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Abstract

The study was aimed at investigating localized topical drug delivery to the breast

via mammary papilla (nipple). 5-fluorouracil (5-FU) and estradiol (EST) were used

as model hydrophilic and hydrophobic compounds respectively. Porcine and

human nipple were used for in-vitro penetration studies. The removal of keratin plug

enhanced the drug transport through the nipple. The drug penetration was

significantly higher through the nipple compared to breast skin. The drug’s

lipophilicity had a significant influence on drug penetration through nipple. The

ducts in the nipple served as a major transport pathway to the underlying breast

tissue. Results showed that porcine nipple could be a potential model for human

nipple. The topical application of 5-FU on the rat nipple resulted in high drug

concentration in the breast and minimal drug levels in plasma and other organs.

Overall, the findings from this study demonstrate the feasibility of localized drug

delivery to the breast through nipple.

Introduction

Breast cancer is the second leading cause of cancer related deaths in women [1].

Majority of breast cancers originate from the epithelial cells lining the milk ducts

[2]. Although, most breast cancers are localized to the breast, some can progress

to invasive, metastatic breast cancer [2]. Ductal carcinoma in-situ (DCIS) is a

common breast cancer in women, where localized therapy can be most beneficial.

Further, localized therapy can be an adjuvant to other systemic therapies in breast

cancer. The current treatment options for breast cancer include mastectomy,

breast conserving surgery (lumpectomy), radiation therapy, hormone therapy,

chemotherapy and biological therapy [2, 3]. However, these treatments are

associated with short-term and long-term side effects including cardiac

complications, risk of second cancers, anemia, peripheral neuropathy, myelo-
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suppression, thromboembolism and psychological distress [4–6]. Hence, there is a

strong need to develop safe therapeutic approaches for breast cancer.

With the recent developments in ductoscopy, there has been interest in

developing localized therapeutic approaches for breast cancer [7]. The intraductal

injection of anti-cancer drugs has been reported to show better efficacy than

intravenous (i.v.) injection in animals [7–9]. Further, in breast cancer patients, the

intraductal injection showed higher drug levels in the breast and lower drug levels

in the blood [8]. However, the intraductal injection is an invasive procedure that

requires significant expertise and skill to identify a single duct for injection of

anti-cancer agents. On the other hand, the topical application of anti-cancer

agents on the breast skin has also been explored as a localized therapeutic

approach [10–13]. However, the poor skin permeability results in limited drug

concentration in deeper breast tissue [10–13]. To this end, the unique anatomy of

the mammary papilla (nipple) provides a potential route for direct drug delivery

to the underlying breast tissue. The multiple duct openings on the surface of the

nipple directly extend into the terminal duct lobular units of the breast [14].

Furthermore the nipple-areola complex has a thinner epidermis compared to the

skin [15]. The nipple-areola complex also has abundant appendages including

apocrine, sebaceous and eccrine sweat glands, all of which can serve as potential

transport pathways to the underlying breast tissue [16, 17]. Recently, Lee et al

demonstrated the in-vitro delivery of delivery of anti-cancer compounds through

porcine nipple [18]. However, the factors that influence drug transport through

the nipple is yet to be established. To this end, the objective of this study was to

investigate the influence of lipophilicity on molecular transport through the

nipple. The second goal was to compare the in-vitro drug permeability between

skin and nipple in human and porcine breast tissue. Finally, the goal was to test if

localized topical drug delivery can be achieved in-vivo in rats.

Materials and Methods

Ethics Statement

The human breast tissue used in the study was collected from human cadavers and

is an exempt protocol as per the guidelines of Institutional Review Board at South

Dakota State University. The animal studies were approved by the Institutional

Animal Care and Use Committee at South Dakota State University (Approval

Number: 12-029A).

