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Recognition of the molecular mechanisms of keratino-
cyte participation in normal skin homeostasis and in 
pathogenesis may lead to creation of more effective 
tools for topical application of cosmetics, cosmeceutics 
and drugs to a particular location within the skin for 
prevention and therapy of many skin disorders and dis-
eases. For this purpose, the PAMAM G3 dendrimer with 
amide linkages of 9 biotin molecules and 10 molecules 
of pyridoxal phosphate (BC-PAMAM) was constructed, 
and its biological properties and cellular uptake and lo-
calization were investigated in the HaCaT keratinocytes.  
BC-PAMAM is nontoxic for HaCaT cells, as estimated by 
two assays (Neutral Red and tetrazolium salt reduction, 
XTT), and revealed low apoptosis induction at up to 50 
µM concentration. Fluorescent labeled BC-PAMAM ac-
cumulates in HaCaT cells with high efficiency in a con-
centration–dependent manner. Its mitochondrial locali-
zation, estimated as Mander’s colocalization coefficient, 
is substantially lower than the native PAMAM, and that 
correlates with its cytotoxicity. The only undesirable, but 
significant inhibitory effect on cell mobility, evaluated 
by the wound healing test, was observed at 10 µM BC-
PAMAM. The important anti-inflammatory action of BC-
PAMAM was clearly documented by decreased produc-
tion of total IL-1α, assayed with an ELISA test with un-
stimulated and stimulated by bacterial antigens (LPS and 
GroEL) HaCaT cells. Thus, it is expected that the biotin 
pyridoxal phosphate conjugated PAMAM may be con-
sidered as a potential carrier for safe delivery of vitamins 
and drugs into the epidermis.
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INTRODUCTION

Increasing prevalence of the human skin homeostasis 
disturbance due to environmental hazards has resulted 
in intensification of the search for effective protection 
and treatment strategies. It has been already established 
that the largest human organ, the skin, constitutes not 
only a passive protective barrier, but being a network of 
specific effector cells, extracellular matrix and molecular 
mediators, creates a skin endocrine-immune system com-
prising all skin compartments (Abdallah et al., 2017). Re-
cently, it has been proven that the epidermis has an im-
portant and specific role in initiation and programming 
of the skin inflammatory and immune response under 
normal and pathological conditions (Mann et al., 2012). 
Keratinocytes, which constitute almost 95% of the epi-
dermis, were shown to realize the first-line of immune 
defense by stimulation of innate mechanisms and pro-
motion of an adaptive response, and are considered as 
the skin immune sentinels (Nestle et al., 2009; Gutowska-
Owsiak & Ogg, 2012). Keratinocytes have been recog-
nized as important in priming and development of mul-
tiple skin chronic inflammatory, autoimmune and prolif-
erative mechanisms. Recently, an important keratinocyte 
involvement in premature photo ageing (Imokawa et al., 
2015), allergic atopic and contact dermatitis (Honda & 
Kabashima, 2016; Komine, 2009; Hoffmann & Schmidt, 
2013), proliferative disorders psoriasis (Dombrowski et 
al., 2011) and cancer (Karimkhani et al., 2015) has been 
proven. Molecular mechanisms of the keratinocyte re-
sponse to the external stimuli and interaction with other 
cellular skin components are still under investigation. 
Constitutive and inducible production of a variety of 
biologically active molecules by keratinocytes, including 
antimicrobial peptides, cytokines and growth factors, de-
pends on the stimuli and is described in several reviews 
(Gröne, 2002; Abdallach et al., 2017 and ref. therein). 
Recognition of the molecular mechanisms of keratino-
cyte participation in normal skin homeostasis and in 
pathogenesis may lead to creation of more effective 
tools for prevention and therapy of many skin disorders 
and diseases. One of the major subjects of many investi-
gations is topical application of cosmetics, cosmeceutics 
and drugs, and their distribution to a particular location 
within the skin. 
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In search for safe and efficient methods, application 
of targeted nanomolecules, including dendrimers, has 
been investigated with many positive results. Among 
them, low generation dendrimers, e.g. PAMAM G3, G4 
and G5, have been considered as very promising target-
ed nanocarriers (Jędrych et al., 2014; Labieniec-Watala & 
Watala, 2015). Particular attention has been given to the 
B vitamin group, i.e. biotin (vitamin B7) and pyridoxal 
(vitamin B6) as targeting molecules. It has been known 
that both vitamins are necessary for vital functions of 
all mammalian cells. Biotin is involved in important 
metabolic pathways, such as gluconeogenesis, fatty acid 
synthesis, and amino acid catabolism, and as a cofactor 
in the transfer of CO2 groups to various target macro-
molecules, while pyridoxal participates in regeneration 
of tetrahydrofolate and in glutathione biosynthesis. Both 
vitamins play important roles in the energy metabolism 
(Depeind et al., 2006a; Depeind et al., 2006b). Further 
progress in biotin function investigation revealed its epi-
genetic properties and a role in cell signaling (Kothapalli 
et al., 2005; Zempleni, 2005; Zempleni et al., 2009) and in 
defense against reactive oxygen species (Li et al., 2014). 
Investigation of biotin conjugated carriers had initiated 
from an observation that many aggressive cancer cell 
lines present overexpression of the main transporter 
for biotin – the sodium dependent multivitamin trans-
porter (SMVT) (Maiti & Paira, 2018 and ref.). Majority 
of cells, including keratinocytes, expresses two carriers 
for biotin transport: SMVT and the proton-dependent 
monocarboxylate transporter 1 (MCT-1) (Daberkow et 
al., 2003; Grafe et al., 2003; Azhar et al., 2015), which 
are considered in construction of the nanocarriers for di-
agnosis and treatment of the skin disorders (Yang et al., 
2009; Dianzani et al., 2014). Realization of that aim re-
quires interdisciplinary investigations. This also includes 
the choice of a proper experimental model in vitro, which 
means choosing a proper cell line and the targeting mol-
ecule. 

