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This work examined the effect of sodium carbonate (Na2CO3) on the topical delivery of methotrexate
(MTX) from a loaded nanogel in vitro and the modulation of prostaglandin E2 (PGE2) production in skin
ex vivo. A nanogel based on co-polymerised N-isopropylacrylamide (NIPAM) and butylacrylate (BA) was
synthesized, characterized and loaded with MTX. Finite doses were then applied to excised porcine epi-
dermal membranes mounted in Franz diffusion cells, followed by the addition of saturated aqueous
Na2CO3. For comparison, the addition of half-saturated Na2CO3 was examined along with loaded nanogel
alone. The same treatments were applied to Silastic membrane and full-thickness porcine ear skin ex vivo,
which was then treated with radioimmunoprecipitation buffer and probed for levels of PGE2 using a com-
mercial enzyme immunoassay kit. The MTX-loaded nanogel, which demonstrated de-swelling by 7% over
the range 25–37 �C, provided a MTX flux of 1.4 ± 0.3 ng cm�2 h�1; this increased to 3.1 ± 0.22 ng cm�2 h�1

upon the addition of saturated aqueous Na2CO3 (p < 0.05). Lag times were 6 and �0 h, respectively. Sim-
ilar results were obtained using half-saturated aqueous Na2CO3. No permeation was detected across
Silastic membrane. PGE2 levels for water (control) and saturated aqueous Na2CO3 were similar, but
reduced by 33% when the MTX-loaded nanogel was applied, and by 57% when this was followed by
the application of saturated aqueous Na2CO3 (p < 0.01). A novel mechanism is proposed whereby the
change in temperature experienced by the nanogel as it penetrated skin induced de-swelling and expul-
sion of MTX in situ. The added Na2CO3 lead to further solubilisation and MTX release, hence increasing
the concentration gradient, flux and reducing PGE2 production.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction uses in many applications, including pharmaceuticals [8]. Depend-
Methotrexate (MTX) is a potent immunomodulating drug indi-
cated as second-line treatment for severe psoriasis and, currently,
only oral forms are available with a weekly recommended dosage
of between 10 and 25 mg. Despite its efficacy, the use of MTX is
greatly limited due to its toxicity, and one way to limit the sys-
temic toxicity is by formulating MTX into a topical product. The
drug has been the subject of much research in this respect [1–4],
although a product has yet to be marketed. One reason for gener-
ally poor clinical effect is insufficient percutaneous penetration of
MTX to the basal layer of epidermis in order to exert its pharmaco-
logical action.

This work concerns a novel topical drug delivery system for
MTX involving nanogels, which are colloidal, cross-linked particles
with a size range between 100 nm and 1 lm [5–7] and which pos-
sess the property of swelling in appropriate solvents [8]. The stim-
ulus-responsive nature of nanogels is attractive and has potential
ll rights reserved.

ax: +44 029 2087 4149.
ing on the chemical nature of the monomers used, nanogels under-
go volume-phase transition in response to stimuli, such as
temperature [9], ionic strength [10] and solvent type [11]. A range
of monomers is available that can be used to produce nanogels, e.g.
styrene, methyl methacrylate and divinylbenzene [6]. Biodegrad-
able, pH-responsive chitosan nanogels have been examined as a
means to achieve rapid cellular internalisation of MTX [12]. How-
ever, due to its thermo-responsive behaviour and unique feature of
undergoing lattice collapse close to the human body temperature
[13], the most studied monomer in the pharmaceutical area is
N-isopropylacrylamide (NIPAM), which undergoes collapse (has a
lower critical solution temperature, LCST) at 32–34 �C, depending
on the chemical environment [14].