Materials

5-Fluorouracil (5-FU), estradiol (EST) and sulforhodamine B (SRB) were

purchased from Sigma-Aldrich, St. Louis, MO. Nile Red (NR) was purchased

from MP Biomedicals, Solon, OH. 14C-5-FU and 3H-EST were purchased from

Moravek Biochemicals and Radiochemicals, Brea, CA. Biosol (tissue solubilizer),

Bioscint and Ecoscint (scintillation cocktails) were purchased from National
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Diagnostics, Atlanta, Georgia. Isoflurane was purchased from VetOne, Boise, ID.

All other reagents were purchased from Sigma-Aldrich, St. Louis, MO, USA.

Tissue preparation

Porcine tissue was procured from the slaughterhouse in the Department of

Animal Science at South Dakota State University (Brookings, SD, USA). Nipple

and breast skin were collected from 6–8 months old female pigs and was washed

under tap water. Breast tissue from human cadavers was procured from the

National Disease Research Interchange (Philadelphia, PA, USA) and South

Dakota Lions Eye and Tissue Bank (Sioux Falls, SD, USA). The abdominal fat

underneath the breast tissue was removed using a scalpel. For skin penetration

studies, the breast skin surrounding the nipple was collected and dermatomed to

700 mm thickness (Padgett Instruments, St. Louis, MO, USA).

In-vitro penetration studies

The nipple (Fig. 1) or the breast skin was sandwiched between the two

compartments of a vertical Franz diffusion cell (0.63 cm2; PermeGear,

Hellertown, PA, USA). The nipple was used as such or after removing the keratin

plug by wiping the surface of the nipple using 70% alcohol. The removal of the

keratin plug was confirmed using a stereo-microscope (Figure S1 in S1 File). In

this study, 5-fluorouracil (5-FU; MW5130 Da; Log P520.89) and estradiol

(EST; MW5273 Da; Log P53.6) were used as model hydrophilic and

hydrophobic drugs respectively. The receptor medium was composed of

phosphate buffer containing 0.05% w/v of sodium azide (pH 7.4) for 5-FU and

ethanol: phosphate buffer (20:80) for EST. The receptor compartment was

maintained at 37uC and stirred using a magnetic bar. Saturated solution (500 ml)

of 5-FU (spiked with 0.25 mCi 14C-5-FU) and EST (spiked with 0.5 mCi 3H-EST),

prepared in ethanol: water (50:50), was applied in the donor compartment. The

study was performed for 6–48 hrs and the samples (200 ml) were collected from

the receptor compartment at different time points. At the end of the study, the

tissue was removed and digested using tissue solubilizer (Biosol). The samples

were mixed with 2 ml of scintillation cocktail (Ecoscint was used for receptor

compartment samples and Bioscint was used for tissue homogenate samples) and

the radioactive counts were measured using a liquid scintillation counter

(Beckman Coulter LS6500).

Tissue histology

For studying the histology of porcine nipple, the tissue was fixed in 10% buffered

neutral formalin for 72 hrs at room temperature. Then, the tissue was embedded

in paraffin and 5 mm thick cross sections were prepared using a rotary microtome

(Olympus CUT 4060E, Center Valley, PA, USA). The sections were stained with
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hematoxylin-eosin and examined under a light microscope (Olympus AX70,

Center Valley, PA, USA).

In-vitro penetration study using fluorescent dyes

To determine drug transport pathways in human/porcine nipple, SRB and NR

were used as model hydrophilic and model hydrophobic fluorescent dyes

respectively. SRB (10 mM) in 1:1 of ethanol: phosphate buffer and NR (0.32 mM)

in propylene glycol was applied in the donor compartment for 12 hrs. At the end

of the study, the tissue was removed, washed and analyzed by microscopy.