Use of human keratinocytes (KC) from skin biopsies 
as a model for in vitro studies on biological effects of 
various natural and synthetic substances on epidermis 
is limited due to the donor variability, a short culture 
lifetime, and variations between passages. For many re-
searchers, application of HaCaT keratinocytes, i.e. a hu-
man monoclonal, spontaneously immortalized human ke-
ratinocyte line, has been a matter of choice due to their 
lower variability than KC, long term growth in cultures 
and no spontaneous tumorigenic properties. 

It has been shown that the HaCaT cells can revers-
ibly differentiate into stratified epidermal structure under 
specific stimulation in vitro and are able to reconstitute 
proper epidermis after transplantation in vivo. Also, they 
undergo inflammatory and allergic responses with pro-
duction of specific cytokines. However, more detailed 
studies gathered various data concerning their biological 
response when compared to primary KC. Investigation 
of the HaCaT cells as a model for induction of cancer 
revealed that a strong cancer promotor, 12-O-tetrade-
canoylphorbol 13-acetate (TPA), indicated a defective 
MEK/ERK signaling in the HaCaT cells that compro-
mises their use as a human in vitro skin carcinogenesis 
model (Ridd et al., 2010). The use of HaCaT cells as a 
response model for development of inflammatory or 
hypersensitivity reactions is still under discussion with 
many contradictory opinions (Stein et al., 1997; Köllisch 
et al., 2005; Hoffmann & Schmidt, 2013; Colombo et al., 
2017).

The aim of our studies was to evaluate the biological 
effects (cytotoxicity, apoptosis, cell mobility) of vitamin 

B6 and B7 substituted G3 PAMAM dendrimer (BC-
PAMAM), its subcellular location and immunological 
properties in the HaCaT cells in vitro, as a possible car-
rier of vitamins and drugs to the epidermis.

MATERIALS AND METHODS

Synthesis of PAMAM and BC-PAMAM dendrim-
ers. Synthesis of the native PAMAM G3 (PAMAM) 
dendrimer and its bioconjugate substituted with nine 
biotin molecules (linked via an amide bond) and ten 
pyridoxal (PL) molecules (linked via an aldimine bond), 
G39B10P (BC-PAMAM), was performed as described ear-
lier (Uram et al., 2013). The native fluorescent PAMAM 
and bioconjugate BC-PAMAM labeled with FITC were 
prepared according to a published protocol (Filipowicz 
& Wołowiec, 2011). 

Materials. Trypsin-EDTA solution, phosphate-buff-
ered saline (PBS) with and without magnesium and cal-
cium ions, hydrocortisone, XTT sodium salt (2,3-bis[2-
methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-car-
boxanilide inner salt), phenazine methosulfate PMS (N-
methyl dibenzopyrazine methyl sulfate), 0.33% neutral 
red solution (NR) (3-amino-m-dimethylamino-2-methyl-
phenazine hydrochloride), 0.4% trypan blue solution in 
PBS, E. coli lipopolisaccharide strain 0111: B4 (LPS), 
phorbol ester (phorbol-12-myristate-13-acetate, PMA) 
were provided by Sigma-Aldrich (St Louis, MO, USA). 
Fluorescent marker DAPI (4′,6-diamidino-2-phenylin-
dole, dihydrochloride), MitoTracker® Deep Red FM and 
Endogenous Biotin-Blocking Kit, were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA). Cell cul-
ture devices were from Corning Incorporated (Corning, 
NY, USA), Nunc (Roskilde, Denmark) or Greiner Bio-
One (Greiner Bio-One GmbH, Germany). Dulbecco’s 
Modified Eagle’s Medium (DMEM), fetal bovine serum 
(FBS), penicillin and streptomycin solutions were pur-
chased from American Type Culture Collection (ATCC, 
Manassas, VA, USA). E. coli GroEL protein (Hsp60) 
was from Abcam. Monoclonal antibody against PARP-1 
(Asp 114) marked with AlexaFluor® 647 were from BD 
PharmingenTM. Human IL-1 alpha / IL-1F1 DuoSet 
ELISA kit, Human TNF-alpha DuoSet ELISA kit, ready 
reagents and tiles DuoSet Ancillary Reagent Kit were 
from R&D Systems. Human immortalized keratinocytes 
(HaCaT) were obtained from the Cell Lines Service 
GmbH (Germany).

