM-NH, G2 and
G3 after topical administration, skin irritation test in the rat
skin model was performed. Rodents’ skin model (mice, rats,
guinea pigs) is commonly used for irritation and permeability

Figure 2 Representative images of the skin irritation test.

studies in vivo.**** Among rodents, rat skin is considered
the most structurally similar to human tissue. However, rat
skin is more permeable and more sensitive than human skin
because it is significantly thinner — it possesses lower thick-
ness of stratum corneum and epidermis.®

The skin irritation test was carried out after 10 days
topical application of PAMAM by both visual observa-
tion (Figure 2A—G) and histopathological examination
(Figure 3A-G). It was shown that PAMAM-NH, G2 and G3
were well tolerated at concentrations up to 3 mg/mL. After
10 days administration, there were no signs of erythema
(Figure 2C). Slight erythema in case of PAMAM-NH, G2 at
a concentration of 6 mg/mL was noted (Figure 2D). Moderate
erythema (Figure 2E) and severe erythema (Figure 2F) of skin
was observed in rats treated with significantly higher (30 mg/
mL and 300 mg/mL, respectively) concentrations of PAMAM-
NH, G2 and 300 mg/mL. PAMAM-NH, G3 (Figure 2G).

Microscopic evaluation of the skin sections stained with
H and E revealed significant morphological changes of
epidermal cells after 10 days application of PAMAM-NH,
G2 at a concentration of 6 mg/mL. Morphological changes
of epidermal cells included cytoplasmic vacuolization of
keratinocytes in the basal and spinous layers (Figure 3D).
It was also demonstrated that cytomorphological changes
in keratinocytes, overall picture of the epidermis and
histopathological changes in the dermis were dose depen-
dent. Moreover, noticeable histopathological changes in the
dermis after application of PAMAM at the concentration of
30 mg/mL (Figure 3E) and 300 mg/mL (Figure 3F and G)
were observed. Detected alterations concerned hyperplasia

Notes: (A) Control rat skin; (B) skin treated with 100 pL of 0.8% formalin, various concentrations of PAMAM-NH, generation 2: (C) 3 mg/mL, (D) 6 mg/mL, (E) 30 mg/mL,
(F) 300 mg/mL PAMAM-NH, generation 2 and (G) 300 mg/mL PAMAM-NH, generation 3. Arrows indicate the location of erythema.

Abbreviation: PAMAM, polyamidoamine.
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Figure 3 Representative images of the skin sections.
Notes: (A) Control rats, skin treated with 100 UL of 0.8% formalin (B) and various concentrations of PAMAM-NH, generation 2: (C) 3 mg/mL, (D) 6 mg/mL, (E) 30 mg/mL;

(F and G) 300 mg/mL. Reported vacuolization of keratinocytes in the basal and spinous layers (arrows) (D), inflammatory infiltrations of leukocytes and connective tissue fibers
hyperplasia (dermis) (F and G) and apoptotic keratinocytes (epidermis) and granulocyte infiltration in the upper dermis (F) (arrows). H and E staining, magnification x200.
Abbreviations: PAMAM, polyamidoamine; SC, stratum corneum; VE, viable epidermis; D, dermis; H and E, hematoxylin-eosin.
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of connective tissue fibers and leukocyte infiltration. Vis-
ible granulocyte infiltration in the upper dermis and sockets
formed by necrotic, cornified cells in the hyperplastic foci
of epithelium was also noted (Figure 3F).

The influence of PAMAM on the cell proliferation was
evaluated by PCNA staining. PCNA is a 36 kDa molecular
weight protein. It is an auxiliary protein for DNA polymerase
delta that is involved in DNA replication as well as DNA
repair mechanism. Its synthesis and expression is related to
the proliferating state of the cell and its level of expression
reflects cell proliferating activity.’**° Immunohistochemical
staining for PCNA allows the identification of cells in the dif-
ferent phases of the cycle. Expression of PCNA increases in
late G|, is maximally expressed in the S phase, and decreases
in G,-M phase of the cell cycle.***' This makes it a useful
marker for proliferated cells. It is present to some degree in
normal cells, while in malignancies the increase in PCNA
is probably related to uncontrolled DNA synthesis and dis-
turbed cell cycle.*'*

