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A B S T R A C T

Acne vulgaris is a clinically distinct skin condition with evidence suggesting that inflammation plays a critical
role in the pathogenesis of this disorder. Treatment of severe inflammatory acne often involves the use of oral
antibiotics, sometimes in combination with topical products. Oral antibiotics often result in systemic side effects
and the risks of antibiotic resistance, but no commercial topical minocycline is currently available. We have
developed a unique, stable, hydrophilic topical gel formulation with fully solubilized minocycline (MNC-H).
Minocycline delivered in our hydrophilic gel remained more stable in situ, resulting in less degradation product
(4-epiminocycline) than a lipophilic formulation (MNC-L). The hydrophilic nature of our formulation enabled
2–3 fold increase in delivery into the skin ex vivo compared to a lipophilic counterpart, mostly seen in the
epidermis and pilosebaceous units. The lipophilic formulation also appeared to be more occlusive, resulting in
higher sebum production in minipigs, which may exacerbate acne vulgaris. As our results indicate, a 1, 2%
minocycline hydrophilic gel may deliver sufficient drug (> 15 μg/g) to potentially demonstrate clinical efficacy.
These findings suggest that topical hydrophilic minocycline gel may provide a novel tool for topical acne
therapy.

1. Introduction

Acne vulgaris primarily affects individuals during their teenage
years although it can persist into adulthood. Globally, acne is the 8th
most common disease, which affects approximately 650 million people,
or about 9.4% of the population (Vos et al., 2012). In the United States
alone, acne affects 40–50 million people each year, with approximately
10 million suffering from moderate-to-severe acne. The commonly
known features involved in the pathogenesis of acne are androgen-sti-
mulated seborrhea, hyperkeratinization, obstruction of the follicular
epithelium, proliferation of Propionibacterium acnes (P. acnes), and in-
flammation (Kirschbaum and Kligman, 1963) (Zouboulis, 2004). Acne
has a significant negative impact on the quality of life and often results
in permanent physical (scarring) and emotional (self-consciousness,
depression, and social isolation) trauma to those who suffer from it.
Early and effective treatment is important to mitigate the long-term
physical and emotional damage associated with acne (Goodman, 2006).

Minocycline is an antibiotic currently available only in standard and
extended release oral dosage forms for treating various bacterial

infections (Pawelczyk and Matlak, 1982) (Mandaogade et al., 2004).
Because of its known anti-inflammatory properties, it has been parti-
cularly successful in the treatment of non-nodular, moderate-to-severe
inflammatory acne vulgaris (Torok, 2013). The effectiveness of oral
minocycline and its safety has previously been well proven in both
animals and humans (Fleischer et al., 2006).

Oral minocycline, widely used for many indications besides the
treatment of acne, has severe side effects associated with its use (Garner
et al., 2012). The most common of these include hyperpigmentation
(Pecina and Pittelkow, 2011), dizziness and gastrointestinal side effects.
Additionally, the development of bacterial resistance to clindamycin
and other antibiotics commonly used to treat acne has become a
growing problem as a result of increased use of these drugs in recent
years. To alleviate some of these issues, the topical use of low dose
minocycline is a potential alternative. Topical minocycline has sig-
nificantly lower systemic exposure of minocycline in comparison to
orally administered minocycline. This lower systemic exposure is ex-
pected to reduce the severity or incidence of side effects. Unfortunately,
there is no commercially available topical minocycline.

https://doi.org/10.1016/j.ijpx.2019.100009
Received 21 September 2018; Received in revised form 21 February 2019; Accepted 22 February 2019

Abbreviations: MNC-H, topical hydrophilic minocycline gel formulations; MNC-L, topical lipophilic minocycline formulations; BPX-01, 2% topical hydrophilic
minocycline gel

⁎ Corresponding authors.
E-mail addresses: mhermsmeier@biopharmx.com (M. Hermsmeier), unagavarapu@yahoo.com (U. Nagavarapu).

International Journal of Pharmaceutics: X 1 (2019) 100009

Available online 01 March 2019
2590-1567/ © 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/25901567
https://www.journals.elsevier.com/international-journal-of-pharmaceutics-x
https://doi.org/10.1016/j.ijpx.2019.100009
https://doi.org/10.1016/j.ijpx.2019.100009
mailto:mhermsmeier@biopharmx.com
mailto:unagavarapu@yahoo.com
https://doi.org/10.1016/j.ijpx.2019.100009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpx.2019.100009&domain=pdf


