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a b s t r a c t

Using nanoparticle-based drug delivery systems as enhancers is a robust strategy for transdermal deliv-

ery; however, the mechanisms by which these systems promote transdermal penetration are still unclear.

Here, we fabricated a dual-labeled nano drug delivery system that allows discrete visualization of both

the drug and the nanoparticle carrier. To comprehensively examine its potential mechanism, we inves-

tigated its effects on human epidermal keratinocyte HaCaT cells, including changes in cell membrane

potential, intracellular Ca2+ concentration, and Ca2+-ATPase activity. P-glycoprotein (P-gp) expression in

nanoparticle-treated human dermal microvascular endothelial cells was detected by western blotting and

immunofluorescence. Furthermore, the transdermal absorption and biodistribution of the dual-labeled

nanoparticles were deeply investigated by skin permeability study in vitro and in vivo using fluorescence

microscopy and in vivo imaging, respectively. In addition to reducing membrane potential, increasing the

intracellular Ca2+ concentration, and decreasing Ca2+-ATPase activity, our results indicate that the dual-

labeled nanoparticles can downregulate P-gp to promote transdermal absorption. Fluorescence and in vivo

imaging visually demonstrated that the nanoparticle delivery system penetrated into the dermis through

the stratum corneum. All these results indicate that this dual-labeled nano delivery system provides a

new method for future in-depth visual explorations of transdermal drug delivery mechanisms.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

A dual-labeled nanoparticle drug delivery system was de-

veloped for topical drug delivery by nanoparticle-triggered P-

glycoprotein (P-gp) silencing, which can simultaneously track a

drug and its carrier to systematically and vividly observe the trans-

dermal process.

Polymer nanoparticles are the most advanced drug delivery sys-

tem developed and have received increasing attention over the

past few decades [1,2]. With a small size, targeted effect, and

functional surface, it can efficiently increase drug stability, en-

hance therapeutic effect and decrease toxic side effects [3]. In

recent years, polymer nanoparticles were gradually used as per-

cutaneous permeation enhancers, opening a new delivery avenue

for drugs [4,5]. Compared with simple chemical transdermal en-

hancers, polymeric nanoparticles have been widely reported it has

more significant permeation effects, less skin irritation or toxicity
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[6–8]. Generally, chemical enhancers play their roles through rear-

ranging the lipids barrier, protein distribution, or dense structure

of keratinocytes [9]. While the specific mechanism of polymeric

nanoparticles that promoting drug penetration into human skin is

still unknown.

Current chemical transdermal enhancers mainly include ter-

penes, azone, volatile oils, glycols, and ethanol, etc. Their mecha-

nistic investigations have mainly focused on topical effects on stra-

tum corneum cells [10]. These enhancers could regulate the surface

potential, Ca2+, and Ca2+-ATPase concentration of keratinocytes to

reduce skin resistance and increase transdermal delivery content

of the drug [11–14]. However, whether nanoparticle enhancers play

the same role in stratum corneum cells remains unclear. In addi-

tion, along with the keratinocyte layer, dermal cells are also an un-

avoidable conduit for drug delivery into the blood circulation [15].

Therefore, the effects of nanoparticles on dermal cells also can-

not be ignored. P-gp, a product of the multidrug resistance 1 gene

(MDR-1), is a well-known multidrug efflux pump that mainly func-

tions in excreting extraneous substances from cells [16], and when

highly expressed, enhances the multidrug resistance of tumor cells
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Scheme 1. The transcutaneous process and its mechanism of the nanoparticle drug delivery system.

[17,18]. In recent years, the effects of P-gp on cutaneous absorption

have piqued the interest of many researchers. It has been widely

reported that P-gp could be involved in the transdermal penetra-

tion and distribution of various drugs. Hashimoto et al. found that

P-gp expression in the skin contributed to the transdermal ab-

sorption of some corticosteroids in vivo [19,20]. Giacone et al. re-

ported that a P-gp inhibitor-loaded nanoemulsion reduced the der-

mal penetration of the antitumor drug paclitaxel [21]. Fujita et al.

found that P-gp is expressed at low levels in keratinocytes and fi-

broblasts, but is highly expressed in skin microvascular endothelial

cells [22]. However, whether nanoparticle carriers can regulate der-

mal P-gp expression to influence the cutaneous effects is not fully

understood. Therefore, we used human dermal microvascular en-

dothelial cells (HDMECs) to explore the influence of a nanoparticle

enhancer on P-gp expression.

