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In dermal drug delivery, the influence of the chemical structure of the carriers on their penetration mechanisms
is not yet fully understood. This is a key requirement in order to design highly efficient delivery systems.
In this study, neutron reflectivity is used to provide insights into the interactions between thermoresponsive
N-isopropylacrylamide based nanogels, cross-linked with 10%, 20% and 30% N, N'-methylenebisacrylamide,

and skin lipid multi-bilayers models. Ceramide lipid multi-bilayers and ceramide/cholesterol/behenic acid

Keywords:

NIPAM nanogel
Lipid multi-bilayers
Interaction

Neutron reflectivity
Dermal drug delivery

penetration enhancer.

mixed lipid multi-bilayers were used for this work. The results indicated that in both multi-bilayers the lipids
were depleted by the nanogels mainly through hydrophobic interactions. The ability of nanogels to associate
with skin lipids to form water-dispersible complexes was found to be a function of the percentage cross-linker.
An enhanced depletion of lipids was further observed in the presence of benzyl alcohol, a well-known skin

©2018.

1. Introduction

Dermal delivery offers many potential benefits in pharmaceutical,
dermatological, and cosmetic applications. In order to design and ob-
tain efficient carriers for applications in dermal delivery, a greater
understanding, at a molecular level, of the interactions and transport
mechanisms across the skin barrier is essential [1-2]. Gel particles
with cross-linked structures, in particular nanogels, have attracted in-
terests as possible carriers. Nanogels have a high surface to volume
ratio and the ability to form stable colloidal systems. Also they can be
tailored through their chemical structure resulting in stimuli-respon-
sive physicochemical properties [3-5]. They have been shown to re-
spond to temperature, pH, ionic strength, presence of specific ions
and redox conditions etc, by undergoing rapid conformational changes
and altering their volume. These properties may offer outstanding
advantages for applications in drug release.[6-9] Among the differ-
ent type of matrices, thermo-responsive poly N-isopropylacrylamide
(pNIPAM) nanogels, in particular, have attracted considerable inter-
est because of their potential to be used as dermal drug delivery ve-
hicles.[10-14] The linear pNIPAM has a lower critical solution tem-
perature (LCST) of ~32°C and the volume phase transition tempera-
ture (VPTT), at which its corresponding nanogels undergo shrinking/
swelling behaviour, can be adjusted by incorporating different types
and amounts of co-monomers and cross-linkers, based on target appli-
cations [15].
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Although the route of penetration in dermal drug delivery is the
subject of many studies [16—17], the intercellular hypothesis, where
the drug moves through the lipid matrix of the stratum corneum (SC)
is one of the commonly accepted one. The latter is known to display a
multi-bilayer lamellar structure, mainly composed of ceramides, fatty
acids, cholesterol and cholesterol sulphate [1-2]. There is considerable
interests in developing experimental approaches that allow to prepare
artificial systems that effectively mimic the skin barrier.

Solid supported lipid multi-bilayers can be prepared using a spin
coating technique. Unlike the conventional methods, e.g. vesicle fu-
sion, Langmuir-Blodgett and Langmuir-Schaeffer, spin coating tech-
nique offers the possibility to form a bilayer structure with a number
of stacks [18] providing an idealised model for the skin lipid matrix
structure.

Neutron reflectivity (NR) is a powerful technique for in situ char-
acterization of supported lipid membrane systems [19-23] at inter-
faces because of its various advantages, e.g. a resolution of less than
a nanometer, being non-destructive and capable of applying isotopic
substitution which can be used for highlighting specific parts of the
system [24]. Particularly, neutrons can be strongly scattered by ele-
ments constituting biological materials, such as carbon, hydrogen, ni-
trogen and oxygen.