Confocal laser scanning microscopy (CLSM)

At the end of the dye penetration studies, 1 mm thick cylindrical section was cut

from the middle of the porcine nipple (,5–6 mm from the top of the nipple) and

placed on a glass slide. The tissue sections were observed in a confocal microscope

(Fluoview FV300, Olympus ix70, Olympus, Center Valley, PA, USA). The

fluorescent dyes were excited using a green helium-neon laser at an excitation

wavelength of 543 nm. Confocal images were obtained in the xy plane and xz

plane. For the xz sections, a horizontal line was defined across the region of

interest in the z50 mm in xy plane and then optically sectioned from the surface

of the tissue (z50 mm) to 500 mm depth at a step size of 5 mm/scan. For xyz

images, the tissue was scanned from the surface (z50 mm) to 500 mm depth at a

step size of 25 mm/scan.

Fig. 1. Experimental set-up for in-vitro drug penetration study.

doi:10.1371/journal.pone.0115712.g001
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Fluorescence microscopy

To understand the depth of penetration, dye distribution in different sections

from the tip to the base of the nipple was studied. The tissue was snap frozen in

optimum cutting temperature (OCT, Tissue Tek, Torrance, CA, USA) medium

placed in hexane under liquid nitrogen. The OCT block was used to prepare 7–

8 mm thick sections in a cryostat (UV800, Leica Microsystems, Bannockburn, IL,

USA) at 225uC. The section was dried for 6 hrs at 37uC and the cover slip was

placed over the section and sealed using CytoSeal (Vector laboratories,

Burlingame, CA, USA). The tissue sections were observed under a fluorescence

microscope (Olympus AX70, Center Valley, PA, USA).

In-vivo studies

For in-vivo studies, 7–10 week old female Sprague-Dawley rats (Charles River

Laboratories, Wilmington, MA, USA), were used. The experimental protocol was

approved by the Institutional Animal Care and Use Committee. For topical/

transdermal drug application, the rat abdominal hair was removed two days

before the study using a hair clipper and depilatory cream (Nair Hair Remover

Lotion, Princeton, NJ, USA). For topical delivery through the nipple, the

surrounding breast skin was covered with scotch tape (3M, St. Paul, MN, USA) to

limit drug exposure to the nipple (Fig. 2A). Keratin plug was removed from the

surface of the nipple using 70% alcohol. Around 250 ml of 5-FU solution (10 mg/

ml of 5-FU in 50% ethanol spiked with 0.25 mCi of 14C-5-FU) was loaded in a Hill

Top chamber (3.8 cm2; Hill Top Research, St. Petersburg, FL, USA) and applied

on the nipple or on the breast skin surrounding the nipple (Fig. 2B). The drug was

applied for 2–6 hrs under Isoflurane anesthesia (0.75% isoflurane and oxygen

flow rate of 0.8 L/min; VetEquip-VE 2848, Pleasanton, CA, USA). In a separate

study, to understand the drug disposition from the breast tissue, the treatment

was removed from the breast after 6 hrs and the study was continued for another

6 hrs. For intravenous drug administration, 5-FU solution (10 mg/ml of 5-FU

spiked with 14C-5-FU) was prepared in 0.9% NaCl and 50 ml was injected into the

tail vein using 27-gauge, K, needle (BD, Franklin Lakes, NJ, USA).

Blood samples were collected at the end of the study from the retro-orbital

plexus under mild isoflurane anesthesia. The blood samples were collected into

heparinized Eppendorf tubes and then centrifuged at 10,000 rpm for 15 minutes.

After centrifugation, plasma was collected and mixed with scintillation cocktail

(Bioscint). At the end of the study, the animals were euthanized by CO2

asphyxiation. Before collecting the organs, the tissue was perfused with saline to

remove blood from the organs. The nipple, mammary gland, kidneys, liver,

spleen, lungs, brain and heart were collected. The tissue was weighed and

homogenized (Omni General Laboratory Homogenizer, Omni International,

Kennesaw, GA, USA). The homogenate was then mixed with tissue solubilizer

(Biosol), and incubated at 50uC for 24 hrs. The sample was quenched using 30%

v/v hydrogen peroxide (H2O2) solution and incubated at 50uC for 4 hrs. The
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sample was then mixed with scintillation cocktail (Bioscint) and the radioactive

counts were measured using a liquid scintillation counter.