Some challenges in the development of a topical form of minocy-
cline include solubility, maintaining its stability, and efficiently deli-
vering it to the targeted tissue area. Skin penetration of active in-
gredients is influenced by a continuously changing equilibrium between
the active ingredients, vehicle, and skin. With careful selection of the
vehicle, the skin penetration of the active ingredient can be optimized
(Mbah et al., 2011) (Nair et al., 2013). Most topical systems require
prolonged occlusion of the skin by a cream or lotion. This occlusion of
the skin has been found to increase the pH and temperature and reduce
oxygenation of the skin, as well as trap moisture and sweat, which
creates a humid environment. These humid conditions are favorable for
bacterial growth, especially P. acnes, which could worsen acne vulgaris
(Paudel et al., 2010). Attempts have been made to formulate topical
lipophilic solutions of minocycline to ensure its stability (Salman et al.,
2014). Unfortunately, a lipophilic environment in which minocycline
could be kept stable presents limited delivery to target pilosebaceous
units in the skin as it results in lower solubility of the minocycline.
Consequently, increased dosages are required in order to deliver min-
ocycline at efficacious levels, resulting in unnecessary superficial ac-
cumulation that causes cutaneous staining when minocycline degrades.
Lipophilic formulations also contain hydrophobic substances, which
can produce an occlusive barrier that limits drug penetration and can be
counterproductive in the fight against P. acnes as previously discussed.

We have developed stable and potent topical hydrophilic minocy-
cline gel formulations (MNC-H) that have the ability to penetrate the
skin and directly target the epidermis and the pilosebaceous unit,
thereby delivering a local, targeted treatment of acne vulgaris. A phase
2b clinical trial of BPX-01 for the treatment of moderate-to-severe acne
vulgaris further confirmed that this formulation is safe and effective
(Alexis et al., 2018).

In this article we present studies with evidence that support effec-
tive delivery of MNC-H to cutaneous targets in the epidermis and pi-
losebaceous unit where P. acnes typically reside. The topical hydro-
philic minocycline gel formulations were non-occlusive and non-
irritating to the skin and does not have significant systemic absorption.
Together these studies establish that local topical application of a
minocycline gel may be clinically efficacious while avoiding systemic
side effects and, potentially minimizing systemic antibiotic resistance.

2. Material and methods

2.1. Materials

Minocycline hydrochloride was the active pharmaceutical in-
gredient (API) and was purchased from Euticals SpA (Lodi, Italy). The
excipients were purchased from Spectrum Chemical (New Brunswick,
NJ). Deuterated minocycline (minocycline-d6) was purchased from
Toronto Research Chemicals (North York, ON, Canada).

2.2. Formulations

Topical lipophilic minocycline formulations (MNC-L) were made as
described in literature using common oils (Salman et al., 2014)
(Tamarkin, 2016). Soybean, coconut and mineral oils were mixed to-
gether and warmed at 60–70 °C and all other excipients (cyclomethi-
cone, cetostearyl alcohol, stearic acid, myristyl alcohol, hydrogenated
castor oil, beeswax, stearyl alcohol, benzyl alcohol, silicon dioxide)
were then added and let cool to 32 °C. Minocycline-HCl was added and
mixed until homogenous. The resulting formulation was stored at room
temperature, existing as a solid. For use, the formulation was heated to
32 °C in a water bath to bring it to a liquid state.

Ethanol based hydrophilic minocycline (w/w) gel formulations
(MNC-H) were made with ethanol and propylene glycol. Other com-
ponents include cineole as a co-solvent, and hydroxypropyl cellulose as
a stabilizer and thickener, resulting in a viscosity of 100–250 cP and an
approximate density of 0.9 g/mL. Minocycline in these formulations is

fully soluble and the formulations are stable at room temperature
without the need for special handling. The preparation of MNC-H for-
mulations performed here, has been further used to produce GLP and
GMP batches.

Formulations, in both lipophilic and hydrophilic forms, were pre-
pared at 0% minocycline (vehicle), 1% minocycline, and 4% minocy-
cline. Additional hydrophilic (MNC-H) formulations were also prepared
at 0.5% minocycline and 2% minocycline for in vivo dose–response
studies.

2.2.1. Physicochemical stability of formulations
Stability of topical minocycline formulations over 28 days was as-

sessed by an HPLC method similar to the described method in Section
2.5.1. Formulations were stored at room temperature (∼25 °C/60%
RH), protected from light. The analyte was extracted from the for-
mulation with a known quantity of 1% HCl/methanol solution. A 10-
fold dilution was used for MNC-H and a 30-fold dilution factor was used
for MNC-L, to limit the amount of components (waxes, oils, etc.) that
may produce system clogging. The diluted MNC-L formulations were
vortexed and shaken, then further centrifuged to remove any solid
components from solution. The diluted samples were then injected into
the HPLC and the percentage of the parent minocycline and 4-epimi-
nocycline was determined.

2.3. Ex vivo human skin uptake

Excised human periauricular facial skin from facelift patients was
obtained and stored at −80 °C. The donors were females with
Fitzpatrick skin type III. MNC-H or MNC-L formulations at 1% and 4%
minocycline concentrations and their respective vehicles (without
minocycline) were applied at 2.5mg/cm2. The samples were kept in an
opened face petri dish and placed on top of a gauze pad dampened with
0.9% sodium chloride to prevent the tissue from drying out. Samples
were then incubated for 2 or 4 h at 32 °C. Human facial skin samples
(n= 3 donors, with an n=2 samples per donor) were cleansed and
biopsied at the end of the incubation period. For bioanalytical mea-
surements, minocycline was then extracted from each biopsy with
500 µL of acidified methanol for 24 h at 25 °C and the supernatant was
analyzed by HPLC. Parent minocycline as well as the 4-epiminocycline
peak area were measured and summed to show total delivery. Data
from all facial samples were averaged for each treatment group.
Quantification of uptake was calculated based on HPLC standards of
minocycline hydrochloride. Statistical tests were performed using
Student’s T-test (Gilbert, 2018).