Except for the interactions of polymeric nanoparticles with spe-

cific cells or proteins, the complex skin penetration process is also

an urgent challenge. Thus, developing a novel strategy for mech-

anism investigation involved in the penetration process would be

contributed to transdermal and topical drug delivery. The current

majority of studies have tracked drug delivery unilaterally by re-

placing the model drug with fluorescent dyes like coumarin 6, rho-

damine B (RhB), fluorescein isothiocyanate (FITC), without simulta-

neously tracking the nanocarriers [23–25]. These delivery systems

were unable to determine whether the drug enters the body alone

or with the carrier during the delivery process, or when and where

the nanoparticle drug delivery system disintegrated. Therefore, we

aimed to design a dual-labeled fluorescent nano-drug delivery sys-

tem that would enable visual monitoring of both the drug and the

carrier material. Depending on the different excitation wavelengths

design, the status of the nanoparticle drug delivery system can be

visually presented during transcutaneous drug delivery.

Herein, we developed a dual-labeled nanoparticle drug deliv-

ery system that can simultaneously track a drug and its carrier

and used fluorescence imaging to systematically and vividly ob-

serve the transdermal process. In our previous works, a novel 2-

hydroxypropyl-β-cyclodextrin (HP-β-CD)-polyethyleneimine (PEI)

cationic nanoparticle has been synthesized [26,27]. In this work,

we constructed a dual labeled visual tracer system by using HP-

β-CD-PEI grafted with RhB as a nanoparticle carrier, and sodium

fluorescein (NaFl) as a model drug. The different excitation and

emission wavelengths of RhB and NaFl allow visualization of both

components during transdermal drug delivery (Scheme 1). Further-

more, we also examined the surface potential, Ca2+ concentration,

and Ca2+-ATPase activity of HaCaT cells treated with the nanopar-

ticles. To study the effects of the dual-labeled nano-drug delivery

system on P-gp expression in HDMECs, P-gp mRNA was detected

by quantitative real-time polymerase chain reaction (qPCR), and P-

gp protein was detected by western blotting. In addition, to com-

prehensively analyze the mechanism of transdermal drug delivery,

in vitro and in vivo skin permeability was conducted on Sprague

Dawley rats using fluorescence microscopic imaging and the small

animal live imaging system (IVIS), respectively. This new analytical

method of observing transcutaneous drug delivery could provide

novel strategies to enhance skin penetration and accelerate the de-

velopment of transdermal drug delivery systems.

The HP-β-CD-PEI was prepared as previously described. The PEI

was grafted with HP-β-CD through the CDI-mediated coupling re-

action. Then the RhB was crosslinked with HP-β-CD-PEI by amide

reaction to yield HP-β-CD-PEI-RhB. In presence of strong electro-

static interaction, NaFl and HP-β-CD-PEI-RhB self-assembled into

the nanoparticle delivery system. In Figs. 1A and B, it could be ob-

served that the delivery system had a quite small size, spherical

appearance, and smooth surface. Its hydrodynamic size was about

10 nm, which was consistent with the results of TEM (Fig. 1C).

Meanwhile, as we expected, its corresponding zeta potential value

was approximately 15 mV (Fig. 1D). It suggested that the nega-

tively charged NaFl was successfully encapsulated in positive HP-

β-CD-PEI-RhB nanoparticles.