The major influence on the swelling/collapsing behaviour of
polyNIPAM-based nanogels is the balance between attractive and
repulsive forces acting internally. At temperatures below the LCST
the linear polymer is highly solvated due to the extensive forma-
tion of hydrogen bonds between the solvent and the amide side
chains of the polymer, causing the polymer to coil randomly. But
as temperature exceeds the LCST, hydrogen bonds dissociate and
the polymer shrinks, or de-swells, on the entropically favoured
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release of water from the polymer interior, with the polymer now
existing in a globular form. When the polymer chains are cross-
linked into a network by a cross-linker, the responsivity appears
as a volume collapse followed by the expulsion of their contents.
This transition temperature is called the volume phase transition
temperature (VPTT). Generally, the VPTT is close to the LCST of
the corresponding non cross-linked polymer solution. This temper-
ature-induced behaviour, of absorbing solvated materials (e.g. a
drug) under one set of conditions then release when environmen-
tal conditions change, can be utilised in drug delivery systems [13].
PolyNIPAM nanogels can also be made to be pH responsive through
co-polymerisation with ionic monomers such as acrylic acid and
methacrylic acid [6]. A recent observation suggested that the
addition of a base (triethylamine) to a nanogel comprised of a
co-polymer of NIPAM and non-ionic monomer butylacrylate
(polyNIPAM-co-BA) produced significant enhancements in the
topical delivery of naproxen across skin. However, the use of
triethylamine was found to be unsuitable due to it being highly
pro-inflammatory (unpublished data).

In the current study, a polyNIPAM-co-BA nanogel was prepared
and characterized, before being loaded with MTX. The delivery of
MTX was then determined from the nanogel applied to heat-sepa-
rated epidermal membranes in vitro, and the effect of base sodium
carbonate (Na2CO3) determined – Na2CO3 is widely used in the
cosmetic industry as a pH regulator and is certified as safe for
use by the Cosmetic Ingredient Review (CIR) Expert Panel [15].
The same treatments were applied to Silastic membrane and
ex vivo porcine skin, where the skin was assayed for the key inflam-
mation mediator, prostaglandin E2 (PGE2).
2. Materials and methods

2.1. Materials

N-isopropylacrylamide (NIPAM), butylacrylate (BA), potassium
persulfate (PP), sodium carbonate (Na2CO3) anhydrous, sodium
hydroxide (NaOH, 1 N), concentrated hydrochloric acid (HCl),
HPLC-grade methanol, glass wool and filter paper were all pur-
chased from Fisher Scientific (Loughborough, UK). Radioimmuno-
precipitation (RIPA) buffer, N,N0-methylenebis-acrylamide (BIS),
Hank’s balanced salt, potassium phosphate monobasic, phos-
phate-buffered saline solution (PBS) were all purchased from
Sigma–Aldrich Company (Poole, UK). Methotrexate (MTX) was
obtained from Heumann PCS GmBH (Feucht, Germany). The
‘Cayman prostaglandin E2 EIA kit – monoclonal’ was purchased from
Cayman Europe (Tallinn, Estonia). Silicone membrane (75 lm thick-
ness) was obtained from Dow Corning Company (Seneffe, Belgium).
Porcine ears were obtained from a local abattoir prior to steam
cleaning and immersed in iced Hank’s buffer upon excision
2.2. Nanogel synthesis