Samples were also processed for conventional fluorescence micro-
scopy. The skin surface was cleansed prior to processing. Histological
sections were prepared from frozen tissue embedded in optimal cutting
temperature (OCT) compound and vertically cross-sectioned (through
layers of the skin). Slides were washed once with phosphate buffered
saline (PBS) and imaged. Fluorescence microscopy (Axiovert 100M
Fluorescence Microscope, Carl Zeiss Microscopy GmbH, Germany) was
used for imaging analysis of the presence of minocycline in ex vivo skin
samples. Subsequent serial sections were H&E stained.

2.4. In vivo studies

Three in vivo studies are presented here.

2.4.1. In vivo rat skin uptake: MNC-H minocycline formulations at 14 and
28 days

To demonstrate absorption of minocycline from the topical admin-
istration of our MNC-H formulations, an uptake study was conducted
with male CD hairless rats, 6–8weeks old weighing approximately
0.35 kg, (Charles River Laboratories) according to the Institutional
Animal Care and Use Committee (IACUC) approved protocol. Animals
were individually housed throughout the duration of the experiment
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with free access to food and water. Rats were separated into 4 groups
and were given either 2.5mg/cm2 or 5.0mg/cm2 of vehicle or 4% to-
pical hydrophilic minocycline formulations daily. A sample size of four
rats was used for the treatment group, with two rats continuing for the
28-day study. A sample size of two rats were used in the vehicle group,
with one rat continuing for the 28-day study. The studies were con-
ducted for 14 or 28 days. In the 28-day study, a recovery period of
7 days was also included. Treatment site was cleaned daily followed by
reapplication of the next dose. At the end of the study, animals were
humanely euthanized. Three 6-mm skin biopsies were obtained from
each treatment site. Minocycline was extracted from each biopsy and
analyzed with HPLC and is reported as the sum of the parent and epi-
merized minocycline to show total delivery. Tissue from one biopsy was
also embedded, sectioned, and imaged under fluorescence microscopy.
Subsequent serial sections were stained with H&E, cover-slipped, and
imaged.

2.4.2. In vivo minipig cutaneous tolerance and uptake: MNC-H
formulations for 14 days

In a second study, cutaneous tolerance and irritation due to the
minocycline formulations were evaluated. In a pilot dose-selection
study in minipigs, multiple doses of different MNC-H formulations were
applied to a series of skin test areas of female Göttingen minipigs
(12–18month old, weighing approximately 20–30 kg) for 14 days. A
total of four minipigs were included, with a sample size of two minipigs
per treatment group. Animal studies were conducted at an external
contract research organization. Housing, feed and water conditions
were maintained according to the Testing Facility’s Standard Operating
Procedures which follow general accepted procedures. The protocol
was reviewed and approved by the IACUC. The right and left flank areas
were clipped, shaved, and demarcated with indelible ink to define
multiple application sites. Test and control articles were applied and
carefully spread using a spatula. Prior to daily dosing, treatment sites
were cleaned with soap and dosed daily for 14 days. Vehicle, 0.5%, 1%,
2%, and 4% MNC-H formulations were applied to specific 10 cm2 pat-
ches of porcine flank skin at 2.5 mg/cm2, 7.5 mg/cm2, or 12.5 mg/cm2.
Dosing sites were evaluated daily for erythema and edema based on the
Draize scoring system. At necropsy, blood was collected and three 6-
mm skin biopsies were obtained from each treatment site. Minocycline
was extracted from each biopsy and analyzed by LC/MS/MS, and re-
ported as the sum of parent and epimerized minocycline.

2.4.3. In vivo minipig uptake comparison: MNC-H and MNC-L minocycline
formulations at 28 days

In a third study, a 28-day comparison of MNC-H and MNC-L min-
ocycline formulations was conducted with male Göttingen minipigs
(∼20weeks old, weighing approximately 8–10 kg). The protocol was
reviewed and approved by the IACUC. Minipigs were acclimated for at
least 7 days before the first day of dosing. Minipigs had access to water
ad libitum, and an approximate 300 g ration of feed was provided daily
to each minipig with remaining food left in the cage except during
designated procedures (i.e. fasted overnight for clinical pathology
sample collections). Minipigs were divided into three treatment groups,
MNC-H and MNC-L treated with a sample size of two minipigs per
group, and a sham group with a sample size of one minipig. Hair was
removed from the treatment area and demarcated. The test articles
were applied directly to the skin in a uniform layer over each desig-
nated area by gentle inunction with a disposable plastic applicator.
Each formulation was applied at 2.5 mg/cm2 to approximately 15%
body surface areas. Prior to daily dosing, treatment sites were cleaned.
Dosing was continued for 28 days. Dosing sites were evaluated daily for
erythema and edema based on the Draize scoring system. On day 29, at
necropsy, blood was collected and skin biopsies were obtained from
each treatment site. Minocycline was extracted from plasma and skin
samples and analyzed by LC/MS/MS and toxicokinetic parameters were
estimated.