The successful formation of the nanoparticle delivery system

was also confirmed by X-ray diffraction (XRD). As presented in

Fig. 1E, XRD patterns of the HP-β-CD-PEI nanoparticle, NaFl, HP-

β-CD-PEI/NaFl mixture, and NaFl-loaded nanoparticles are deter-

mined from 2θ = 10° to 100° HP-β-CD-PEI-RhB nanoparticles have

a broad peak at 2θ angles of 15–25° which attributed to the amor-

phous character of the HP-β-CD molecular. Multiple sharp peaks

at 2θ = 15–55° represented the crystal structure of NaFl. These

peaks could be observed in HP-β-CD-PEI-RhB/NaFl physical mix-

ture state, while they disappeared in self-assembled HP-β-CD-PEI-

RhB/NaFl nanoparticle delivery system. It indicated that NaFl was
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Fig. 1. The characterization and in vitro drug release of nanoparticle delivery system. (A) The transmission electron microscopy (TEM) image of nanoparticles, scale bar:

50 nm. (B) The TEM image of nanoparticles, scale bar: 10 nm. The dynamic light scattering (DLS) size (C) and zeta potential (D) of nanoparticle drug delivery system. (E)

X-ray powder diffraction pattern of HP-β-CD-PEI nanoparticle, NaFl, HP-β-CD-PEI and NaFl mixture, NaFl-loaded nanoparticle, respectively. (F) In vitro release behavior of

NaFl from nanoparticles. Data are presented as mean ± SEM (n = 3).

homogeneously incorporated into the HP-β-CD-PEI-RhB nanoparti-

cles under strong electrostatic interaction.

The encapsulation and release behavior of the HP-β-CD-PEI-

RhB/NaFl nanoparticle delivery system was investigated and quan-

tified by ultraviolet-visible (UV–vis) spectroscopy analysis. The

drug loading content of the nanoparticles was 36.9% and their en-

capsulation efficiency was 12.3%. Meanwhile, the in vitro cumula-

tive release profile of NaFl from nanoparticles was measured in PBS

(pH 7.4, 37 °C). Fig. 1F showed that NaFl solution without nanopar-

ticles exhibited burst release of approximately 40% in early, and re-

lease account was close to 100% at 24 h. While NaFl encapsulated

in the nanoparticles displayed a dual-kinetic release curve. It had

a burst release initially and later followed by slow sustained re-

lease. This result was attributed to the high solubility of nanopar-

ticles in release media and the NaFl deposited near to the surface

of nanoparticles [28]. The NaFl near to the surface solved quickly

resulting in an initial burst release. In contrast, the drug NaFl en-

trapped in the core of nanoparticles showed sustained release due

to the long diffuse pathway and the hydrophobic cavity of the HP-

β-CD shell [29]. The hydrophobic structure present on the sur-

face could slow down the penetration of solution media to mod-

ulate release speed [30]. Therefore, the nanoparticle could stably

and sustained release the drug NaFl over a relatively long period,

which could greatly decrease toxicity from the burst release and

prolonged the therapeutic time [31,32].

As we know, the stratum corneum was the major barrier for

transdermal penetration. Only when crossing through the stra-

tum corneum and significantly accumulating in the dermal layer,

nanoparticles could effectively deliver the drug to blood circula-

tion and therapy diseases [33]. In order to check the penetra-

tion efficiency of nanoparticle drug delivery system, In vitro per-

meation study was investigated using Franz diffusion cells. When

the isolated skins were treated with normal saline (NS; control),

PEI, HP-β-CD and HP-β-CD-PEI-RhB nanoparticle for 48 h, the cu-

mulative penetration amount of NaFl was determined at predeter-

mined time points. All animal experimental procedures were con-

ducted in conformity with protocols approved by the Ethical Com-

mittee of Xi’an Jiaotong University (permit No. XJTU 2019–003).

As presented in Fig. 2A, the cumulative release amount of NaFl

from HP-β-CD-PEI-RhB nanoparticle increased steadily with time.

After 48 h, the cumulative release amount of NaFl from HP-β-

CD-PEI-RhB nanoparticles was 34-fold that from NS (P < 0.001).
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Fig. 2. In vitro and vivo permeation assay. (A) In vitro cumulative transcutaneous permeation profiles of the drug through the excised rat skins. Data expressed as mean ±
SD (n = 5). The cumulative amount of nanoparticles in the epidermis (B) and dermis (C) treated with normal saline (NS), PEI, HP-β-CD, and nanoparticles after 3, 6, 9, 12,

24, and 48 h, respectively (n = 6). (D) In vitro fluorescent images of skin after treated with nanoparticles for 2 h and 4 h, respectively (green stand for the drug NaFl, red

stand for nanoparticles). Scale bar: 100 μm. (E) In vivo fluorescence images at 24 h and 48 h. After treated with the PEI, HP-β-CD, and nanoparticles (40 mg/mL per rat)

for 24 h and 48 h by transdermal administration, the rats were anesthetized for in vivo imaging. Then, they were euthanized, and their muscles and all kinds of organs like

heart, liver, spleen, lung, and kidney were excised for ex vivo imaging. In both cases, the excitation wavelength was 540 nm, with emission at 625 nm. Data are presented

as mean ± SEM (n = 6). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0001.