Data analysis

The cumulative amount of drug permeated per unit area of the tissue was plotted

against time. Flux was obtained from the slope of linear portion of the curve and

lag time was calculated by extrapolating the linear portion of the curve to the x-

axis (time). Cumulative amount of drug permeation through the tissue and drug

retention in the tissue were also calculated. All the experiments were performed in

triplicate or quadruplicate and the results were expressed as mean ¡ SD. Two-tail

unpaired t-test and one-way ANOVA test (Instat 3, GraphPad software, CA, USA)

were used to compare the treatment groups and the results were considered to be

significant at p,0.05.

Results

In-vitro penetration of hydrophilic model drug

For this study, 5-FU, a drug used in breast cancer was chosen as a model

hydrophilic molecule [19]. The drug transport across the nipple into the receptor

medium in-vitro is representative of the drug penetration into the underlying

breast tissue in-vivo. The in-vitro penetration studies were conducted on the

nipple without any treatment or after removal of the keratin plug using 70%

alcohol. As shown in Fig. 3, the 5-FU penetration increased with time and there

was no significant effect of keratin plug on 5-FU penetration through the porcine

nipple (Fig. 3A). However, 5-FU penetration through the porcine nipple was

higher compared to the drug penetration through the breast skin. The steady state

flux and cumulative amount of 5-FU penetration through the nipple was 2–3 fold

higher compared to breast skin. As seen from the lag time values (Table 1), the

drug transport through the nipple was slower than through the breast skin. On the

Fig. 2. Experimental set-up for topical application of 5-FU on nipple in-vivo. (A) Adhesive tape was applied around nipple to limit the topical drug
delivery through the nipple; (B) Hilltop chamber was used for topical drug application.

doi:10.1371/journal.pone.0115712.g002
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other hand, drug retention in the nipple was comparable to drug retention in the

breast skin.

In contrast to porcine nipple, keratin plug significantly reduced 5-FU

penetration through human nipple (Fig. 3B; Table 1). In presence of keratin plug,

the 5-FU penetration was lower than the breast skin. The lag-time was

significantly shorter after removing keratin plug from human nipple (Table 1).

Similar to porcine tissue, the flux and cumulative amount of 5-FU penetration

was higher compared to human breast skin (Table 1). After removing the keratin

Fig. 3. Permeation of 5-FU through excised breast tissue. In-vitro permeation of 5-FU through porcine (A) and human (B) nipple after removing the
keratin plug (KR), nipple with keratin plug, and breast skin. Each data point is represented as mean ¡ SEM (n53–4). { is significant in comparison to the
results from nipple with keratin plug; *is significant in comparison to skin. The values are significant at p,0.05, by one-way ANOVA.

doi:10.1371/journal.pone.0115712.g003

Table 1. In-vitro penetration parameters of 5-FU in porcine and human tissue.

Treatment Group L (hrs) Jss (mg/cm2/hrs) Q48 (mg/cm2) CT (mg/mg)

Porcine nipple-keratin plug removed 13.02¡0.83a 24.87¡4.39a 1041.36¡184.01a 1.24¡0.05

Porcine nipple 14.27¡1.61a 19.25¡0.80a 691.90¡43.09 1.44¡0.17

Porcine breast skin 4.01¡0.51 8.80¡0.58 399.82¡33.71 0.90¡0.18

Human nipple-keratin
plug removed

7.91¡0.91b 27.05¡1.03bc 1195.95¡121.47bc 1.41¡0.36b

Human nipple 19.17¡2.34c 3.38¡0.66 100.07¡23.76 0.41¡0.11

Human breast skin 5.69¡0.92 6.47¡0.78 367.20¡29.73 1.11¡0.03

L is lag time; Jss is flux at steady state; Q48 is cumulative amount of drug permeated per cm2 of the tissue at 48 hrs; CT is tissue drug amount at 48 hrs.
Results are presented as mean ¡ SEM (n53–4); ‘a’ is significant in comparison to porcine skin; ‘b’ is significant in comparison to human nipple with keratin
plug; ‘c’ is significant in comparison to human skin. The values are significant at p,0.05 by one-way ANOVA.

doi:10.1371/journal.pone.0115712.t001
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plug, the permeation of 5-FU through the porcine nipple was relatively closer to

the permeation of 5-FU through human nipple.