In this study, Sebutape© (CuDerm Corp, Dallas, TX) was used to
collect sebum from within cleaned treatment sites at baseline, day 7,
day 15 and day 29 on three different sites of each animal. The three
sites will be different on each animal and will be around the same site
each week. The Sebutapes© were pre-weighed prior to application, and
immediately after the 45-minute application on the skin. The difference
was calculated to be the amount of sebum collected from the skin.

2.5. Methods of bioanalysis

2.5.1. HPLC methods: Ex vivo human and in vivo rat skin
For ex vivo facial skin and rat skin studies, an HPLC analysis for

measuring parent minocycline and 4-epiminocycline was carried out
using the method in USP monographs with minor modifications
(Gilbert, 2018). A 5-µm C18 LC Column (Phenomenex Inc., USA) was
used with the Agilent 1100 HPLC system with UV detector (Agilent
Technologies Inc., USA). The detection wavelength was set at 350 nm.
The mobile phase was an isocratic elution and its composition was
0.12M ammonium oxalate monohydrate, 18mM EDTA-2Na, 8% THF,
12% DMF, pH 7.1–7.2.

2.5.2. LC-MS/MS methods: minipig skin and plasma
Both minipig studies used similar validated LC-MS/MS methods for

plasma and qualified LC-MS/MS methods for skin. A Shimadzu UHPLC
Nexera Series Pumping System (Shimadzu Corp., Tokyo) equipped with
a 5-µm Atlantis T3 column (Waters, USA) and a Sciex API 4000 Mass
Spectrometer (Sciex, USA) were used for HPLC-MS/MS analysis. The
binary LC mobile phases were used for separation of the analyte. Mobile
phase A consists of 10mM ammonium trifluoroacetate and 0.1%(v/v)
formic acid in water, and mobile phase B was methanol. The separation
of the analyte was performed using linear gradient elution from 30% of
mobile phase A to 50% of mobile phase B in 2.75min at the flow rate of
1.0 mL/minutes. Subsequently, the column was rinsed out with 90% of
mobile phase B. The HPLC column temperature was maintained at
40 °C. The effluent from the HPLC was infused into the ESI source with
the positive polarity mode. The MS parameters were: ion spray voltage
5.5 kV, source temperature 700 °C, de-clustering potential 60 V, colli-
sion energy 30 V, and dwell time 300m seconds. The analyte and the
internal standard (deuterated minocycline; minocycline-d6) were de-
tected at the ion transitions m/z 458.2→m/z 441.2 for minocycline,
and m/z 464.2→ 447.2 for the internal standard in a multiple-reaction
monitoring (MRM) mode.

2.6. Pharmacokinetics and Statistical analysis

Non-compartmental pharmacokinetic parameters were calculated
from the mean plasma versus time data using WinNonlin software
(Pharsight Corporation). Statistical analysis was carried out by
Student’s T-test. A value of p≤0.05 was considered statistically sig-
nificant.

3. Results

Minocycline is a broad-spectrum tetracycline antibiotic and is the
most lipid-soluble of the tetracycline-class antibiotics (Macdonald et al.,
1973). Traditionally, lipophilic formulations are used to deliver small
molecules that exhibit lipophilic properties. In our studies we devel-
oped a hydrophilic minocycline formulation to determine variances in
formulation properties and to further understand its effect on skin up-
take both in vitro and in vivo. The MNC-H formulations used in this
study were designed to completely solubilize minocycline HCl. In
contrast, minocycline in the MNC-L formulations was apparently dis-
persed within each formulation (data not shown).
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3.1. Physicochemical stability of formulations

The stability of minocycline over 28 days was assessed in the var-
ious formulations kept at room temperature and protected from light.
As shown in Table 1 presenting parent minocycline, all formulations
used remained stable throughout the study period.

3.2. Ex vivo human skin uptake

The uptake of minocycline was compared in an ex vivo human facial
skin system using 1% and 4% formulations. In this comparison the
MNC-H formulation had significantly greater ability to deliver mino-
cycline to human ex vivo facial skin when compared to MNC-L for-
mulations (Fig. 1). By 2 h post-application, MNC-H (1% and 4%) gel
formulations demonstrate approximately a 2- to 3-fold increase in up-
take compared to MNC-L (1% and 4%) formulations. By 4 h post-ap-
plication, 1% MNC-H formulation demonstrates similar uptake to that
of the 4% MNC-L formulation.