We recently reported on the interactions between N-isopropylacry-
lamide nanogels (NI[PAM), cross-linked with 30% N,N’-methyl-
enebisacrylamide (MBA), and model ceramide lipid monolayers at
the air-water interface as a function of temperature [25], which were
shown to be dominated by hydrophobic-hydrophobic binding. When
a mixed ceramide/cholesterol/behenic acid monolayer was used, the
interactions were strongly mediated by fatty acids. The data suggest
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Table 1
Theoretical scattering length density (Nb) of applied lipids, including the Nb of head
group and tail group regions.

p, g head group tail group
lipid name cm’ Nbx10°A2  Nbx10°A72 Nb=x10°A72
C16 ceramide 0.92 0.02 0.92 —-0.15

(h-cer)
cholesterol (h- 1.02 0.21 0.78 0.20
chol)
behenic acid 0.83 —-0.10 1.60 -0.36
(h-BA)
benzyl alcohol 1.04 1.30 0.76 1.40
p - density, Nb - theoretical neutron scattering length density.
Table 2
Composition and characterisation of synthesized nanogels.
Y, g VPTT, °C
Sample % d), nm Pdl  ml (1.0) Nbx10°A7
10% 65 53+1.0 0.73 1.5 40 1.27
MBA
20% 64 9.6+0.5 048 1.6 39 1.51
MBA
30% 73 11.9+04 037 1.7 38 1.76
MBA

Y - polymerization yield, dj, - nanogel hydrodynamic diameter via volume determined
by DLS , PdI - polydispersity index measured by DLS, p - density of dry nanogels. Pdl
scale 0-1.0 and PdI> (.7 means a broad distribution of particle size. VPTT - volume
phase transition temperature. Nb is the scattering length density for nanogels.

that the fluidity of the monolayer influences the interactions. In order
to extend these simple models towards a more realistic system, given
that the outer epidermal layer is surrounded by multiple layers of ce-
ramide lamellae, we focused on multi-bilayer systems.

In this paper, we studied the interactions between NIPAM
nanogels cross-linked with MBA (in molar ratios of 10, 20 and 30%)
and two different lipid multi-bilayers; (i) pure ceramide lipid multi-bi-
layers and (ii) ceramide/cholesterol/behenic acid mixed lipid multi-bi-
layers. Penetration enhancers, which are capable of promoting the
transport of active reagents across the skin barrier, are widely stud-
ied for dermal application [17,26]. The effect of the penetration en-
hancer benzyl alcohol on the interactions between nanogels and lipid
multi-bilayers was also investigated.

2. Experimental section
2.1. Materials

N-isopropylacrylamide (NIPAM, 97%), N,N'-methylenebisacry-
lamide (MBA, 99%), anhydrous dimethyl sulfoxide (DMSO, 99.8%),
cholesterol (99%), protonated behenic acid (99%), benzyl alcohol
(C;HgO, with purity >99.8%) and D,0 (98 atom D %) were brought
from Sigma Aldrich and used as provided. 2,2’-azobis(isobutyro)ni-
trile (AIBN, 98%, Acros) was recrystallized from methanol. Proto-
nated N-palmitoyl-D-erythro-sphingosine (C16 ceramide lipid) was
purchased from Avanti Polar Lipids, Inc. This ceramide was chosen
as a means of continuity with our previous study where H and deuter-
ated analogues of C16 ceramide were used for the study of interac-
tions of ceramide with lipids at the air water interface [25].The ultra-
pure deionized water was prepared by the Purelab option water purifi-
cation unit (Elgastat). Dialysis membranes (22 mm diameter, MWCO
3500 Da) were purchased from Medicell International Ltd. The silicon
blocks which were used as the substrate for multi-bilayers were ob-
tained from CRYSTRAN Ltd (Poole, Dorset UK).