Cell culture. HaCaT cells (doubling time 24 hours), 
were cultured in a complete DMEM medium supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL 
penicillin and 100 μg/mL streptomycin, in a humidified 
95% air and 5% CO2  atmosphere at 37°C, with replac-
ing the fresh medium every 2–3 days. Cells were pas-
saged at 70–85% confluence using 0.25% trypsin-ED-
TA in PBS (Ca2+ and Mg2+ free). Cell morphology was 
assayed using a Nikon TE2000S Inverted Microscope 
(Tokyo, Japan) with phase contrast. The number and vi-
ability of cells were estimated by a Trypan blue exclu-
sion test with Automatic Cell Counter TC20™ (Bio-Rad 
Laboratories, Hercules, CA, USA). Working solutions of 
the dendrimers were prepared in a culture medium con-
taining 2% FBS.

Cytotoxicity assays. Cells were seeded in flat-bottom 
96-well culture plates at a density of 4×104 cells/well and 
allowed to attach for 24 hours. The working solutions of 
dendrimers in the culture medium were prepared from a 
sterile 1 mM stock solution in H2O (syringe filters, 0.22 
µm). Cells were treated with dendrimers in concentra-
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tions ranging from 0 to 100 μM. After 24 h incubation, 
the medium was removed and replaced by the following 
solutions:

Neutral Red assay: 2% NR solution in the culture 
medium was added (100 µL/well), and the cells were in-
cubated (1.5 h, 37°C) and washed once with PBS. Af-
ter addition of a fixative (50% ethanol, 49% H2O, 1% 
glacial acetic acid, 100 μL/well) the plates were shaken 
(500 rpm, 15 min., RT). Absorbance was measured at 
540/620 nm with a microtiter plate reader µQuantTM 
(BioTek Instruments, Inc. Winooski, VT, USA) against a 
blank (the fixative mixture). The results are shown as a 
median of three replicates from four independent experi-
ments. 

For XTT assay: mixture of 5 mM XTT and 25 μM 
PMS in the medium (150 μL/well) was added, and af-
ter 2 h incubation (37°C) absorbance was measured at 
450/620 nm against a blank sample (150 μL medium 
containing XTT and PMS). The results are shown as a 
median of three replicates from four independent exper-
iments. 

Apoptosis assay. As apoptosis marker, the PARP-1 
(Asp 114) assay was used with antibodies labeled with 
AlexaFluor® 647. HaCaT cells (4×104 cells/well) were 
cultured and treated for 24 h with dendrimers at concen-
trations of 0, 5, 10 and 50 μM, similarly as for the cy-
totoxicity assay. The assay was performed as previously 
described (Nizioł et al., 2015).

Cell migration assay (scratch wound healing as-
say). Cells were cultured in 24-well plates at 2×105 cell/
well (24 h, 37°C) to confluence. Wound healing assay 
was performed as described (Uram et al., 2017).

Cellular accumulation of FITC labelled PAMAM 
and BC-PAMAM. Cells seeded at a density of 4×104 

cells/well in 96-well microtiter plates were cultured for 
24 h and treated with FITC labeled dendrimers (PAMAM 
or BC-PAMAM) for 24 h at the concentrations ranging 
from 0 to 50 μM, washed with PBS and stained with 
600 nM DAPI solution. The fluorescence signal was 
read at 485/530 nm for FITC, and at 360/460 nm for 
DAPI, using Infinite M200 PRO Multimode Microplate 
Reader (TECAN Group Ltd., Switzerland). The DAPI 
fluorescence signals were used to estimate the number of 
cells in each well and to calculate respective fluorescent 
signal intensity. The results are shown as medians of 
relative fluorescence units of three replicates from four 
independent experiments.

Subcellular localization of PAMAM and BC-
PAMAM. Nuclei penetration: HaCaT cells were cul-
tured on microscope chamber slides (Nunc, Denmark) 
for 48 h at a density of 4×104 cells in 400 μL of com-
plete medium. FITC labeled PAMAM or BC-PAMAM 
dendrimers were added at 1 to 50 μM concentrations 
(200 μL/well). After 24 h incubation and washing 
(2×PBS), the cells were fixed with 3.7% formaldehyde 
for 15 minutes and stained with 600 nM DAPI solu-
tion in PBS (1 h, RT). Twelve randomly selected images 
from each well were collected using a confocal micro-
scope (Olympus FV10i, Tokyo, Japan) at 488/530 nm 
for FITC, and 405/461 nm for DAPI. Images were col-
lected in the Z-axis position at the largest nuclear cross 
section area. Pinhole was set for 1 AU (airy unit) and 
the obtained images had an optical section thickness of 
approximately 1.02 μm. Images were analyzed with the 
ImageJ software using the JACoP plugin, and the Man-
der’s colocalization coefficient (M) was calculated. The 
results were presented as the percentage of the overlap 
of green channel signal (dendrimers) with blue channel 
signal (nuclei) (M1). M coefficient ranges from 0 to 1, 

where 0 means no colocalization (no overlap of signals), 
and 1 means complete coverage of two signals (full colo-
calization).