In-vitro penetration of hydrophobic model drug

Estradiol (EST) was used as a model hydrophobic molecule and this drug was

chosen due to its similar physicochemical properties to anti-estrogen compounds

used in breast cancer [20]. In general, the lag-time was shorter for EST compared

to 5-FU (Tables 1 and 2). In porcine tissue, the EST penetration was similar

between nipple and breast skin (Fig. 4A). The keratin plug had no significant

effect on the EST flux in porcine nipple (Table 2). However, after removing the

keratin plug, the lag-time reduced significantly (Table 2). The cumulative amount

of EST penetrated through the porcine nipple was higher after removing the

keratin plug.

Similar to 5-FU, the keratin plug had a significant influence on EST penetration

through the human nipple (Figs. 3B and 4B). Keratin plug reduced EST flux by 5-

fold in human nipple. After removing keratin plug, the flux and cumulative

amount of EST was higher compared to human breast skin (Table 2). The

amount of EST in the nipple was 3-fold high compared to the breast skin. Similar

to 5FU, after removing the keratin plug, the permeation of EST through the

porcine nipple was closer to the permeation of EST through human nipple. In

time dependent penetration studies with porcine nipple in presence of keratin

plug, very minimal drug was detected in the receptor medium after 6 hrs

treatment. However with longer treatment, the drug penetrated across the nipple

into the receptor medium (Figures S2 and S3 in S1 File). In presence of keratin

plug, the drug retention in the nipple at the end of 6 hrs was similar for

hydrophilic (5-FU) and lipophilic (EST) drugs. However, when the drug

treatment was removed at 6 hrs and the study was continued for 48 hrs, relatively

a higher amount of 5-FU diffused from the nipple into the receptor medium

compared to EST (Figures S2 and S3 in S1 File). Taken together, the results from

these studies indicate that the drug lipophilicity has a significant influence on

permeation through the nipple.

Characterization of transport pathways in nipple

Fig. 5A shows the ducts in the nipple and the diameter of the ducts was around

100–150 mm. Confocal microscopy was used to visualize the transport pathway in

the nipple (Fig. 5B). The hydrophilic dye, sulforhodamine was uniformly

distributed in the ducts and the surrounding connective tissue. In contrast, the

lipophilic dye, nile red was mainly localized to the ducts. To determine the dye

distribution at different depths in the nipple, the tissue sections from the tip to the

base of the nipple were visualized under a fluorescence microscope. As can be seen

from Fig. 6A and 6B, the dye distribution pattern was consistent with the optical

sections from confocal microscopy studies. The dye penetration was similar for

both porcine and human nipple, which further suggests that porcine nipple could
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be a potential model for human nipple. Overall, the microscopy studies

demonstrate that the duct is a major drug transport pathway to the underlying

breast tissue, while the extent of distribution is influenced by the lipophilicity of

the molecule.

In-vivo biodistribution of 5-FU

Given that 5-FU is a drug used for breast cancer, it was chosen to demonstrate

localized drug delivery in vivo in rats. In-vivo distribution of 5-FU was studied by

topical application on the nipple or on the breast skin (transdermal), while

Table 2. In-vitro penetration parameters of EST in porcine and human tissue.