Conversely, in the PEI and HP-β-CD samples, the amount of NaFl

slightly increased after 48 h of treatment. It suggested that the

HP-β-CD-PEI-RhB nanoparticles had excellent penetration enhanc-

ing effects.

To further quantitively observe the distribution of nanoparticles

in the epidermis and dermis layer, in vivo skin permeation assays

were performed on Sprague Dawley rats [26]. The obtained dis-

tribution results were consistent with in vitro permeation study

(Figs. 2B and C). The cumulative drug content penetrating the der-

mis was 25-fold higher with HP-β-CD-PEI-RhB nanoparticles than

NS at 48 h (P < 0.001). Similarly, in the epidermis, we got an alike

result that the penetration amount of NS, PEI, and HP-β-CD was

significantly lower than nanoparticles. These results confirmed that

HP-β-CD-PEI-RhB nanoparticles had high transcutaneous penetra-

tion effects for the hydrophilic NaFl and it could effectively tra-

verse the intact epidermis and penetrate the dermis. This good

performance could be due to its small size, large specific surface

areas, and high density of superficial positive charges [34,35]. As

mentioned above, the HP-β-CD-PEI-RhB nanoparticle delivery sys-

tem had a mean size of ~10 nm, which could efficiently enhance

cellular uptake. Besides, strong electrostatic interactions between

the nanoparticles and cells could improve cytomembrane adher-

ence and induce fluidity in the lipid bilayer [36,37]. It could greatly

decrease the compact structure of the stratum corneum, further

contributing to transcutaneous penetration.

To visually observe and evaluate the dynamic transdermal pro-

cess of the nanoparticles, the real-time penetration through skin of

HP-β-CD-PEI-RhB nanoparticles delivery system at different time

intervals was recorded using a fluorescence microscope (Olympus

CX41, Olympus Corporation, Japan). As presented in Fig. 2D, af-

ter the excised skins were treated with HP-β-CD-PEI-RhB nanopar-

ticles delivery system for 2 h, strong fluorescence was observed

around the pores, indicating that the nanoparticles had traversed

the epidermis and penetrated the dermis [38]. At 4 h, the fibers

and connective tissue demonstrated obvious fluorescence, indicat-

ing penetration of the subcutaneous tissue. Merging the fluores-
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cent images allowed direct comparison of the drug (green) and

nanoparticle carrier (red). At 2 h, the complete overlap was ob-

served, demonstrating that most of the drug-loaded nanoparticles

remain intact in the epidermis and dermis. At 4 h, only the partial

overlap was observed that indicates partial disintegration of the

nanoparticle drug delivery system during the transdermal process.

Until 24 h, we found that stronger red fluorescence appeared and

green fluorescence intensity decreased. At 48 h, a few overlap ar-

eas could be found and red fluorescence significantly strengthened

(Figs. S1 and S2 in Supporting information). This may be due to

the drug NaFl was released from the carrier and absorbed, result-

ing in the green fluorescence decreased. The nanoparticle carriers

appearing in red intend to accumulate in the dermis, which further

strengthened red fluorescence intensity [39].

In vivo fluorescence images were obtained from depilated

Sprague Dawley rats. Specific skin regions were treated with PEI,

HP-β-CD, and HP-β-CD-PEI-RhB/NaFl nanoparticle delivery system

for 24 and 48 h, respectively. The fluorescent distribution of the

drug was determined using an in vivo imaging system of IVIS Lu-

mina Series III (PerkinElmer, USA). Regions transdermally adminis-

tered PEI and HP-β-CD group at 24 h (Fig. 2E) were easily observed

that the fluorescence barely diffused, where a small range of flu-

orescent distribution and the low depth of penetration was pre-

sented. In contrast, with nanoparticle administration, the fluores-

cence was distributed throughout most of the body. The range was

mainly focused on the abdominal cavity and backside. That is due

to non-specific accumulation and clearance of the nanoparticles in

the livers and kidneys, which had been widely reported [40,41].