2.2. Nanogel synthesis and characterization

Nanogels were synthesized via high dilution free radical polymer-
ization, as previously reported [27]. NIPAM and MBA (in molar ra-
tios of 10, 20 and 30%) were dissolved in a volume of DMSO to give
a total monomer concentration (C,,) equal to 1%. Initiator AIBN (1%
of total double bond molar concentration) was then added to the solu-
tion in a Wheaton bottle which was sealed, degassed and flushed with
nitrogen to ensure the absence of any oxygen. The polymerisation was
initiated at 70°C (in thermostated oven) and carried out for 24 h. The
clear solution was then dialyzed against deionized water for 2days
with frequent changes, followed by freeze drying (Labconco freeZone
6) which gave the nanogels as dry white powder. Dry nanogels were
reconstituted by weighing and dissolving the material in the required
solvent, followed by sonication for 2min at room temperature and fil-
tration of the solution through a Wheaton (PTFE) filter (0.45 pm).

The hydrodynamic diameters of nanogel particles were obtained
from dynamic light scattering (DLS) data using a Zetasizer nano ZS
(Malvern Instruments). The colloidal solutions (1.0 mg/mL) were fil-
tered through a 0.45um syringe filter and were measured at 298 K
(each measurement was repeated in triplicate).

The morphology of nanogels was further characterised by trans-
mission electron microscopy, using a JEOL JEM 1230 (80kV) in-
strument equipped with a camera from Morada. Following our previ-

Fig. 1. TEM image of NIPAM nanogels containing (a) 10%, (b) 20% and (c) 30% MBA, obtained from graphene oxide support film without staining.
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Fig. 2. Reflectivity spectra R(Q) from the h ceramide lipid multi-bilayers at the Si-D,0
interface for a series of temperatures. The solid line is the fit to the data. AFM image of
spun coated Si with asymmetric ceramide is shown. A comparable image for symmetric
(even chain) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) devoid of any large
domains is also shown.

Table 3
Parameters used for the fit to h ceramide lipid multi-bilayers at the Si-D,O interface.
The fit is shown by a solid line in Fig. 2.

d A Nbpg10°A7

+1.0 +0.10 o A Drvater N
head group region 4.0 2.20 1.0 24.0% 9
tail group region 43.0 0.90 1.0 16.0%
head group region 4.0 2.20 1.0 24.0%

d - thickness, Nbj,, - fitted scattering length density (assuming the same density), o —
roughness, ¢,,,., - volume fraction of water (D,0), n - number of bilayers

ously published protocol,[28] the sample was prepared by pipetting
5 uL of nanogel dispersion (1.0 mg/mL) onto a copper grid (300 mesh)
that has a graphene oxide support film on a lacy carbon backing, fol-
lowed by drying in the air overnight.

The density (p) of the dry nanogel was estimated by measuring the
volume, which was acquired from the difference of the helium pres-
sure inside the empty chamber and the chamber filled with the nanogel
of gas pycnometer AccuPyc 1330 (Micromeritics). The weight of the
nanogel was determined using an analytical balance.

The volume phase transition temperatures (VPTTs) of nanogels in
distilled water (at the concentration of 1.0 mg/mL) were determined by
measuring the optical transmittance of the sample at A=500nm over
the temperature range 25 °C —60°C. The spectrophotometer Cary 100
UV-vis (Agilent Technologies) that is equipped with an internal tem-
perature controller was used. The optical path length of the sample
was 10mm and the temperature was raised at the constant rate of 1 °C/
minute.

2.3. Lipid multi-bilayers preparation

The lipid multi-bilayers were deposited on the surface of single
crystal silicon substrates. The silicon blocks were circular with a di-
ameter of 100mm and a thickness of 10mm. In order to prepare
the lipid multi-bilayers, the ceramide lipid or mixture of ceramide/
cholesterol/behenic acid (molar ratio [29] 1:0.3:1) were dissolved in
chloroform to make a solution with the concentration of 2.5mg/mL.
Approximately 250 uL of the solution was pipetted onto the RCA

w0
100 T
1ot (a) 10 % MBA
«Bare bilayers 22'C
10" Bare+ 10%MBA22'C T
Bare+ 10%MBA3S'C 0 -
10+ Bare « 10%MBA&2'C t