Colocalization with mitochondria: HaCaT cells 
were cultured and treated with fluorescently labeled den-
drimers as above. After washing with the culture medi-
um, mitochondria were stained with 100 nM MitoTrack-
er® Deep Red FM solution (30 min., 37°C) according to 
the manufacturer’s protocols. After washing with PBS 
(3×), the cells were fixed and stained with DAPI as de-
scribed for the nuclei. Images were obtained in three 
channels using an Olympus FV10i confocal microscope: 
at 405/461 nm for DAPI, 488/530 nm for FITC-labeled 
dendrimers, and 644/665 nm for MitoTracker. Image 
analysis was performed with the ImageJ software, using 
the JACoP plugin to estimate the Mander’s coefficient 
that indicates the degree of green signal (dendrimers) 
overlapping with the red signal (mitochondria) (M2). 

Cytokine production. HaCaT cells were cultured in 
24-well plate at a density of 2×105 cells/well in 500 μL 
of DMEM medium (24 h, 37°C) to reach confluence 
(Phillips et al., 1995), and treated with dendrimers at non 
cytotoxic 0.1 or 1.0 µM concentrations with or without 
stimulants. The following stimulants were used: E. coli 
LPS strain 0111: B4 in PBS at a final concentration of 
100 ng/ml, PMA diluted in DMSO at a final concentra-
tion of 50 ng/mL, and E. coli GroEL (Hsp60) protein at 
a final concentration of 1 μg/mL. LPS has a strong im-
munogenic effect, stimulating cells involved in the innate 
immune response through the TLR4 receptors (Pålsson-
McDermott & O’Neill, 2004), PMA induces a pro-in-
flammatory response of cells in vitro and is recognized as 
a tumor promoter (Emerit & Cerutti, 1981; Lepe-Zuniga 
& Gery, 1984) and GroEL, a protein belonging to the 
Hsp family, is involved in the pathogenesis of many in-
flammatory reactions of immune cells and keratinocytes 
(van Eden et al., 2003; Marcatili et al., 1997). Solutions 
of dendrimers and the stimulating substances were pre-
pared in a medium with 2% FBS, except for PMA sam-
ples that also contained DMSO (final concentration did 
not exceed 0.1%). The cells were treated for 12 or 24 
h with the respective media (control), dendrimers alone, 
stimulants alone or the dendrimer and stimulant mixture. 
For assays, the cell cultures with medium were disrupted 
by double freeze-thawing cycle at –80°C, lysates were 
collected by centrifugation (10 000 rpm, 5 min, 4°C) and 
kept at –20°C. 

ELISA assay. The total amount (cellular and se-
creted) of IL-1α and TNF-α cytokines were determined 
with human IL-1 α/IL-1F1 DuoSet ELISA kits, Human 
TNF-α DuoSet ELISA and DuoSet Ancillary Reagent 
Kit from R&D Systems, according to the manufactur-
er’s protocol. Shortly: wells were coated with a capture 
antibody, i.e. anti-IL-1α or anti-TNF-α (1:120 in PBS), 
overnight at RT. Cytokine standards were prepared in 
the range of 7.8 – 500 pg/ml for IL-1α, and 15.6 – 1000 
pg/ml for TNF-α. In order to block the non-specific 
signal from the dendrimers containing biotin, a kit for 
blocking endogenous biotin (Endogenous Biotin-Block-
ing Kit, ThermoFisher) was applied. Shortly: to the sam-
ples containing BC-PAMAM, the Streptavidin Reagent 
solution was added (50 μL/well) and incubated (20 min., 
RT). After washing (3×, PBST (0.05% Tween® 20 in 
PBS)), the Biotin Reagent was added (50 μL/well) and 
cells were incubated (20 min., RT). Both cytokine assays 
were performed by addition of the mixture of respective 
biotinylated detection antibodies (Detection Antibody: 
Biotinylated Goat Anti- Human IL-1α or TNF-α) with 
streptavidin-conjugated horseradish peroxidase (Strepta-
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vidin-HRP), according to manufacturer’s protocol. Enzy-
matic reaction was developed with tetramethylbenzidine 
(20 min., RT) and terminated with 50 μL of 2 M H2SO4. 
Absorbance was measured with uQuantTM spectropho-
tometer (BioTek) at 450 nm/540 nm. Total cytokine 
concentrations were calculated from the standard curve 
prepared using the Microsoft Excel software. The results 
are presented as a median of cytokine concentrations of 
six replicates from three independent experiments. The 
sensitivity of the test was 2 pg/ml for IL-1α, and 6 pg/
ml for TNF-α.