Treatment Group L (hrs) Jss (mg/cm2/hrs) Q48 (mg/cm2) CT (mg/mg)

Porcine nipple-keratin
plug removed

2.71¡0.52ab 16.69¡0.62 752.76¡19.58a 1.48¡0.16

Porcine nipple 9.73¡0.81b 14.49¡0.55 564.55¡36.16b 0.84¡0.06b

Porcine breast skin 4.99¡0.15 15.90¡0.54 686.40¡27.27 5.69¡0.28

Human nipple-keratin
plug removed

2.15¡0.09c 27.25¡2.63c 1135.30¡118.93cd 2.21¡0.18cd

Human nipple 9.13¡1.82d 5.62¡0.76d 236.73¡29.85d 0.37¡0.09d

Human breast skin 0.63¡0.24 18.38¡2.91 730.81¡54.31 0.81¡0.06

L is lag time; Jss is flux at steady state; Q48 is cumulative amount of drug permeated per cm2 of the tissue at 48 hrs; CT is tissue drug amount at 48 hrs.
Results are presented as mean ¡ SEM (n53–4); ‘a’ is significant in comparison to porcine nipple with keratin plug; ‘b’ is significant in comparison to porcine
skin; ‘c’ is significant in comparison to human nipple with keratin plug; ‘d’ is significant in comparison to human skin. The values are significant at p,0.05 by
one-way ANOVA.

doi:10.1371/journal.pone.0115712.t002

Fig. 4. Permeation of EST through excised breast tissue. In-vitro permeation of EST through porcine (A) and human (B) nipple after removing keratin
plug (KR), nipple with keratin plug, and breast skin. Each data point is represented as mean ¡ SEM (n53–4). { is significant in comparison to the results
from nipple with keratin plug; *is significant in comparison to corresponding skin group. The values are significant at p,0.05, by one-way ANOVA.

doi:10.1371/journal.pone.0115712.g004
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Fig. 5. Confocal microscopic images of porcine nipple. (A) Cross section of porcine nipple after staining
with hematoxylin-eosin. (Bar5200 mm), (B) Confocal laser scanning microscopic images of porcine nipple,
after treatment with hydrophilic dye sulforhodamine (SRB; upper panel) and hydrophobic dye Nile red (NR;
lower panel). Image on the left panel is a cumulative xyz image of optical sections from 0 to 500 mm in the
tissue. Images on the right panel are xz images from 0 to 500 mm (Bar5100 mm).

doi:10.1371/journal.pone.0115712.g005

Fig. 6. Fluorescence microscopic images of nipple. Fluorescence microscopic images of 7–8 mm thick cryosections of porcine (A) and human (B) nipple
after treatment with the fluorescent dyes, SRB (upper panel in A and B) and NR (lower panel in A and B). Sections were taken from the entire length of the
nipple starting from the tip to the base of the nipple. (Bar5100 mm); SRB- sulforhodamine; NR- Nile red.

doi:10.1371/journal.pone.0115712.g006
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intravenous 5-FU administration was used as a control. When applied on the

nipple, the drug diffusion into the mammary gland increased with increase in

treatment time (Fig. 7; Table S1 in S1 File). Most of the drug was retained in the

nipple, which then slowly diffused into the mammary gland. This was evident

from the disposition studies, where the drug retained in the nipple continued to

diffuse into the mammary gland after the drug treatment was removed (Fig. 7).

The treatment time did not significantly influence the drug penetration through

the breast skin. As expected, there was no drug distribution into the nipple when

the drug was applied on the breast skin (Fig. 7). Irrespecitve of the treatment time,

the systemic drug distribution was lower after topical application compared to

transdermal and intravenous treatment groups (Fig. 8). There was no detectable

drug levels in the plasma after topical application (Fig. 8 and Table S1 in S1 File).

On the other hand, transdermally delivered 5-FU was found to be distributed in

plasma and other organs, but was lower compared to intravenous treatment

group (Fig. 8). Overall, the results show that topical delivery through the nipple

can achieve high drug concentration in the mammary gland with minimal

systemic drug distribution.