This was also confirmed by the observation of strong fluorescence

intensity in excised livers and kidneys. At 48 h, the distribution

areas and fluorescence intensities in the PEI, HP-β-CD slightly in-

creased. The strong fluorescence still focused on the administra-

tion region with little diffusion, however, the HP-β-CD-PEI-RhB

nanoparticle exhibited a wide area of penetration, and the fluo-

rescence in the administration region significantly diffused around.

Finally, only weak blue fluorescent could be observed in the skin

region treated. These results demonstrate that the HP-β-CD-PEI-

RhB/NaFl nanoparticle delivery system acts as a transcutaneous en-

hancer, with excellent skin permeation ability and systemic distri-

bution.

To further examine nanoparticle accumulation in the body, sec-

tions from different organs (heart, liver, spleen, lung, and kidney)

and muscles were observed and quantified using a fluorescence

microscope. As presented in Figs. S3 and S4 (Supporting informa-

tion), the liver and kidney exhibited significant fluorescence sig-

nals. This result is in accordance with fluorescent images of IVIS,

which indicates that the nanoparticles intend to accumulate in the

liver and kidney. Besides, at 48 h, the fluorescence was obviously

weakened in the main organs than at 24 h. This suggests that

the nanoparticles are mainly metabolized by the liver and spleen.

These significant accumulations of different organs also indicate

that the HP-β-CD-PEI-RhB/NaFl nanoparticle delivery system can

efficiently traverse the skin and delivery drugs to blood circulation.

Compared with the Draize skin irritancy test, the red pigment

analysis method can be used to quantify stimulus responses and

avoid the subjective influences of individuals during visual obser-

vation. Therefore, we used a skin pigmentation analyzer (SPA 99,

Courage + Khazakaelectronic GmbH, Cologne, Germany) to mea-

sure skin irritation in vivo after the application of HP-β-CD, PEI,

and HP-β-CD-PEI-RhB nanoparticles on the skin of rabbits. Accord-

ing to the technical guidelines for chemical drug irritation, irritabil-

ity, and hemolytic activity, rabbits were used as an animal model

for skin irritation tests, and 10% (w/v) sodium dodecyl sulfate (SDS)

was used as a positive control. After applying SDS and HP-β-CD-

PEI-RhB nanoparticles to the rabbit skin, the red pigment index in-

creased significantly (Fig. S5 in Supporting information), indicating

that the skin has a strong responsibility to chemical irritants. The

red pigment index was highest after SDS treatment and did not de-

crease during the course of the experiment, indicating irreversible

damage to the skin. In contrast, after HP-β-CD-PEI-RhB nanoparti-

cles treatment, changes in red pigmentation were not significantly

different with NS and had completely recovered after 24 h. This

demonstrates that the nanoparticle causes minimal and reversible

skin irritation, and the biosafety of this enhancer in the application

of transdermal drug delivery system was better revealed.