Statistical analysis. Statistical analysis was performed 
using non-parametric tests due to the lack of normal dis-
tribution of the data (estimated using the Shapiro-Wilk 
test). In order to compare the effect of dendrimers with 
the untreated control groups, the Kruskal-Wallis test was 
used, while the Mann-Whitney U test was used to as-
sess the significance of differences between the effects 
of PAMAM and BC-PAMAM. The level of significance 
was set at P<0.05. Calculations were performed using 
Statistica 12 software (StatSoft).

RESULTS AND DISCUSSION

Cytotoxicity

Cytotoxicity data for PAMAM and BC-PAMAM in 
the concentration range of 0–100 μM are presented in 
Fig. 1. The low but significant cytotoxicity of bioconju-
gate for HaCaT cells (10–20% of dead cells) was seen 
in both assays at <50 µM concentrations, whereas un-
substituted PAMAM was significantly cytotoxic at 50 µM 
in the NR assay and at 2.5 µM in the XTT assay. The 
observed difference in cytotoxicity of dendrimers meas-
ured with different assays points to various interactions 
of either dendrimer with the HaCaT keratinocytes. NR 
is a weak cationic dye that penetrates the cellular mem-
branes and accumulates intracellularly in the lysosomes 
of viable cells. BC-PAMAM did not disturb the ability 
of HaCaTs for NR uptake into lysosomes even at high 
concentrations (>50 µM) when compared to the native 
PAMAM effect that is significantly stronger at these con-
centrations (Fig. 1). The XTT dye reduction takes place 
on the cell surface due to the transmembrane electron 
transport in which mitochondrial oxidoreductases play a 
crucial role. It has been suggested that the XTT assay 

estimates the pyridine nucleotide redox state in the cells 
and corresponds to metabolic changes (Abhishek et al., 
2018; Berridge et al., 2005). BC-PAMAM was not toxic 
to mitochondria up to 50 μM concentration.

Apoptosis

Induction of apoptosis was detected in cells treated 
for 24 h with PAMAM and BC-PAMAM at 5, 10 and 
50 μM concentration, as measured by the fluorescence 
reader and a confocal microscope using anti-PARP-1 
antibodies (Asp 214) coupled with AlexaFluor 647. The 
results and representative microscopic images are shown 
in Fig. 2. One of the most important catalytic functions 
of the nuclear polymerase-1 poly-ADP-ribose (PARP-1) 
is the process of repairing damaged DNA. This enzyme 
is a substrate for the proteolytic activity of proteases in-
volved in initiation of the apoptotic processes (caspases, 
calpains, cathepsins, granzymes and metalloproteinases). 
Specific products of this activity constitute a marker of 
the early stage of apoptosis, although they do not de-
fine its mechanism (Chaitanya et al., 2010). The small but 
significant increase in PARP-1 expression as an apop-
totic marker induced by PAMAM was already observed 
at a concentration of 5 μM, while BC-PAMAM induced 
apoptotic changes at 10 μM. Signal from the apoptosis 
markers was significantly lower at all concentrations in 
cells treated with bioconjugate, particularly at the high 
50 µM concentration, which reveals a low pro-apoptotic 
effect of BC-PAMAM in HaCaT cells.

Figure 1. Cytotoxicity of PAMAM and BC-PAMAM dendrimers 
for HaCaT cells after 24 h treatment, measured by NR (red lines) 
and XTT (blue lines) tests. 
Median results from three replicates of four independent experi-
ments. Error bars express 25% and 75% quartiles. *Indicate sta-
tistical significance (P<0.05) against control (Kruskal-Wallis test). 
Statistically significant difference between PAMAM and BC-
PAMAM treated cells in both XTT and NR assays (P<0.05, Mann 
Whitney U test).

Figure 2. Apoptosis in HaCaT cells caused by 24 h treatment 
with PAMAM and BC-PAMAM dendrimers. 
Cells were stained with anti-PARP antibodies (Asp 214) coupled to 
AlexaFluor 647 and DAPI dyes. (A) Images from confocal microsco-
py showing expression of the PARP-1 apoptosis marker in HaCaT 
cells. Blue signal, DAPI stained cell nuclei; pink signal, fluorescently 
labeled anti-PARP-1 antibodies. (B) The ratio of the AlexaFluor®647 
to DAPI fluorescence signals is shown as medians. Error bars: bot-
tom (25%) and upper (75%) quartile. *Statistically significant dif-
ference from the untreated control (P<0.05, Kruskal-Wallis test), 
Statistically significant difference between PAMAM and BC-
PAMAM treated cells (P<0.05, Mann Whitney U test).
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Cell migration

In cutaneous wound the healing skin cells migrate into 
the wound to restore the skin integrity. In order to de-
termine the effect of dendrimers on HaCaT cell migra-
tion, a wound healing test was performed (Grada et al., 
2017). After 20 h treatment of the HaCaT cells, both, 
the PAMAM and its bioconjugate had no significant ef-
fect on cell motility up to 5 µM concentration (Fig. 3). 
Significant inhibitory effect was seen at 10 µM of BC-
PAMAM and very high inhibition of cell migration was 

observed with 50 µM PAMAM, which is in good agree-
ment with advanced apoptosis under these conditions 
(Fig. 2). 