Poly(NIPAM-co-BA) nanogel was synthesized using a surfac-
tant-free emulsion polymerisation method. NIPAM, BIS (cross-lin-
ker) and PP (initiator) were used in the ratio 91:7:2, respectively.
Briefly, NIPAM, BIS and de-ionised water were added together in
a beaker and stirred for �15 min on a magnetic stirrer plate. This
dissolved solution was continuously stirred in a 250-mL three-
neck, round-bottom flask equipped with a magnetic stirrer and im-
mersed in a water bath heated to the polymerisation temperature
of �70 �C. The flask was continually purged with nitrogen gas to
maintain anoxic conditions. BA was added at a concentration of
7.5% w/w to the base monomer polyNIPAM approximately
15 min prior to the addition of the initiator. The polyNIPAM nano-
gel was hydrophobically modified using BA in order to modify its
thermosensitive property. After being stabilized at �70 �C, the
monomer solution was initiated by addition of a hot predissolved
persulfate initiator (made up beforehand in 100-mL of de-ionised
water). Polymerisation was allowed to proceed for 6 h under con-
tinuous 300 rpm mixing. Afterwards, the nanogel suspension was
cooled overnight under constant stirring (300 rpm). The mixture
was then filtered by a combination of glass wool and filter paper.
The crude nanogel product was subsequently purified by 5�
centrifugation steps (Beckman Coulter J25), 1 h cycle @ 15 �C,
13,000g. PolyNIPAM nanogel is hydrophilic at room temperature;
however, the presence of a cross-linker (BIS) prevents the nanogel
from dissolving in water at temperatures < LCST [16,17]. The cross-
linker restricts the extent of polymer swelling [18].

2.3. PolyNIPAM-co-BA nanogel characterization

2.3.1. Transmission electron microscopy (TEM)
TEM micrographs of the nanogel particles were obtained using a

Phillips EM 208 TEM operated at 80 kV. Freeze-dried nanogels
were re-suspended in de-ionised water at a concentration of
0.5% w/v and 10 lL transferred by a pipette onto Pioloform™-
coated copper grid supports. The water on the grid was removed
via blotting with a filter paper from the below, and the grid air-
dried at the ambient temperature prior to microscopic observation.
Quantitative microscopy measurement of TEM micrographs were
performed using an online digital image processing program,
ImageJ (Image processing and analysis in JAVA) version 1.43c
(National Institute of Health, USA).

2.3.2. Particle size distribution
The purified nanogel particles were characterized at ambient

temperature using a laser diffraction system (Malvern Mastersizer
2000™). The analysis was carried out on 0.1% w/v nanogel disper-
sion in de-ionised (temperature-dependent study) or pH-adjusted
water (pH-dependent study). For each replicate, a new pipette
was used to apply the sample into the instrument until the laser
obscuration reading reached an approximate value of 10%. Each
sample was analysed in triplicate (n = 3). Nanogel dispersions were
stored at different temperatures: 4 �C (refrigerator), 25 �C (room
temperature), 32 �C (average skin surface temperature), 37 �C
(physiological temperature) and 60 �C, allowing at least 1 h for
temperature equilibrium. The response of nanogels to pH was also
investigated. Solutions of five different pH values (�pH 3, 5.8, 7, 9,
and 12) were prepared through the drop-wise addition of either a
HCl (0.1 M) or NaOH (0.1 M), monitored using a standard pH meter.
Nanogel dispersions of 0.1 % w/v were prepared by mixing the
freeze-dried nanogels in the solutions of variable pH using a labo-
ratory flask shaker (Stuart™ Flask Shaker - SF1 Bibby Scientific Ltd.,
Stone, UK) for 30 min. The dispersions were left to equilibrate at
room temperature for a further 30 min prior to analysis using a
Malvern Mastersizer 2000™. The measurements were performed
at room temperature (n = 3).

The fundamental size distribution derived by this technique
was volume-based and expressed in terms of the volume of equiv-
alent spheres (DN%) and weighted mean of the volume distribution.
As the laser diffraction system was used for the analysis, two val-
ues that would give an equivalent determination of particle poly-
dispersity are uniformity (how symmetrical the distribution is
around the median point) and span values (the width of the distri-
bution). The span value is defined as below:

Span ¼ D90% � D10%

D50%

ð1Þ

where DN% (N = 10, 50, 90) means that the volume percentage of
particles with diameters up to DN% equals to N%. The smaller the
span value is, the narrower the size distribution.
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2.4. Loading of nanogel with MTX