Reflactivity
3

10

10

102

10 1 1 1 1 L
0.00 005 0.10 012 0.20 0.25 0.30

QrA’

- {b) 20 % MBA
L o Barebilayers25°C
10 - - Bares 20%MBA 25°C
Bare« 20%MBA 35°C
10 Bare + 20%MBAS2"C

Refeclivdy

1 ] L]
100 oy (C) 30 B MBA o ersic
- Bare » 30%MBA25'C

10" 1eg Bares30%MBA3S'C  10%
: Bare + 30%MBAS2'C '

e ————

008 010 012 OM 016 O O

Reflectivity
3

1 L 1 L
0.00 008 0.10 0.18 0.20 0.2% 0.20
alA’

Fig. 3. Reflectivity spectra R(Q) from the h-ceramide lipid multi-bilayers at the Si-D,0
interface for a series of temperature in the absence and presence of nanogels with (a)
10%, (b) 20% and (c) 30% MBA. The solid lines are the fits to the data. The insets show
the changes in reflectivity profiles (markers +lines) upon addition of nanogels as a func-
tion of temperature.

[30] cleaned, hydrophilic pre-treated Si (111) substrate which was
then spun at 1500 rmp for ~15s using a programmable spin coater un-
til all of the chloroform was evaporated.

2.4. Neutron reflectivity

Neutron reflectivity (NR) measurements were carried out at the
ISIS Spallation Neutron Source, Rutherford Appleton Laboratory,
Didcot, UK, using the SURF[31] and INTER[32] reflectometers. The
reflectivity R(Q.) was measured using the time-of-flight technique as
a function of momentum transfer normal to the interface O,=(4x sin
0)/A, where Aand 6 are the wavelength and the grazing angle of inci-
dent neutrons, respectively. The neutron beam on the instruments has



Table 4

Parameters used for fits to h-ceramide lipid multi-bilayers at Si-D,O interface in the ab-
sence and presence of a) 10%, b) 20% respectively, as a function of temperature. The
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calculated fits are shown by solid lines in Fig. 3.

(a) 10% MBA

Temp, +1°C

d, A
+1.0

Ni bfitted x 1076 A72
+0.1

Pwater

25 (bare multi-
bilayers)

25 (multi-
bilayers +10%
MBA)

35 (multi-
bilayers+10%
MBA)

42 (multi-
bilayers +10%
MBA)

head
group
region
tail
group
region
head
group
region
head
group
region
tail
group
region
head
group
region
head
group
region
tail
group
region
head
group
region
head
group
region
tail
group
region
head
group
region

4.0

4.0

4.0

4.0

4.0

4.0

4.0

4.0

2.30

1.40

1.40

2.30

2.80

1.0

1.0

1.0

1.0

1.0

1.0

26.0%

24.0%

26.0%

26.0%

24.0%

26.0%

31.0%

25.0%

31.0%

35.0%

27.0%

35.0%

(b) 20% MBA

Temp, +1°C

d, A

P> Q

Prwater

25 (bare multi-
bilayers)

25 (multi-
bilayers+20%
MBA)

35 (multi-
bilayers+20%
MBA)

head
group
region
tail group
region
head
group
region
head
group
region
tail group
region
head
group
region
head
group
region
tail group
region
head
group
region

4.0

39.2

4.0

4.0

4.0

4.0

39.2

4.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

26.0%

24.0%

26.0%

26.0%

24.0%

26.0%

29.0%

27.0%

29.0%

Table 4 (Continued)

(b) 20% MBA
Nbyyeq™ 10° o
Temp, +1°C d, A A” A Poater N
42 (multi- head 4.0 2.70 1.0 33.0%
bilayers+20% group
MBA) region
tail group 392 175 1.0 29.0%
region
head 4.0 2.70 1.0 33.0%
group
region

d - thickness, Nbj., - fitted scattering length density, ¢ — roughness, @, - volume
fraction of water (D,0), n - number of bilayers
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Fig. 4. Reflectivity spectra R(Q) from the mixed lipid multi-bilayers at the Si-D,O in-
terface for a series of temperature. The solid lines are the fit to the data. The inset shows
the changes in reflectivity profiles upon heating.