Cellular accumulation of PAMAM and BC-PAMAM

Fluorescein isothiocyanate-labeled (FITC) PAMAM 
and BC-PAMAM were used to test the degree of in-
tracellular accumulation of the studied dendrimers. The 
FITC fluorescence signal was measured after 24 h incu-
bation with dendrimers (Fig. 4). Intracellular accumula-
tion of native and conjugated dendrimers at concentra-
tions ranging from 0.05 to 50 µM revealed very similar 
pattern, with minor but significant differences. Up to 
1 μM concentrations of BC-PAMAM, its accumulation 
was significantly higher, whereas at ≥10 µM concentra-
tions more intracellular PAMAM was observed (Fig. 4). 
Mechanisms of biotin uptake in various cells have been 
investigated and it has been revealed that they depend on 
the external biotin concentration; passive diffusion takes 
place at high (>25 µM) biotin concentrations, while two 
biotin transporting systems are involved at biotin con-
centrations below 5 µM. Two carriers transporting biotin 
into cells are the sodium-dependent multivitamin trans-
porter (SMVT) and the proton-dependent monocarboxy-
late transporter 1 (MCT-1) (Daberkow et al., 2003; Grafe 
et al., 2003; Azhar et al., 2015). Valdapudi et al. (2012) 
considered feasibility of developing an SMVT targeted 
drug delivery systems. The results obtained here con-
firmed that HaCaT cells have efficient biotin transport-

Figure 3. Effect of PAMAM and BC-PAMAM dendrimers on mi-
gration of HaCaT cells. 
(A) Phase contrast microscope images were collected after 
scratching (upper rows) and after 20 h treatment with dendrim-
ers (lower rows). (B) The images were analyzed using the ImageJ 
software. Results are presented as a percentage of the closing of 
the scratched surface and expressed as medians with error bars: 
bottom (25%) and upper (75%) quartile. *Significant differences 
against untreated control (P<0.05, Kruskal-Wallis test), Arrows indi-
cate signifficant difference between cells treated with PAMAM and 
BC-PAMAM (P<0.05, Mann Whitney U test).

Figure 4. Intracellular accumulation of FITC-labeled PAMAM and 
BC-PAMAM in HaCaT cells after 24 h. 
Results are medians of relative fluorescence units from three rep-
licates of four independent experiments. Error bars: bottom (25%) 
and upper (75%) quartile. Significant difference between cellular 
PAMAM and BC-PAMAM fluorescence (P<0.05, Mann-Whitney U 
test).

Figure 5. The penetration of FITC labeled PAMAM and BC-PAMAM dendrimers into the cell nuclei of HaCaT cells after 24 h incuba-
tion. 
(A) Images were collected with confocal microscope: Fluorescence of labeled dendrimers (green signal) was recorded at 488/530 nm, and 
DAPI labeled nuclei (blue signal) at 405/461 nm. (B) Results expressed as a percentage of the overlap of labeled dendrimers with cell nu-
clei signals. Values are medians with error bars: bottom (25%) and upper (75%) quartiles. Significant difference between PAMAM and 
BC-PAMAM (P<0.05, Mann-Whitney U test).

https://www.sciencedirect.com/topics/medicine-and-dentistry/skin-cell
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ers delivering the biotin-conjugated dendrimers PAMAM 
G3 into cells at low external biotin concentrations.

Subcellular localization of dendrimers

We have studied the intracellular distribution of biotin 
conjugates by confocal microscopy. The following fea-
tures were noticed:

Nuclei

The degree of penetration of FITC-labeled PAMAM 
and BC-PAMAM dendrimers into cell nuclei was test-
ed after 24 h treatment. Figure 5 shows representative 
images from confocal microscopy and results of image 
analysis. Both dendrimers reveal very limited nuclei 
penetration (below 20% of the nuclei area) at up to 
10 µM concentration. At all tested concentrations, the 
BC-PAMAM penetration remains significantly lower 
than that of PAMAM. At 50 µM concentration, pen-
etration of the nuclei by BC-PAMAM remains low, 
whereas PAMAM reaches 90% area, resulting in its 
high cytotoxic action. 

Colocalization of dendrimers with mitochondria

The degree of colocalization of the dendrimers 
with mitochondria is presented in Fig. 6. Data, ex-
pressed as Mander’s coefficients (mitochondrial sig-
nal overlapping FITC-PAMAM or FITC-BC-PAMAM 
signals), revealed a significantly lower localization of 
BC-PAMAM within the mitochondria when compared 
to the native PAMAM at all investigated dendrimer 
concentrations. This corroborates with the dendrimer 
cytotoxicity estimated with the XTT test evaluating 
mitochondrial metabolism activity. It is clearly vis-
ible at the confocal microscope images, that FITC-
BC-PAMAM signals are concentration-dependent and 
reached M=0.4 at the cytotoxic 50 µM concentration. 
Native FITC-PAMAM penetrates mitochondria to a 
higher degree and reaches M=0.9 at the highest cyto-
toxic concentration. 