Fig. 7. Biodistribution of 5-FU in rat breast tissue. Amount of 5-FU in rat mammary tissues after topical (nipple), transdermal (breast skin) and
intravenous administration. Each value is represented as mean ¡ SD (n53); * is significant in comparison to transdermal treatment group; { is significant in
comparison to intravenous injection group. The values are significant at p,0.05, by one-way ANOVA. MP- topical application on the mammary papilla
(nipple); TD- transdermal delivery; IV-intravenous injection. The drug was applied on the mammary papilla or on the breast skin for 2 hrs or 6 hrs. In case of
disposition studies, the drug was removed after 6 hrs treatment and the drug concentration was measured at 12 hrs.

doi:10.1371/journal.pone.0115712.g007
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Discussion

Currently, there are no reliable methods to distinguish breast cancers that will

develop into metastatic disease from those that will not. Therefore, all breast

cancers are treated with aggressive therapies. Recently, it was reported that one to

three deaths from overtreatment with aggressive therapies occur for every one

breast cancer death avoided [21]. To this end, there is a strong need for

developing safe and effective therapeutic approaches, especially for localized breast

cancers. The transdermal delivery of anti-cancer agents through the breast skin is

limited by the barrier properties of the stratum corneum [10, 11, 22, 23]. Pujol et

al reported the transdermal delivery of 4-hydroxytamoxifen (4HT) in human

subjects, but the drug levels in the breast tissue was 8–29 fold lower compared to

oral drug administration [10]. Similarly, other studies have reported low drug

concentrations in the breast after transdermal drug delivery through the breast

skin [22, 23].

In contrast to skin, drug delivery through the nipple can overcome the skin

barrier, resulting in direct drug delivery to the underlying breast tissue. The nipple

has a thinner epidermis with multiple ducts and appendages, all of which results

in higher drug penetration [14, 16, 17]. The time-dependent drug penetration

through the nipple can be attributed to the formation of a drug depot in the

nipple followed by slow diffusion of drug into the underlying breast tissue.

Although the feasibility of topical delivery has been reported with porcine nipple

[18], the results from our study for the first time demonstrate the feasibility of this

Fig. 8. Biodistribution of 5-FU in plasma and organs in rat. Ratio of amount of 5-FU in rat organs or plasma (5-FUO/P) and amount of 5-FU in mammary
gland (5-FUMG) after topical (nipple), transdermal (breast skin) and intravenous administration. Each value is represented as mean ¡ SD (n53); * is
significant in comparison to intravenous injection group. The values are significant at p,0.05, by one-way ANOVA. MP- topical application on the mammary
papilla (nipple); TD- transdermal delivery; IV-intravenous injection. The drug was applied on the mammary papilla or on the breast skin for 2 hrs or 6 hrs. In
case of disposition studies, the drug was removed after 6 hrs treatment and the drug concentration in the plasma and organs were measured at 12 hrs.

doi:10.1371/journal.pone.0115712.g008
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delivery route in human nipple. Given the limited availability of human breast

tissue and that only two nipple can be obtained from a single donor, it would be

preferable to use a suitable animal model. To this end, the pig breast compares

well with the human breast and the pig nipple has multiple duct openings similar

to humans [24]. In non-lactating women, the ducts are blocked by a keratin plug

[14], which can limit drug transport through the nipple. However, as

demonstrated in this study, the keratin plug can be easily removed by wiping the

nipple surface with 70% alcohol (Figure S1 in the S1 File). The human nipple has

a larger keratin plug compared to the porcine nipple (Figure S1 in S1 File) which

can be attributed to some of the differences on the effect of keratin plug between

human and porcine nipple. However, after the keratin plug was removed, the drug

penetration was comparable between porcine and human nipple (Figs. 3 and 4).

Further, from the fluorescence microscopy studies, it is evident that the transport

pathways are similar between porcine and human nipple (Fig. 6). In an earlier

study by Lee et al [18], no detectable drug (hydrophobic anti-cancer molecules)

was found in the receptor medium, possibly due to the presence of keratin plug.