Although it has been confirmed that HP-β-CD-PEI-RhB/NaFl

nanoparticle delivery system has excellent transdermal penetra-

tion effects, its internal mechanism is still unclear. As we all know,

transdermal effects are significantly associated with the membrane

potential of keratinocytes, and large membrane potential changes

can lead to structural changes in the membrane and intercellular

space [42]. He et al. reported that the cationic N-trimethyl chi-

tosan greatly enhanced transdermal penetration by decreasing the

membrane potential of HaCaT cells [11]. To investigate whether the

HP-β-CD-PEI-RhB/NaFl nanoparticle delivery system could affect

membrane potential, we measured the membrane potential of Ha-

CaT cells using a bis-(1,3-dibutyl barbituric acid)-trimethine oxonol

(DiBAC4(3)) fluorescent probe. As an anionic dye, DiBAC4(3) easily

enters depolarized cells, while in polarized cells, repulsive interac-

tions hinder its entry [43]. Compared to NS, the fluorescence inten-

sity of HP-β-CD-PEI-RhB/NaFl nanoparticles significantly strength-

ened (Figs. 3A and B), while the intensity of HP-β-CD was low-

est. As a stronger DiBAC4(3) intensity indicates a lower mem-

brane potential, this suggests that HP-β-CD-PEI-RhB/NaFl nanopar-

ticle delivery system could greatly decrease the membrane poten-

tial of HaCaT cells to increase transdermal effects. Interestingly, PEI

and HP-β-CD-PEI-RhB nanoparticle both caused decreases in mem-

brane potential, while HP-β-CD did not. Consistent with our pre-

vious work [26], this suggests that the effects of the nanoparticle

can be mainly attributed to PEI, whose cationic nature induces cell

membrane depolarization and greatly improves membrane perme-

ability.

The intracellular Ca2+concentration is significantly associated

with membrane potential and fluidity [44,45]. Increased Ca2+ can

disturb intercellular tight junction distribution and increase bar-

rier function recovery time after skin disruption [46]. After HP-

β-CD-PEI-RhB nanoparticle treatment, HaCaT cells were labeled

with the fluorescent probe Fluo3-AM to determine the intracellular

Ca2+concentration. The fluorescence intensities of the control and

HP-β-CD samples were quite low, while they were much higher in

the HP-β-CD-PEI-RhB nanoparticle and PEI samples (Figs. 3C and

D). Membrane potential depolarization can induce the influx of

Ca2+, and the increased intracellular Ca2+concentration can further

decrease the membrane potential [47]. Therefore, this result was

consistent with a decrease in membrane potential. It also indicates

that the HP-β-CD-PEI-RhB nanoparticle can increase the intracellu-

lar Ca2+ concentration, which can greatly enhance membrane per-

meability and hinder the barrier function of the skin.

Ca2+-ATPase activity can decrease the intracellular

Ca2+concentration by promoting Ca2+ efflux, and inhibit-

ing this activity could indirectly increase the intracellular

Ca2+concentration [10]. Therefore, Ca2+-ATPase activity was

detected using a proprietary kit. Fig. 3E showed that HP-β-CD-PEI-

RhB decreased enzyme activity dramatically, by almost a quarter of

the activity observed with NS. This suggests that the nanoparticles

can decrease Ca2+-ATPase activity, thereby increasing the intracel-

lular Ca2+ concentration, which was in accordance with the result

of the fluorescent probe Fluo3-AM. Elevated Ca2+ concentrations in

human keratinocytes can loosen intercellular spaces and increase

skin permeability, increasing the transdermal penetration of drugs

[42]. Thus, we conclude that HP-β-CD-PEI-RhB nanoparticles can

reduce the membrane potential by decreasing Ca2+-ATPase activity
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Fig. 3. HaCaT cell membrane potential treated with NS, HP-β-CD, PEI and nanoparticles. (A) The spectrum of HaCaT membrane potential using flow cytometer (n = 3). (B)

Fluorescence intensity of HaCaT membrane potential (n = 3). (C) The spectrum of Ca2+ concentration using flow cytometer. (D) Fluorescence intensity of intracellular Ca2+

(n = 3). (E) The Ca2+-ATP enzyme activity of HaCaT cells (n = 3). (F) The value of TEWL of the skin (n = 5). Data are presented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001 and ∗∗∗∗P < 0.0001.

and inducing an increased intracellular Ca2+ concentration, which

is greatly contributed to transdermal drug delivery.

Transepidermal water loss (TEWL) is a crucial parameter used

to demonstrate epidermal permeability, as it is significantly in-

versely correlated with the barrier function of keratinocytes [48].

The approved penetration enhancer Azone greatly improves skin

permeability by increasing TEWL, which may be associated with

Ca2+ influx [49,50]. TEWL was significantly higher with HP-β-CD-

PEI-RhB nanoparticles than with NS and was slightly increased

with HP-β-CD and PEI (Fig. 3F). The low value in the control

demonstrates an intact epidermis that functioned as a permeabil-

ity barrier. The value with HP-β-CD-PEI-RhB nanoparticle was ap-

proximately twice as high as with NS, indicating disruption of the

barrier function of the keratinocyte layer. This may also be related

to the Ca2+ influx induced by the nanoparticles.