To enable high MTX loading into blank poly(NIPAM-co-BA)
nanogel, it was important that MTX was in solution at high concen-
tration, although MTX is generally known to be poorly soluble
across a range of regular solvents. Various solvents were examined
including dimethyl sulfoxide (DMSO), to poor effect. However, by
trial and error, a dissolution method for MTX was developed in-
house. First, MTX was suspended in de-ionised water and the pH
adjusted by the dropwise addition of 1 N NaOH. The yellow sus-
pension clarified once pH 12 was reached, the pH was then read-
justed back to neutral by the dropwise addition of HCl, with the
MTX remaining in solution. The MTX solution was then added to
the purified blank nanogel in equal volumes and placed in an ultra-
sonic bath for 1 h, before being left overnight at room temperature.
The mixture was then centrifuged as described earlier, the super-
natant was decanted and discarded, and the precipitate retained
for use.

2.5. Preparation of saturated aqueous sodium carbonate (Na2CO3)

A saturated solution of Na2CO3 was prepared by adding excess
into 2 mL of de-ionised water in an Eppendorf tube until no further
dissolution was observed. The vial was loaded on a rotary blood
cell mixer and left to equilibrate overnight at room temperature.
Later, the tube was centrifuged at 6000 rpm for 10 min, and the
supernatant decanted and used immediately. A half-saturated
solution was prepared from this saturated solution, by a 50:50
dilution using de-ionised water.

2.6. Preparation of membranes

Porcine skin was used because it is very similar in structure to
the human skin, with permeability values close to that of the
human skin [19,20]. As the site of action of MTX is the viable
epidermis, the appropriate model membrane for drug delivery is
heat-separated epidermis and these were prepared by an estab-
lished technique. Porcine ears were cleaned under running water
and the skin excised from the dorsal side by blunt dissection, prior
to being cut into sections of approximately 3 � 3 cm and immersed
in water heated to 60 �C for approximately 1 min, before gently
peeling off the epidermis with the aid of forceps. For the bioassay
for PGE2, full-thickness skin membranes were used in order to
retain metabolic activity, with the membranes continually bathed
in Hank’s buffer. Silastic sheet was washed under running water
before being cut into 3 � 3 cm sections and soaked in receptor
phase overnight.

2.7. In vitro permeation studies

The skin or Silastic membrane was mounted onto the pre-
greased receptor compartment of a Franz diffusion cell with the
stratum corneum facing upwards. The nominal diffusion area of
the Franz cell was 0.95 cm2 and had a receptor volume of 4.3 mL.
Magnetic stirrers were placed into the receptor compartment to
ensure uniform distribution of permeating solute for later sam-
pling. The donor compartments were clamped firmly into place
and the receptor phases filled with degassed PBS – which provided
an adequate sink for MTX. The complete cells were then placed on
a submersible magnetic stirring plate (Variomag, Daytona Beach)
set up in a water bath maintained at 37 �C and left to equilibrate
for 30 min. Finite doses of nanogel were applied using a blunt glass
rod which was dipped momentarily into the MTX-loaded nanogel
and then massaged gently onto the membrane to ensure uniform
distribution without tearing the skin. Refining this method, the
approximate weight of nanogel dosed was found to be consistently
0.1 g. Both the sampling arm and donor compartments were oc-
cluded. Three dosing procedures were used:

(a) MTX nanogel alone.
(b) MTX nanogel followed by 25 lL saturated aqueous Na2CO3.
(c) MTX nanogel followed by 25 lL 0.5� saturated aqueous

Na2CO3 (not Silastic).

Sampling was carried out over a period of 12 h, with the entire
receptor phases being removed using Pasteur pipettes and re-
placed with fresh, pre-warmed PBS. Each cell had a dedicated pip-
ette to avoid cross-contamination. A 1-mL sample of the removed
receptor solutions was retained for analysis.