This is consistent with our results, where keratin plug limited drug transport

through the nipple (Figs. 3 and 4; Figures S2 and S3 in S1 File). Taken together,

the results suggest that drug delivery through the nipple is influenced by the

drug’s lipophilicity. However, further studies are required to understand the

influence of other physicochemical factors on drug delivery through the nipple.

The in-vivo results demonstrated the proof-of-principle for localized topical

delivery through the nipple. Our results from i.v. injection are consistent with the

short half-life reported for 5FU in rats [25]. The concentration of 5-FU in the

breast after 6 hrs of topical application was 2–3 fold higher compared to

transdermal and IV administration (Fig. 7 and Table S1 in S1 File). More

importantly, the 5-FU level in the plasma after topical application was

significantly lower compared to transdermal and i.v. administration (Fig. 8, Table

S1 in S1 File). Unlike transdermal drug delivery through the skin, drug retained in

the nipple can directly reach the underlying mammary gland. Komuro et al

reported 3-fold higher drug concentration in the breast by iontophoretic delivery

through the nipple compared to oral drug administration in dogs [26]. Further,

they also showed that there was no detectable drug concentration in the plasma

after topical delivery.

The 5-FU concentration (2 ng/mg) achieved in the mammary gland after 6 hrs

of topical application is higher than the IC50 value reported for 5-FU in breast

cancer cells (0.09–1.3 ng) [27, 28]. Recently, Stearns et al have shown that

intraductal injection of 5-FU effectively reduces the tumor formation in rats

compared to i.v. administration [8]. However, in contrast to topical delivery of 5-

FU, the drug was rapidly cleared from the breast after intraductal injection,

leading to systemic side effects. Taken together, the results from our proof-of-

concept study suggest the possibility of achieving clinically relevant 5FU

concentrations in the breast by topical delivery through the nipple. The topical

delivery would be an attractive strategy for chemoprevention and treatment of

pre-cancerous lesions in the breast. To this end, natural chemopreventive agents

Drug Delivery via Mammary Papilla (Nipple)

PLOS ONE | DOI:10.1371/journal.pone.0115712 December 29, 2014 13 / 16



and low-dose chemotherapy (metronomic chemotherapy) are suitable for

transpapillary delivery to the breast [29, 30]. Given the small area of drug

application in the nipple, this route may be limited to the delivery of potent drug

molecules. Since the drug is directly delivered to the breast, a lower dose may be

required for topical delivery compared to systemic delivery. In addition, the drug

penetration can be enhanced by altering drug concentration, vehicle composition

and using penetration enhancers. Apart from simple formulations (lotions or gel),

specialized delivery systems such as nipple pads or patches may be required for

sustained drug delivery to the breast. However, it is important to ensure that the

formulation is non-irritating to the skin. In summary, the design of appropriate

formulations and delivery systems can lead to a safe and effective localized therapy

for breast cancer.

Conclusion

The findings from the study demonstrate that nipple is a potential route for direct

drug delivery to the breast. The penetration through the nipple is influenced by

the drug’s lipophilicity. The results demonstrate that porcine nipple can be used as

an in-vitro model for human nipple, especially after removing the keratin plug.

The results from the in-vivo animal studies showed that the topical delivery

through nipple can achieve high drug concentration in the breast with minimal

drug levels in the blood. Overall, the findings from the study can be used to

develop localized therapeutic strategies for breast cancer and other breast diseases.

Supporting Information

S1 File. Figures S1–S3 and Table S1. Figure S1. Stereomicroscopic images of

mammary papilla with and without keratin plug. Figure S2. Effect of treatment

time on 5FU penetration through the porcine mammary papilla in presence of

keratin plug. Figure S3. Effect of treatment time on EST penetration through the

porcine mammary papilla in presence of keratin plug. Table S1. Concentration of

5-FU in plasma and various organs after different treatments.

doi:10.1371/journal.pone.0115712.s001 (DOCX)
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