Table 5

Parameters used for fits to mixed lipid multi-bilayers at the Si-D,0 interface at different
temperatures. The calculated fits are shown by solid lines in Fig. 4.

d, A

Temp, o,
£1°C 1.0 Nbygx10°A72£010 A e 1
25 head 4.0 2.20 1.0 200% 20
group
region
tail 41.0 0.90 1.0 17.0%
group
region
head 4.0 2.20 1.0 20.0%
group
region
40 head 4.0 2.70 1.0 31.0%
group
region
tail 40.0 1.80 1.0 30.0%
group
region
head 4.0 2.70 1.0 31.0%
group
region

d - thickness, Nbg,,, - fitted scattering length density, ¢ — roughness, @,,4, - volume
fraction of water (D,0), n - number of bilayers

a wavelength of 0.5 A <1<6.5A for SURF and of 1.5 A<1<20.0 A for
INTER. In order to obtain the widest O range and the highest sen-
sitivity to interfacial structure, reflectivity spectra were measured for
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Fig. 5. Reflectivity spectra R(Q) from the mixed lipid multi-bilayers at the Si-D,O in-
terface at 35°C in the absence and presence of nanogels with (a) 10%, (b) 20% and (c)
30% MBA. The solid lines are the fits to the data. The insets show the changes in re-
flectivity profiles upon addition of nanogels.

a series of grazing incidence angles 0. The nominal incidence angles
used were 0.35°, 0.8°, and 1.8° for SURF or 0.7° and 2.3° for INTER.
The sample was under illuminated with resolution dQ/Q ~ 3%.

The contrast chosen for these experiments was Si/h-ceramide/D,0
for pure ceramide lipid multi-bilayers, and Si/(h-ceramide/h-choles-
terol/h-behenic acid)/D,0O for mixed lipid multi-bilayers. Once the
multi-bilayers were deposited, the Si block was placed on a solid-lig-
uid trough and then the bulk aqueous solution was then gently in-
jected to expel the air and fill the trough. The schematic diagram of
the sample trough is shown in Fig. S1. The thermo-stabilities of the

two bare multi-bilayers were first examined prior to the interaction
studies. Then a known amount of nanogels were injected underneath
the newly formed multi-bilayers (final nanogel bulk concentration in
the sample trough 0.005 mg/mL) The effect of the enhancer on the in-
teraction was subsequently examined by injecting the benzyl alcohol
(the same amount as nanogel) into the sample trough and measuring
the neutron reflectivity profiles as a function of time. The reflectiv-
ity of lipid multi-bilayers only in the presence of benzyl alcohol was
also measured at the same temperature as a function of time. All the
NR measurements were performed after allowing the system to equi-
librate for ~30 mins after the injection of either nanogels or benzyl al-
cohol. The measured reflectivity profiles were corrected for the wave-
length-dependent transmission through the silicon substrate. The scat-
tering length densities Nb can be written [33] as

Nb = Z(piNbi M

where ¢; and Nb; are the volume fraction and scattering length density
of component i, respectively. The sum of the volume fractions for all
the species is 1 () ;®; = 1). The Nb of both head group and tail group
of the lipids used for these experiments are shown in Table 1.