It is well known that API stability is a critical component to the
efficacy of a successful formulation. In our ex vivo uptake studies,
minocycline and a degradation product of minocycline, 4-epiminocy-
cline, was measured. The MNC-H formulations demonstrated greater
uptake of minocycline in to the skin (Fig. 1) and the minocycline pre-
sent in the skin apparently remained more stable after application
(Fig. 2) compared to MNC-L formulations. As shown in Fig. 2, there was
less 4-epiminocycline identified in the skin from the hydrophilic for-
mulation compared to the lipophilic formulations at 2 h and 4 h post
application. Epimer formed after 2 h post application was 9.7% and

5.1% for 1% and 4% MNC-H, respectively, and 37.6% and 7.3% for 1%
and 4% MNC-L, respectively. At 4 h post application, 10.6% and 4.5%
epimer formed with the 1% and 4% MNC-H, respectively, and 29.8%
and 11.6% formed with the 1% and 4% MNC-L, respectively. The
percent of 4-epiminocycline was significantly less in topical hydrophilic
minocycline formulations (1% and 4%) compared to the MNC-L (1%
and 4%) formulations (Fig. 2).

In order to understand the deposition of the formulation in the skin,
tissue sections, each treated with either MNC-H or MNC-L formulation,
were sectioned and further analyzed using conventional fluorescence
microscopy. In the human skin samples treated with MNC-H 1% and 4%
formulations, minocycline fluorescence (red) was evident in the pilo-
sebaceous unit and epidermis (Fig. 3). For the MNC-L treated samples,
minocycline was identified in the stratum corneum and pilosebaceous
unit, but the signal was considerably weaker than the fluorescence
observed in the epidermis and pilosebaceous units of the samples
treated with the hydrophilic composition.

3.3. In vivo uptake and dermal irritation studies

The challenges in developing a topical form of minocycline include
maintaining the stability of the drug substance and efficiency in deli-
vering the drug substance to the targeted tissue area. In developing the
MNC-H formulations, our goal was to develop a potent hydrophilic
topical agent that has the ability to penetrate into the skin and the
pilosebaceous unit, thereby delivering local, targeted treatment for
acne.

3.3.1. In vivo rat skin uptake: MNC-H minocycline formulations at 14 and
28 days

To further confirm the results from our ex vivo findings, and to
understand absorption of minocycline, dermal application studies were
designed and performed in vivo with CD hairless rats. In Fig. 4a, similar
to the ex vivo uptake studies with human skin, minocycline was found in
the skin of CD hairless rats that were treated daily for 14 days with
topical hydrophilic minocycline formulations (MNC-H). No minocy-
cline was detected in the vehicle group (0% MNC-H) as expected, and
minocycline uptake of 6.4 μg/cm2 and 7.4 μg/cm2 was detected with
4% MNC-H at application amounts of 2.5 mg/cm2 and 5mg/cm2, re-
spectively. Minocycline was not detected in the skin in the recovery
group (a recovery phase of 7 days after the in-life period of 28 days).
Through fluorescence imaging and H&E stains for morphology

Table 1
Stability profile of MNC-L (1%, 4%) and MNC-H (1%, 4%) formulations over
28 days.

Minocycline Stability

Time (days) Hydrophilic Formulations Lipophilic Formulations

1% MNC-H 4% MNC-H 1% MNC-L 4% MNC-L

0 98.5% 98.3% 98.3% 98.5%
28 98.6% 98.3% N/A 98.2%

The formulations used for the in vivo repeat dose studies, MNC-H (1%, 4%) and
4% MNC-L, were sampled over the same time course as the in vivo studies. The
1% MNC-L was sampled only at baseline to confirm minocycline amounts.

Fig. 1. Comparison of topical minocycline formulations MNC-H (1%, 4%) and MNC-L (1%, 4%) at 2 and 4 h post-application. Uptake is of (a) combined parent
minocycline and 4-epiminocycline or (b) parent minocycline only in ex vivo human facial skin. Graph presents the mean ± standard error (SE). (*P≤0.05 between
hydrophilic minocycline and the lipophilic minocycline formulations, 4% MNC-H versus 4% MNC-L at 2 and 4 h, and †P≤0.05 between 1% MNC-H versus 1% MNC-
L at 2 and 4 h).

D. Lac, et al. International Journal of Pharmaceutics: X 1 (2019) 100009

4



Fig. 2. Minocycline epimerization resulting from topical application of MNC-H or MNC-L formulation in ex vivo human facial skin. 4-epiminocycline amount in
formulation prior to dosing (0 h) and extracted from skin samples that were processed 2 or 4 h post-application with (a) 1% or (b) 4% formulations. Graphs present
the mean ± standard error (SE) (*P≤0.05 between hydrophilic minocycline and the lipophilic minocycline formulations; 1% MNC-H versus 1% MNC-L at 2 h and
4% MNC-H versus 4% MNC-L at 4 h).