2.8. Quantitative analysis

MTX in the receptor-phase samples was analysed by reversed-
phase liquid chromatography using an Agilent 1100 series auto-
mated system with Chemstation software. The HPLC method was
developed in-house: Luna C18 ODS 150 � 4.6 mm, 5 lm column
(Phenomenex, Macclesfield, UK), mobile phase of 3:1 potassium
phosphate buffer (0.1 M, pH 6.5)/methanol over 15 min with flow
rate set at 1 mL min�1. Sample injection volume was 20 lL
and detection was by UV at k = 305 nm, with a resultant MTX
retention time of 9 min. For calibration, a stock solution of MTX
(500 lg mL�1) was prepared in PBS, and a standard calibration
curve was obtained over the range of 4–500 lg mL�1. Excellent lin-
earity was achieved as evidenced by a R2 of 1.000, with a limit of
detection of 7.27 ng mL�1. Cumulative amount of MTX permeated
per unit area (mass cm�2) was plotted against time (h), with lag
time and steady state flux (JSS) determined by standard methods.
Cumulative permeation after 12 h (Q12) is also reported.

2.9. Determination of PGE2 in porcine skin ex vivo

MTX is known to be anti-inflammatory, and one way of observ-
ing this effect is by determining modulation in levels of the inflam-
mation marker, PGE2 [21]. Meanwhile, this bioassay can also
indirectly indicate the extent of MTX delivery into the skin, as
any reduction in PGE2 must be a consequence of MTX activity on
the viable keratinocytes. To facilitate extended skin viability and
thus maintain skin metabolism and any arachidonic acid activities,
the freshly excised porcine ears were immersed in iced Hank’s buf-
fer during transportation from the abattoir to the laboratory – the
skin was used within 3 h of slaughter. The full-thickness skin was
cut into approximately 2 � 2 cm sections and placed in Hanks bal-
ance salt, then mounted into Franz diffusion cells, as described ear-
lier. The skin was dosed in triplicate with one of four groups
according to dosing types: MTX nanogel alone, MTX nanogel with
base added, with 20 lL saturated Na2CO3, 20 lL de-ionised water.
The receptor phase was degassed Hank’s buffer. After 6 h, the dif-
fusion cells were dismantled and the skin washed to remove resid-
ual doses, then cut into small pieces using a scalpel and immersed
in RIPA buffer to break up the tissues and release metabolites with
the aid of an ultrasonic bath. PGE2 levels were then determined
using the enzyme immunoassay kit in accordance with the instruc-
tions supplied, followed by colorimetric determination at 412 nm.

2.10. Statistical analysis

The nanogel characterization data were analyzed using Excel
2007 (Microsoft Office, Microsoft Inc., US) and expressed as a mean
± standard deviation (S.D.). The MTX delivery and PGE2 modulation
data were analysed statistically using the unpaired, two-tailed t-
test with Welch correction. The test was conducted with Instat 3
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Fig. 1. Transmission electron micrographs of poly(NIPAM-co-BA). Scale bar: left
300 nm, right 100 nm.

Temperature (°C) Span Uniformity 
4 0.787 ± 0.029 0.171 ± 0.001 
25 0.923 ± 0.035 0.182 ± 0.001 
32 0.840 ±0.037 0.181 ± 0.003 
37 0.989 ±0.005 0.184 ± 0.006 
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for Macintosh (Graphpad, California, USA). Confidence intervals
were set at 95%, and p < 0.05 was defined as statistically significant.
60 0.601 ±0.003 0.200 ± 0.011 

Fig. 3. The effect of temperature on the particle size distribution of blank
poly(NIPAM-co-BA) nanogel. Graphical data represents mean hydrodynamic size;
span and uniformity values represent nanoparticle polydispersity (n = 3 ± S.D.).
Note de-swelling with increasing temperature.
3. Results and discussion