Comparison of the XTT cytotoxicity test results and 
intracellular dendrimer penetration allows to conclude 
that in the PAMAM cytotoxicity in HaCaT cells is 
due to a relatively high mitochondrial co-localization 
rather than to the lysosomal damage, and that BC-
PAMAM is much less toxic for mitochondria at the 
corresponding concentrations. Our earlier studies had 
shown similar results concerning low cytotoxicity and 

a rather high mitochondrial localization of dendrimers 
in other types of human skin cell lines – normal BJ fi-
broblasts (BJ) and the squamous cell carcinoma (SCC-
15) (Uram et al., 2013; Uram et al., 2015). Localization 
of PAMAM and BC-PAMAM dendrimers was also in 
agreement with the data obtained by others for biotin 
alone. It has been shown that in the rat liver, the ma-
jority of labeled biotin accumulated in mitochondria 
and cytosol, with a small fraction in the microsomes 
(Petrelli et al., 1979; Zempleni et al., 2009). Nucleus of 
human lymphoid cells contains 0.7–1% of total biotin, 
depending on the cell proliferation state (Stanley et al., 
2001).

Production of proinflammatory  
cytokines IL-1α and TNF-α

The effect of three recognized immune stimulants 
of the human keratinocytes, namely the E. coli LPS 
and GroEL protein (Graham et al., 2004) and the 
chemical substance PMA, on the pro-inflammatory 
cytokine production by HaCaT cells was investigated. 
The final concentrations of stimulants were compa-
rable to those applied by others for primary human 
keratinocytes (LPS 100 ng/ml, GroEL 1 μg/ml and 
PMS 50 ng/ml). The duration of treatment was 12 h. 
PMA was used as a negative control because it was 
recently found that this pro-carcinogenic and pro-in-
flammatory factor does not stimulate the HaCaT cells 
for IL-1α production (Magcwebeba et al., 2012).

HaCaT cells stimulation with LPS caused 50% in-
crease in total IL-1α level, and 70% increase was ob-
served with GroEL, when compared to controls; no 
effect was seen with PMA (Fig 7). Treatment of non-
stimulated HaCaT cells for 12 h with native PAMAM 
or BC-PAMAM at 1 µM non-toxic concentrations in-
dicated a significant inhibition in the total IL-1α pro-
duction, with a smaller but still significant effect of 
the bioconjugate. Low dendrimer concentration (0.1 
µM) did not affect the cytokine level (Fig 7).

Treatment of cells with dendrimers in the presence 
of stimulants induced different responses. In the pres-
ence of LPS, the total level of IL-1α was significantly 
reduced below that of the untreated control by 1 µM 
PAMAM, whereas BC-PAMAM reduced IL-1α to the 
control level at that concentration. In the presence of 
GroEL, a significant reduction in the induced produc-
tion of IL-1α was caused by both types of dendrim-
ers, with a smaller effect of the bioconjugate (35% 

Figure 6. (A) Co-localization of FITC labeled PAMAM or BC-PAMAM dendrimers (green signal) and MitoTracker® Deep Red FM labeled 
mitochondria (red signal) in HaCaT cells after 24 h treatment. The images were collected with confocal microscopy, at 488/530 nm 
for FITC labeled dendrimers, 405/461 nm for DAPI and at 644/665 nm  for mitochondria. (B) Images analyzed using ImageJ program. 
Results presented as Mander’s coefficient, expressing the degree of the dendrimer overlap with the mitochondria signal. Values are me-
dians with error bars: lower (25%) and upper (75%) quartile. Significant difference between PAMAM and BC-PAMAM (P<0.05 Mann-
Whitney U test).
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and 25%, respectively) (Fig. 7). The lack of stimula-
tory effect of PMS on HaCaT cells was studied by 
the others and the mechanism was explained as a 
deficiency that affects downstream signaling of the 
MEK/ERK pathway in these cells (Magcwebeba et al., 
2012; Ridd et al., 2010). Unexpectedly, in the presence 
of PMS, lower concentrations of both types of den-
drimers significantly increased the total IL-1α level, 
whereas PAMAM resulted in a decrease in that cy-
tokine level and BC-PAMAM had no effect at 1µM 
concentrations, when compared to the untreated con-
trol (Fig. 7).