Based on the above results, we conclude that nanoparticle-

induced Ca2+ influx increases the intracellular Ca2+ concentration,

which can reduce the barrier function of the skin. An imbalance

in Ca2+ could greatly change the membrane potential, disturbing

the arrangement of lipids and cells in the keratinocyte layer and

improving the fluidity of the membrane and intracellular spaces,

which could greatly increase transdermal drug delivery.

It has been reported that P-gp expresses highly in skin mi-

crovascular endothelial cells. To determine whether HP-β-CD-PEI-

RhB nanoparticle could modulate dermal P-gp expression, P-gp

protein and mRNA expression in HDMECs were performed by us-

ing western blotting and qPCR, respectively. Compared to the con-

trol, P-gp expression levels have a significant decrease after HP-β-

CD-PEI-RhB treatment (Figs. 4A and B). Consistently, P-gp mRNA

expression after HP-β-CD-PEI nanoparticle treatment was signifi-

cantly lower than in the control (Fig. 4C). HP-β-CD and PEI also re-

sulted in decreasing of P-gp expression. These results suggest that

the nanoparticles can efficiently decrease P-gp expression of HD-

MEC cells. This would decrease the drug efflux capability of P-gp,

enhancing transdermal absorption.

Next, immunofluorescence staining of P-gp in HDMEC cells was

also performed to confirm this result. Verapamil, a well-known P-

gp inhibitor [51], was used as a positive control that could reduce

the P-gp expression. After co-incubation with HDMEC cells for

48 h, the verapamil group has the weakest fluorescent intensity,

suggesting a strong inhibitory effect on P-gp expression. Likewise,

the P-gp expression of the nanoparticle showing in green also sig-

nificantly decreased (Fig. 4D). The results are consistent with the

western blotting and qRT-PCR, indicating that the nanoparticles ef-

fectively inhibit P-gp expression. Nanoparticles have been reported

to overwhelm multidrug resistance to some extent [52]. Positively

charged nanoparticles adhere strongly to the negatively charged

cell membrane, resulting in accumulation on the cell membrane,

which can improve drug penetration into cells.

In this study, dual-labeled nanoparticle drug delivery system

that could systematically and vividly probe the transdermal pro-

cess was conducted. Adopting fluorescence and in vivo imaging, it

visually demonstrated that the nanoparticle delivery system could

cross through the stratum corneum and accumulated in the der-

mis. To better understand the mechanism of percutaneous absorp-

tion, the surface effect of keratinocyte membrane including the
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Fig. 4. P-gp expression of HDMEC cells treated with NS, HP-β-CD, PEI, and nanoparticles. (A) Western blot analysis of P-gp expression in HDMEC cells. Verapamil was a

positive control (n = 3). (B) Quantification analysis of the expression levels of P-gp in HDMEC (n = 3). (C) MDR-1 mRNA expression levels of HDMEC cells were analyzed by

qRT-PCR (n = 9). (D) Immunofluorescent images of P-gp expression (n = 3). Cellular nuclei were stained with DAPI (blue). P-gp protein was stained with FITC, appearing in

green. Scales bar: 100 μm. Data are presented as mean ± SEM, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0001.

membrane potential, Ca2+ concentration and Ca2+-ATP enzyme ac-

tivity were detected, respectively. Herein, we found that the drug

delivery system could effectively increase the intracellular concen-

tration of Ca2+, decrease the membrane potential and reversibly

regulate TWEL. Besides, the mechanism of P-gp in the skin was

also discussed on the level of cellular and molecular biology, con-

taining its relative MDR-1 gene level and protein expression. These

results suggest that P-gp expression level is the main factor for

transdermal delivery of nanoparticles and by inhabiting the P-gp

expression level, and the transdermal effects can be significantly

increased. Our work sheds light on the impact of the visualized

nanoparticle drug delivery. Simultaneously, we comprehensively

and thoroughly discuss the mechanism of the new kind of trans-

dermal drug delivery enhancer in vitro and in vivo. Basing on the

new analytical method for transcutaneous drug delivery, we could

deeply learn how to enhance the effect of skin penetration and ac-

celerate the development of TDDS.
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