Fig. 3. Detection of minocycline (red fluorescence) in ex vivo human facial skin after application of hydrophilic MNC-H or lipophilic MNC-L formulations. Tissue was
treated with an excess amount of 1% MNC-H, 1% MNC-L, 4% MNC-H, or 4% MNC-L and its appropriate vehicle control (hydrophilic MNC-H vehicle or lipophilic
MNC-L vehicle) for 24 h. Relevant skin structures such as the stratum corneum, epidermis and sebaceous gland (SG) can be observed. Scale bar represents 100 μm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 4b), minocycline (red signal) was observed in the stratum cor-
neum and sebaceous glands of the skin after 14 days application with
4% MNC-H. Vehicle treatment presented no signal.

3.3.2. In vivo minipig cutaneous tolerance and uptake: MNC-H
formulations for 14 days

A 14-day repeat-dose patch study in minipigs was conducted to
further understand the delivery aspects of our topical hydrophilic
minocycline formulation. Minipig skin is known to be an excellent re-
presentative of human skin for purposes of preclinical testing (Gerd
Bode, 2010). The dose–response relationship for minocycline uptake in
porcine skin was also evaluated. In this study, multiple doses of 15
different test conditions, including several different MNC-H formula-
tions (0%, 0.5%, 1%, 2%, and 4%) were tested at several different doses
(2.5 mg/cm2/day, 7.5mg/cm2/day, and 12.5mg/cm2/day), each over
a 10 cm2 area (Table 2).

Analysis of the minocycline uptake in the test area indicated a
mainly dose-dependent increase of minocycline in the minipig skin
(Fig. 5). Not every formulation is presented in the graph, but the range
is given. Minocycline applied at 2.5 mg/cm2 was detected at 5.4 μg/g,
15.6 μg/g, 45.0 μg/g, 41.9 μg/g with 0.5%, 1%, 2% and 4% MNC-H,
respectively. The increased volumes of 7.5 mg/cm2 and 12.5mg/cm2 of
4% MNC-H showed further increased uptake amounts of 103.9 μg/g
and 116.7 μg/g, respectively. The in vivo skin minocycline

concentrations, ranging from about 5 μg/g to 120 μg/g with different
MNC-H formulations, exceeded the minimum inhibitory concentration
(MIC) of 0.03 μg/mL, as measured with different strains of P. acnes
(Gübelin et al., 2006). No side effects such as erythema or edema were
observed during the study.

3.4. In vivo minipig comparative study: MNC-H and MNC-L minocycline
formulations at 28 days

In a comparative in vivo minipig study, topical hydrophilic mino-
cycline gel and lipophilic minocycline formulations were dermally ad-
ministered daily for 28 days. Minocycline was measured in the plasma
during the study and was detected in the MNC-L group, but no mino-
cycline was found with the MNC-H treatment group (Table 3). Inter-
estingly, higher skin levels of minocycline were detected in the MNC-H
group than animals treated with MNC-L formulations. Similar to the
previous minipig patch study, no side effects, such as erythema or
edema, were observed with either MNC-H or the MNC-L formulations.

Sebum was collected and compared between treatment groups. A
significant increase in sebum levels was observed in the MNC-L for-
mulation group but not in the MNC-H group when compared to the
sham group (no treatment) on Days 7, 15 and 29 (Fig. 6). Furthermore,
significantly more sebum was produced from MNC-L treatment on Day
7, 15 and 20 at 2.5 mg, 1.8mg and 2.1 mg, respectively, compared to

Fig. 4. Minocycline uptake and visualization in rat skin treated with 4% MNC-H or vehicle over 14 days. (a) Uptake of minocycline in rats with daily application of
2.5mg/cm2 and 5mg/cm2 of 4% MNC-H or hydrophilic vehicle. Graph presents mean ± SE. (b) Visualization of minocycline (red) in the rat skin, specifically the
sebaceous gland (SG) and stratum corneum (SC). Serial H&E images are also shown. Scale bar indicates 100 μm. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Different topical hydrophilic minocycline formulations (MNC-H) and application amounts applied to individual 10 cm2 test areas (skin) on
Göttingen minipigs.

Minocycline Applied Per Test Area (mg)

Application Dose Levels of MNC-H

2.5 mg/cm2 7.5 mg/cm2 12.5mg/cm2

MNC-H % Minocycline Formulations Vehicle MNC-H 0.00 0.00 0.00
0.5% MNC-H 0.13 0.38 0.63
1% MNC-H 0.25 0.75 1.25
2% MNC-H 0.50 1.50 2.50
4% MNC-H 1.00 3.00 5.00

The amount of minocycline (mg) was estimated based on the level of minocycline in each formulation, applied volume, and application area.
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MNC-H treatment on Day 7, 15 and 20 at 0.3mg, 0.9mg and 0.1 mg,
respectively.

4. Discussion

Development of a topical hydrophilic minocycline formulation has
been particularly challenging due to the difficulty of stabilizing this
active ingredient. Minocycline is generally unstable in aqueous form
and is also sensitive to moisture, temperature, and light (Salman et al.,
2014). Despite being soluble in an aqueous solution, it is highly un-
stable, resulting in formulations limited to lipophilic options. Several
groups (Vyas et al., 2014) (Tamarkin, 2016) (Shigeyama et al., 2000)
have attempted to formulate topical lipophilic minocycline solutions.
The limited solubility of minocycline in a lipophilic environment

Fig. 5. Minocycline uptake in minipig skin after 14 days of various MNC-H formulations. MNC-H minocycline concentrations (0.5%, 1%, 2%, 4%) and application
volumes (2.5, 7.5 and 12.5 mg/cm2) were applied daily to the skin. Triplicates of each sample were analyzed by LC-MS/MS. Graph presents mean ± SE.