3.1. Characterization of blank polyNIPAM-co-BA

The two TEM images in Fig. 1 confirm that the nanogel particles
were monodisperse by having uniform size and spherical shape.
The images also serve to validate the purification step, by the ab-
sence of extraneous particulates. TEM allows visual assessment
of the particles, but the samples need to be dried and viewed in
a collapsed state. When a drop of dilute nanogel is placed on a
TEM microscope grid, the swollen monodisperse particles are
pulled by surface tension forces to form the two-dimensional or-
dered arrays. Further drying causes the latex particles to shrink
and form disks of nanogels which remain in the original configura-
tion. Particle size analysis was done on the nanogel micrographs,
and it was found that the gel has an average particle size of
113.43 ± 7.06 nm in the dried state. Particle size analysis done by
laser diffraction method (Malvern Mastersizer 2000™) showed
that the gels had an average hydrodynamic particle size of
�150 nm at room temperature with a span value of 0.923 ±
0.035. There was �23% of size increment compared to the dried
size. The size in dry state is smaller than the hydrodynamic size
due to the shrinking of the particles in drying process.

The blank nanogel was examined for pH-mediated particle size
modulation. Fig. 2 shows the particle size distribution curves at
five different pH values superimposed on each other, revealing
the non-pH-responsive nature of the nanogel. On the other hand,
Fig. 3 shows a trend in the hydrodynamic size of the blank nanogel
at 4, 25, 32, 37 and 60 �C, whereby smaller (de-swollen) particle
size is observed with increasing temperature. This volume transi-
tion was found to be reversible as noted previously [22].

In principle, nanogels should undergo volume collapse at a tem-
perature close to body temperature and size decreasing with in-
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Fig. 2. The effect of pH on the particle size distribution of blank polyNIPAM-co-BA
nanogel (pH 3, 5.8, 7, 9 and 12). Note particle size distribution is the same for each
pH. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
crease in temperature [23]. From a topical delivery perspective,
the key interval is that between 25 and 37 �C signifying a typical
storage temperature to bodily temperature, via 32 �C – the average
surface skin temperature. Over this range, the nanogel underwent
de-swelling by 11.5%, which was considered very significant (p,
0.0024). BA has previously been successfully used to reduce the
VPTT of polyNIPAM nanogel to <32–35 �C, thus the current nanogel
would be expected to demonstrate greater sensitivity (i.e.
de-swelling) when in contact with the skin [24].

3.2. Preparation of MTX-loaded polyNIPAM-co-BA nanogel

At the end of the centrifugation step, an orange-coloured sedi-
ment product was isolated, with the decanted supernatant a notice-
ably lighter shade of orange relative to saturated solution prior to
the loading step, indicating that the nanogel had successfully ab-
sorbed MTX. To determine the amount of MTX loaded into the
nanogel, the supernatant obtained after centrifugation was assayed
by HPLC. The difference in the average MTX concentration between
the saturated solution (7.40 mg mL�1) and the supernatant
(5.04 mg mL�1) was taken to be the amount loaded into the nano-
gel, i.e. 2.36 mg mL�1. Since 2 mL of MTX was added to 2 g of the
swollen nanogel, the amount of MTX encapsulated into the nano-
particles was 2.36 mg g�1, providing a loading efficiency of 31.9%.

3.3. Permeation of MTX across heat-separated epidermal and Silastic
membranes

Fig. 4 and Table 1 show that when loaded nanogel was applied
alone, the permeation of MTX across the heat-separated mem-
brane was less than the limit of detection until 6 h; after that time
the flux was 1.4 ± 0.3 ng cm�2 h�1. When the application of the
loaded nanogel was followed by application of 25 lL of saturated
aqueous Na2CO3 (�480 mgmL�1 – pH12.64), lag time was reduced
to approximately 0 h. The flux increased to 3.1 ± 0.22 ng cm�2 h�1,
and the Q12 increased to 44 ± 9.56 ng cm�2. Both values were sta-
tistically significant relative to the control (p, 0.0001 and 0.0006,
respectively). When the application of the loaded nanogel was fol-
lowed by application of 25 lL of 0.5� saturated aqueous Na2CO3,
lag time was again reduced to approaching 0 h. The flux was
2.6 ± 0.22 ng cm�2 h�1, and the Q12 was 37 ± 2.14 ng cm�2. Again,
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Fig. 4. Cumulative permeation of methotrexate across porcine ear skin from loaded
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followed by 25 lA saturated aqueous Na2CO3, base control = skin dosed with only
25 lL saturated aqueous Na2CO3, and control = skin dosed with de-ionised water.
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both values were statistically different to the control (p, 0.007 and
0.0001, respectively), and although there was an apparent trend for
lower amounts, statistically these were the same as for the fully
saturated Na2CO3 (p > 0.05).