At 1 µM concentrations, both, the PAMAM and 
BC-PAMAM dendrimers clearly confirmed their anti-
inflammatory action against production of IL-1α cy-
tokine by HaCaT keratinocytes stimulated by LPS or 
GroEL. Immunosuppressive and anti-inflammatory 
properties of various types of dendrimers have been 
characterized (Ilinskaya & Dobrovolskaia, 2014). 
However, comparative studies of the IL-1α expres-
sion, a basic keratinocyte proinflammatory cytokine 
(Phillips et al., 1995; Feldmeyer et al., 2010), in nor-
mal human epidermal keratinocytes (NHK), spon-
taneously immortalized HaCaT and transformed by 

Figure 7. Effect of non-toxic PAMAM and BC-PAMAM concentrations on IL-1α production by HaCaT cells after 12 h treatment. 
Cells were treated with dendrimers (0.1 and 1 μM) with and without stimulants: (A) LPS (100 ng/ml), (B) PMA (50 ng/ml) and (C) GroEL 
(1 μg/ml). Results are expressed as medians with error bars: bottom (25%) and upper (75%) quartile. *Significant difference between  
unstimulated/stimulated control and dendrimer treated (P<0.05, Kruskal-Wallis test), arrows: significant difference between cells treated 
with PAMAM and BC-PAMAM (P<0.05, Mann-Whitney U test). Significant difference between unstimulated and stimulated cells (P<0.05, 
Mann-Whitney U test).
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human papillomavirus (HPV) EK 16 and EK18 lines 
of keratinocytes revealed that they reacted different-
ly after UVB-irradiation and/or treatment with CsA 
(Marionnet et al., 1997). Similarly, Pastore and others 
(Pastore et al., 2011) had documented that NHK and 
HaCaT responded by different chemokine production 
under treatment with plant polyphenols at the consti-
tutive, UVA-, LPS-, or TNF-α-induced inflammatory 
responses. Also, Liu and others (Liu et al., 2012) de-
scribed a different response of both types of keratino-
cytes to oxidative stress. On the other hand, studies 
by Colombo and others (Colombo et al., 2017) and 
others (Stein et al., 1997; Magcwebeba et al., 2012) had 
documented that HaCaT cells can be applied as a reli-
able model for in vitro inflammation studies and repair 
processes under optimal, controlled conditions. That 
includes specificity of the stimulating agent: UV light, 
allergens or irritants (Kim et al., 2012, Hoffman et al., 
2013), carbon nanomaterials (Pelin et al., 2017), pal-
mitic acid (Zhou et al., 2013), as well as cell density 
confluence/non-confluence (Shabo et al., 2001), and 
low/high calcium ion concentrations (Savignan et al., 
2004; Borowiec et al., 2013).

The study of the effect of PAMAM and BC-
PAMAM dendrimers on TNF-α production did not 
show any significant effects (results not shown). Un-
stimulated cells did not produce TNF-α and none of 
the tested stimulants increased that cytokine’s produc-
tion by HaCaT cells. All of the obtained results were 
below the threshold of the test’s sensitivity (6 pg/ml). 
Primary keratinocytes are known to produce TNF-α 
in response to UV radiation, LPS (Köck et al., 1990; 
Bashir et al., 2009) or bacterial and fungal stimulation 
(Oizumi et al., 2014; Nakamura et al., 2002). Cheng et 
al. (2008) estimated the level of TNF-α produced by 
HaCaT cells as <1 pg/ml, and after stimulation with 
LPS for 48 h as < 3pg/ ml. A significant production 
of TNF-α by HaCaT cells was described after stimula-
tion by IFN-γ (Zampetti et al., 2009) and by palmitic 
acid (Zhou et al., 2013). Recently, Udommethaporn 
et al. (2016) described a doxycycline-inducible TNF-α 
expression system in HaCaT keratinocytes in vitro. The 
lack of response observed in our experiments may be 
due to the observation that biotin deficiency up-regu-
lates TNF-α production at the transcriptional level in 
a mouse in vivo model and in a murine macrophage-
like cell line, J774.1, and that biotin excess may down-
regulate TNF-α production (Kuroishi et al., 2008). 
Supplementation of biotinylated dendrimers may in-
duce that effect. 

IN SUMMARY

Functionalization of the PAMAM G3 dendrimer 
with amide-linked 9 biotin molecules and aldimine-
linked 10 molecules of pyridoxal phosphate (BC-
PAMAM) had significantly decreased its cytotoxicity 
to 50 µM concentration as tested by two viability as-
says (NR and XTT) in the HaCaT keratinocytes, when 
compared to the non-substituted dendrimer PAMAM 
G3. BC-PAMAM accumulates in HaCaT cells with 
high efficiency in a concentration–dependent manner, 
however, its mitochondrial localization is substantial-
ly lower than native PAMAM, which correlates with 
their cytotoxicity. Also, active apoptosis was kept at a 
low level at up to 50 µM concentration of the conju-
gate. The only undesirable, but significantly inhibitory 
effect on cell mobility was observed at 10 µM BC-

PAMAM. However, the important anti-inflammatory 
action of BC-PAMAM was clearly documented by 
evaluation of the decreased production of total IL-1α 
in bacterial antigen (LPS and GroEL) unstimulated 
and stimulated cells. Thus, BC-PAMAM was demon-
strated as a potential carrier for safe delivery of vita-
mins into the epidermis. 
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