Table 3
Minocycline plasma and skin uptake levels in minipigs treated daily with to-
pical 4% MNC-L or 1% MNC-H.

Minocycline in Plasma 1% BPX-01 4% MNC-L

1 d 14 d 28 d 1 d 14 d 28 d

Tmax (hr) – – – – 1 2
Cmax (ng/mL) 0.00 0.00 0.00 0.00 1.96 2.58
AUCall (hr * ng/mL) 0.00 0.00 0.00 0.00 26.00 14.52
Minocycline in Skin (µg/mL) 2.08 ± 0.62 0.86 ± 0.25

Pharmacokinetics measurements were performed at 1 day, 14 days and 28 days
(1 d, 14 d, and 28 d) post treatment. Skin minocycline concentrations were
measured after 28 days of application.

Fig. 6. Sebum production observed from the skin of minipigs treated with 4% MNC-L, 1% MNC-H or non-treated (sham). Sebutape© was used to collect sebum and
weighed prior to and post Sebutape© application on the skin. Graph presents mean ± SE (*P≤0.05 between sham and minocycline treated groups at baseline, day
7, 15 and 29, †P≤0.05 between the 1% MNC-H and 4% MNC-L group on day 7, 15 and 29).
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presents limited cutaneous uptake (Prausnitz et al., 2017) thereby re-
quiring increased concentrations to deliver sufficient quantities of the
active ingredient into the skin to produce clinical efficacy, as indicated
in Fig. 1, where fully solubilized formulations of topical hydrophilic
minocycline gel formulations demonstrated more than 2 to 3-fold drug
penetration compared to topical lipophilic minocycline formulations of
equivalent concentration. Interestingly, the kinetics of the epimeriza-
tion observed in this study does not necessarily follow a first order ki-
netic, instead, we are observing concentration dependent kinetics
(Fig. 2). More studies are currently being conducted to understand the
kinetics and behavior of MNC-H more thoroughly.

Furthermore, in our 14-day in vivo repeat-dose minipig patch study,
dose-dependent uptake of minocycline was observed with various to-
pical hydrophilic minocycline formulations. The cutaneous absorption
ranged from 5 μg/g to 120 μg/g, which is higher than the concentration
required to inhibit the growth of P. acnes as the MIC value is equal to
0.03 μg/mL (Fig. 5). By applying a higher volume of 4% MNC-H for-
mulation amount, the available minocycline on the surface of the skin
probably acts as a reservoir resulting in sustained delivery (Prausnitz
et al., 2017), potentially driving a higher amount of minocycline into
the skin. In other words, applying a higher concentration of solubilized
minocycline increases the concentration gradient at the skin surface, as
a result driving more drug into the skin.

Absorption of a topical formulation usually happens along the skin
appendages such as hair follicles or through the stratum corneum and
the underlying layers (Mohd et al., 2016) (Lademann et al., 2008)
(Desai et al., 2010). Though skin appendages present only a small
portion of the surface, a topical formulation can lead to a direct and
targeted delivery and accumulation in these structures (Grice et al.,
2009) (Verma et al., 2016), thus leading to faster and more efficient
uptake in skin as observed with the topical MNC-H gel in our ex vivo
studies and in vivo studies (Figs. 1, 3 and 4). Generally, the stratum
corneum is assumed to be the main barrier for absorption due to the low
diffusivity (Prausnitz et al.,2017). Drug delivery occurs either through
the corneocytes or along the intercellular spaces through the lipid
matrix (Alkilani et al., 2015). A general belief exists that intercellular
channels through the lipid matrix provides better diffusivity although
this pathway is much longer (Elisa, 1991).

Typically, lipophilic formulations are readily absorbed by the
stratum corneum but lose absorption efficacy in the hydrophilic epi-
dermis and epithelial cells lining of the follicle and sebaceous glands
(Dash, 2014). In our ex vivo study with human excised facial skin
samples with 4% MNC-L, minocycline was identified in the stratum
corneum and part of the pilosebaceous unit compared to the 1% MNC-
H, which was found to be present specifically in the sebaceous glands,
epidermis, and stratum corneum (Fig. 3). The minocycline signal ex-
hibited as red color, was much weaker from MNC-L compared to MNC-
H composition which further corroborates the bioanalytical measure-
ments of low amounts of minocycline in the lipophilic treated samples
such that the 1% MNC-H formulation exhibited a similar level of ab-
sorption as the 4% MNC-L formulation in an ex vivo situation (Fig. 1).
These data further suggest that the topical hydrophilic minocycline gel
formulation is superior to the topical lipophilic minocycline formula-
tion in delivering minocycline to the pilosebaceous unit where P. acnes
typically reside.