Immunohistochemical analyses of skin treated with vari-
ous concentrations of PAMAM-NH, G2 and G3 (0.3 mg/mL,
3 mg/mL, 6 mg/mL, 30 mg/mL, 300 mg/mL) (Figure 4A—H)
revealed that increased nuclear immunoreactivity to PCNA
was concentration dependent, but no significant differences
in the cell proliferation activity in skin treated with PAMAM
G2 or G3 was observed. Increased expression of PCNA
was found in the majority of basal cell layers. However,
after application of higher concentrations of PAMAM, the
increased number of PCNA-IR cells was observed not only in
basal layer but also in the superficial layers of epidermis (Fig-
ure 4). In the control epidermis, only few PCNA-IR nuclei
were found in the cells lying in the basal layer (Figure 4A).
In epidermal keratinocytes of rats treated with 0.3 mg/mL
PAMAM-NH, G2 and G3, PCNA expression was similar to
the control. The expression was limited only to the cells in the
basal layer, while other cell layers of the epidermis showed
negative staining (Figure 4C). It was noticed that the num-
ber of PCNA-IR cells in the epidermis of skin treated with
3 mg/mL PAMAM-NH, was higher (Figure 4D). Location
of keratinocytes with PCNA-IR nuclei after application of
PAMAM-NH, 6 mg/mL was significantly different from
control skin tissue. As it is shown in Figure 4E, PCNA
was observed in almost all the cells of the lowest layer.
After administration of PAMAM-NH, at a concentration of
30 mg/mL, a substantial increase in epidermal keratinocytes
hyperplasia was noted and PCNA-IR cells were not detected
only in the stratum corneum (Figure 4F). In skin of rats

treated with 300 mg/mL PAMAM-NH, G2 or G3, PCNA-IR
cells significantly extended throughout the epidermis (Figure
4G and H). The amount of cells demonstrated positive nuclear
staining for PCNA and the intensity of reaction is presented
in Figure 5. As it is demonstrated, the rise in the amount
of PCNA-IR cells and the visible increase in the intensity
of immunohistochemical reaction was observed in rat skin
samples after application of PAMAM-NH, dendrimers at a
concentration of 3 mg/mL. Substantial growth of the inten-
sity of the immunohistochemical reaction in case of higher
concentrations (30 mg/mL and 300 mg/mL) of PAMAM-NH,
was detected. PCNA related DNA repair in response to pos-
sible mutagens is critical to maintain the cellular genomic
integrity, therefore the increase in the amount of PCNA-IR
cells after application of PAMAM-NH, is probably a con-
sequence of enhanced DNA repair processes as a reaction
to DNA damage.

As nuclear size is a very important parameter, which
changes in dysplasia and reflects the intensified DNA
synthesis, and the abnormalities of nuclear features have
been reported in various types of carcinoma,** morpho-
logical characteristics of PCNA-IR nuclei were investigated.
Obtained results revealed that there was no significant differ-
ences in diameter and area of nuclei after administration of
PAMAM-NH, at concentrations up to 3 mg/mL (Figure 6).
The increase in the area and diameter of the nuclei was con-
centration dependent. Visible growth of the nuclei area and
nuclei diameter was noted at a concentration of =6 mg/mL
of PAMAM-NH,.

The influence of various concentrations of PAMAM-
NH, on the epidermal thickness was also investigated
(Figure 7). Epidermal thickness was defined as the distance
between the basement membrane and the apical surface
of the uppermost nucleated keratinocytes (the border
between the stratum granulosum and stratum corneum).*
The epidermis is a continuously renewing tissue in which
homeostasis is maintained by a regulated balance between
cell proliferation, cell differentiation and programmed cell
death. In the normal epidermis, proliferating cells are con-
fined to the basal layer, whereas apoptosis appears at the
border of the stratum granulosum and stratum corneum.*> As
assessed by the image analyzer, the epidermal thickness of
control skin samples was 21.02 um (expressed as median).
After application of PAMAM-NH, at a concentration of
6 mg/mL, only a slight rise in the epidermal thickness was
observed (25.49 um). The increase of epidermal thick-
ness was concentration dependent and in the group of rats
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Figure 4 Immunohistochemical reactivity for PCNA.

Notes: (A) Control rat, skin treated with 100 uL of 0.8% formalin (B), and various concentrations of PAMAM-NH, generation 2: (C) 0.3 mg/mL; (D) 3 mg/mL; (E) 6 mg/mL;
(F) 30 mg/mL; (G) 300 mg/mL, and PAMAM-NH, generation 3 300 mg/mL (H). Arrows demarcate areas of PCNA immunoreactive cells; magnification x200.
Abbreviations: SC, stratum corneum; VE, viable epidermis; D, dermis; PAMAM, polyamidoamine.
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treated with 300 mg/mL PAMAM-NH, epidermal thickness
(94.07 um) was over fourfold higher than in the control
group (Figure 7).

Significantly higher expression of PCNA extended through-
out the skin layers, epidermal hyperplasia and increasing
aberrations of nuclear features after administration of higher
concentrations of PAMAM-NH, suggest disorganized cell
proliferation. Abnormal cell proliferation, which results from
deregulation of the cell cycle, might even lead to neoplastic
changes. In conclusion, microscopic assessment after H and E
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Figure 6 Effect of various concentrations of PAMAM-NH, generation 2.

staining and immunohistochemical analyses revealed that
PAMAM dendrimers with positively charged surface groups
are prone to exhibit significant dermal toxicity and in potent
topical applications only lower concentrations of PAMAM
should be considered. Obtained data can be useful to design
dendrimer-based nanocarriers for drug delivery to skin.
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