The MTX-loaded nanogel alone was capable of delivering the
drug, albeit with a relatively long lag/breakthrough time. However,
for many therapeutic indications, a low lag time value is desirable
in order to accelerate the onset of therapeutic activity. This was
achieved by the co-administration of Na2CO3, which both in-
creased flux and virtually eliminated breakthrough/lag time. As
both half- and fully saturated Na2CO3 gave the same result, the
enhancement process appears saturable.

When the same treatments were applied to Silastic membrane,
no MTX was detected in the receptor phases over the 12 h period,
regardless of whether Na2CO3 solution was added or not.

3.4. Modulation of skin PGE2 levels

Enhanced delivery of MTX to skin would be expected to be re-
flected in modulated biological activity. Although principally a
dihydrofolate reductase (DHFR) inhibitor, MTX has anti-inflamma-
tory properties, and, in the current model, enhanced bioavailability
in the viable epidermis would be expected to lead to increased up-
take by keratinocytes and thus reduced production of PGE2.

Fig. 5 shows that when dosed with a saturated solution of
Na2CO3, the amount of PGE2 found in the skin was 3.93 ng – virtu-
ally the same level (3.90 ng) was found following the application of
water (p > 0.05). This was very encouraging as it demonstrated that
Na2CO3 does not exert a pro-inflammatory effect. When the skin
was dosed with MTX-loaded nanogel, a significant reduction
(33%) in PGE2 was observed (p, 0.0154). Furthermore, when the
skin was dosed with MTX-loaded nanogel and followed by Na2CO3
Table 1
Lag time, flux and cumulative permeation after 12 h data for MTX across the heat-separat

Dosing regimens

MTX-polyNIPAM-co-BA nanogel
MTX-polyNIPAM-co-BA nanogel followed by 25 lL saturated aqueous Na2CO3

MTX-polyNIPAM-co-BA nanogel, followed by 25 lL 0.5� saturated aqueous Na2CO3
solution, the reduction was even greater, by 60% relative to the
water control (p, 0.0012). The effect on the PGE2 levels of the added
Na2CO3 compared to none was also significant (�57%) (p, 0.0052).

Fig. 5A supports the delivery data in Section 3.3 and demon-
strates that the MTX-loaded nanogel was able to deliver the drug
to the keratinocytes of the viable epidermis, as evidenced by the
large reduction in PGE2 present relative to the controls. However,
the even greater (60%) reduction observed when Na2CO3 was
co-administered (Fig. 5B) again reflects the transport data of
Section 3.3, but with the additional proof of enhanced uptake by
the keratinocytes.

As there was no difference between skin dosed with water of
saturated Na2CO3 in terms of PGE2 levels, it can be concluded that
this solution had no pro-inflammatory effect when applied to skin.
The probable explanation is that the very polar molecules of
Na2CO3 did not penetrate appreciably into the skin. This further in-
fers that whatever effect Na2CO3 had on the nanogel and MTX, the
process did not occur within the viable epidermis.

3.5. Proposed mechanism

In establishing the delivery mechanism behind the observed
data, there are two key facts. Firstly, the delivery and biological
activity of MTX were both enhanced following the addition of
Na2CO3 solution. Secondly, permeation of MTX and reduction of
PGE2 was observed even without the addition of Na2CO3. Dealing
with the second point first, nanogels are known to be absorbed into
skin, hence their use in the current work. By use of a glass rod, the
nanogels were massaged into the skin, and assuming the absorp-
tion process was rapid, the nanogel would have experienced a sig-
nificant increase in temperature once within the skin. As we know
from Fig. 3, this would have been accompanied by a 7% decrease in
ed epidermal membrane and total (n P 3 ± SD).