Moreover, in the comparative 28-day in vivo minipig study, a higher
minocycline amount was absorbed in the skin with the 1% MNC-H
group compared to the 4% MNC-L group (Table 3). Further evaluation
of these formulations also revealed that minocycline was present in the
plasma when applied daily for 28 days in the 4% MNC-L treated group
while no minocycline was detected in the 1% MNC-H treated group. It
is hypothesized then that these formulations influence the drug delivery
and tissue pharmacokinetics differently. Apparently, the hydrophilic
formulation resulted in more minocycline retained in the skin com-
pared to the lipophilic formulation where minocycline reached the
bloodstream at detectable amounts. Such phenomena is suggested by

Desai et al., which reports that the nature of the formulations and the
presence of several excipients could drive the absorption into the
deeper skin layers and even into systemic circulation. Such formulation
characteristics could explain the different behaviors of MNC-H and
MNC-L. Further studies focusing on minocycline distribution and
pharmacokinetics in skin tissue as a function of the vehicle are needed.

It should be noted that some lipophilic formulations are made with
auxiliary mechanisms to aid in the delivery of the oily formulation and
to minimize the greasy feeling on the skin. To overcome this, we ap-
plied a very thin layer (2.5 mg/cm2) of MNC-H and MNC-L formulations
in order to minimize the unwanted effects. Additionally, mild detergent
was used in the in vivo experiments prior to daily dosage in order to
remove residual formulation. However, an increase in sebum was seen
in the skin in the MNC-L formulation (Fig. 6) when compared to the
sham control and the MNC-H formulation in the in vivo minipig 28-day
comparative study. This increase in sebum from the MNC-L formulation
could create a barrier to the skin, which may exacerbate P. acnes as
suggested and reported by Grice and Serge (2011), and the progression
of acne vulgaris. Such negative reported observations with a lipophilic
formulation support the development of a stable, hydrophilic topical
minocycline gel formulation to treat acne vulgaris. Since minocycline
has a MIC value equal to 0.03 μg/mL for P acnes and based in the data
presented above, it is highly possible that 2.5mg/cm2 application doses
of 1 or 2% of MNC-H formulation is likely sufficient for delivering ef-
ficacious amounts of minocycline as compared to 4% MNC-L formula-
tions, as shown in Fig. 1.

Traditionally, topical formulations for dermal diseases are designed
to enhance the uptake of the active ingredient to the dermis (Paudel
et al., 2010). Efforts have been placed in developing penetration en-
hancers that promote active ingredient uptake to this portion of the skin
(Pathan and Setty, 2009). Even in the treatment of acne vulgaris, many
formulation studies have been designed to help for maximal dermal
uptake (OECD, 2011). However, P. acnes typically reside in the pilo-
sebaceous unit due to the favorable anaerobic environment that is
conducive for its growth. In order to effectively treat acne vulgaris, an
effective formulation should be able to deliver the minocycline directly
to the affected anatomy. Our data suggest the ability to deliver mino-
cycline directly to the epidermis and pilosebaceous unit in both ex vivo
human skin and in vivo rodents (as shown in Figs. 3 and 4). In addition,
our studies propose a dose-dependent increase of minocycline in the
minipig skin. Recently, the delivery of a single daily dose of minocy-
cline with various MNC-H formulations in ex vivo human face skin has
been further evaluated by more selective methods with higher mino-
cycline specificity for visualization within human skin tissue by uti-
lizing two-photon excitation fluorescence (TPEF) microscopy and
fluorescence lifetime imaging microscopy (FLIM). Based on these re-
sults the drug local distribution visualization method using TPEF and
FLIM with phasor analysis can play an important role in studying the
pharmacokinetics and pharmacodynamics of a topical or transdermal
drug (Jeong et al., 2018).

5. Conclusions

Our reported data have demonstrated that topical application of the
topical hydrophilic minocycline gel formulation can limit systemic ex-
posure while delivering sufficient minocycline directly to the targeted
skin anatomy to potentially treat acne vulgaris. Minocycline from the
hydrophilic formulation was found to have significantly higher pre-
sence within the targeted areas in the skin but not detectable in the
systemic circulation after a 28-day repeat application in minipigs when
compared to a lipophilic formulation. We were able to demonstrate that
1% MNC-H delivers minocycline in the ex vivo human skin at least as
effectively as 4% MNC-L. This is particularly exciting because a lower
percentage of minocycline formulation translates into a reduction in
systemic exposure and can decrease the severity of side effects, which is
commonly seen with the use of oral minocycline. These results also
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suggest that both systemic exposure and peak plasma concentrations of
minocycline are minimized by dermal administration of a topical hy-
drophilic minocycline gel formulation. The lack of skin irritation and
the absence of treatment-related toxicity further suggest that MNC-H
formulations may be a safe and targeted treatment approach for acne
vulgaris. We anticipate that MNC-H formulations will have an increased
efficacy while providing a safer alternative to oral minocycline.
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