Lag time (h) JSS (ng cm�2 h�1) Q12 (ng cm�2)

6 1.4 ± 0.3 12.0 ± 1.60
�0 3.1 ± 0.22 44.0 ± 9.56
�0 2.6 ± 0.22 37.0 ± 2.14



Fig. 6. Schematic illustration of proposed drug delivery mechanism.
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particle size. Such de-swelling would act to expel MTX from the
nanogel matrix in situ. The liberated MTX would then be able to
diffuse through to the receptor phase and modulate COX-2 activity
(reduce PGE2 levels) within the keratinocytes.

As regards the addition of Na2CO3, pH-responsive nanogels have
been reported in the literature, but these earlier works involved NI-
PAM and the ionic co-monomer e.g. acrylic acid [25]. The co-mono-
mer used in the current investigation was BA, and the resulting
nanogel demonstrated a lack of pH sensitivity (Fig. 2); therefore,
the enhancement observed following the addition of the Na2CO3

could not have involved pH-mediated particle size modulation.
One potential answer is that the increased pH, due to the addition
of Na2CO3, facilitated the in situ solubilisation of the MTX (Sec-
tion 2.4) and dissolution from within the nanoparticles already
deposited within the skin. This would indicate localization beyond
the stratum corneum, i.e. within the more hydrophilic viable epi-
dermis. As a result, MTX molecules were able to diffuse more freely
from the nanogel matrix, further increasing the concentration gra-
dient, hence flux and biological activity.

Silastic membrane is a relatively simple matrix, lacking the
complex architecture and biological activity of skin [26]. Undetect-
able levels of permeated MTX could reflect low permeability of the
drug across this membrane. Alternatively, it could have been due
to MTX nanoparticles failing to penetrate into the membrane, un-
like skin where MTX was released in situ. Overall, the proposed
mechanism can be summarized as in Fig. 6. Solubilisation of MTX
by the Na2CO3 and release from the nanogel particle must have in-
volved ionisation of carboxylic acid groups. The fluxes of ionised
compounds are generally known to be low through the stratum
corneum due to its lipophilic nature, which suggests the nanogel
particles had penetrated as afar as the viable epidermis, which
has a far more polar nature and therefore more conducive to the
diffusion of ionised MTX.

Although we currently have no direct evidence for the localiza-
tion of poly(NIPAM) nanoparticles within the skin, the notion is
supported by both the current MTX delivery and PGE2 modulation
data. Silver nanoparticles, 20–50 nm, have been demonstrated to
penetrate the hair follicle and stratum corneum, reaching the viable
epidermis, and these were successfully imaged in situ [27];
although they were some 3� smaller than the nanoparticles in
the current work. However, other workers have as yet been unable
to visualize nanoparticles within the skin [28], despite a growing
body of evidence demonstrating enhanced fluxes from such struc-
tures [29,30]. Perhaps the most compelling evidence to date in-
volves their location in the receptor phases of Franz diffusion
cells, following the dosing onto skin of nanoparticles prepared
from gold [31] and polyNIPAM [32].

In summary, a drug delivery system with a unique mechanism
for topically applied MTX is proposed, comprised of a poly(NIPAM-
co-BA) nanogel loaded with MTX that is capable of delivering the
drug across the epidermis in levels that significantly reduce the
biosynthesis of PGE2, a key inflammation mediator. Both delivery
and biological activity are significantly enhanced by the addition
of Na2CO3, which was found not to be pro-inflammatory. In a ther-
apeutic context, this MTX nanogel delivery system is potentially
useful for the topical delivery of a drug that has presented signifi-
cant challenges hitherto.
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