3. Results and discussion
3.1. Nanogel characterisation

A series of NIPAM nanogels with different percentage of
cross-linker (MBA) were synthesized via high dilution free radical
polymerization, a method which is capable of providing effective con-
trol over the particle size and the degree of polydispersity without
the need for surfactants [32,33]. As it can be seen in Table 2, the
nanogels were obtained with good chemical yields. NMR studies were
conducted to confirm complete monomer conversion under the ex-
perimental conditions used. The lower chemical yields are the result
of loss of low molecular weight polymer particles during the dialy-
sis step, used for the nanogel purification. The size of the nanogels
was found to be between S5nm and 12nm, consistent with our pre-
vious data. These values are noticeably smaller compared with those
previously reported [12—13,34], mainly as a result of the synthetic
methodology used (high dilution radical polymerization). The pre-
pared nanogels have a roughly spherical shape as shown by the TEM
images (Fig. 1). The solvated nanogels were placed on the support
film and then the solvent was allowed to evaporate. Consequently, the
structure of dehydrated nanogels was in a collapsed and expanded 2D
conformation’ for TEM studies and a larger size was observed. As a
result, a small amount of aggregates with larger size can also be ob-
served in the images, highlighted by the white boxes in Fig. 1. The
observed average size and trend are consistent with the DLS measure-
ment, in spite of the existence of the small amount of aggregates (see
Fig. 1b). The values of polydispersity index (Pd) of nanogel particles
were also determined by DLS and the results indicate that the parti-
cles with larger amounts of cross-linker tend to have a narrower size
distribution. The correlation of data on particle size and Pdl with the
percentage of cross-linker suggests an important role that cross-linker
plays in the polymerization process. The increase in cross-linker con-
tent provides a more compact nanoparticle with an extended three di-
mensional matrix (large particle size and higher density), with a ten-
dency to form well-defined globular structures.
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Table 6

Parameters used for the fitting to mixed lipid multi-bilayers at the Si-D,O interface in the absence and presence of (a) 10%, (b) 20%, (c) 30% MBA, respectively, at 35°C. The

calculated fits are shown by solid lines in Fig. 5.

(a) 10% MBA

Sample d, A£1.0 Nbjueq 10 °A7220.1 o A Orvater n
bare multi-bilayers head group region 4.0 2.20 1.0 20.0% 38
tail group region 40.0 0.90 1.0 17.0%
head group region 4.0 2.20 1.0 20.0%
multi-bilayers+10% MBA head group region 4.0 2.25 1.0 21.0%
tail group region 40.0 1.05 1.0 19.0%
head group region 4.0 2.25 1.0 21.0%
(b) 20% MBA
Sample d, A£1.0 Nbjeq* 107 A7 20.1 o A Orvateor n
bare multi-bilayers head group region 4.0 2.70 1.0 30.0% 22
tail group region 40.0 1.70 1.0 29.0%
head group region 4.0 2.70 1.0 30.0%
multi-bilayers+20% MBA head group region 4.0 2.80 1.0 31.0%
tail group region 40.0 1.90 1.0 32.0%
head group region 4.0 2.80 1.0 31.0%
(c) 30% MBA
Sample d, A£1.0 Ny 100 A7 £0.1 6, A Drvater n
bare multi-bilayers head group region 4.0 2.20 1.0 20.0% 31
tail group region 40.0 0.90 1.0 17.0%
head group region 4.0 2.20 1.0 20.0%
multi-bilayers+30% MBA head group region 4.0 2.50 1.0 27.0%
tail group region 40.0 1.50 1.0 26.0%
head group region 4.0 2.50 1.0 27.0%

d - thickness, Nby,, - fitted scattering length density, o — roughness, ¢,,, - volume fraction of water (D,0), 7 - number of bilayers
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Fig. 6. Reflectivity spectra R(Q) from the mixed lipid multi-bilayers at the Si-D,O in-
terface at 35°C in the absence and presence of benzyl alcohol measured after 1h and
3.5h, respectively. The solid lines are the fits to the data. The inset shows the changes

in reflectivity profiles upon addition of benzyl alcohol as a function of time.

4. Interaction of nanogels with lipid multi-bilayers

4.1. The structure and thermo-stability of pure ceramide lipid multi-

bilayers

The neutron reflectivity profile of bare h-ceramide lipid multi-bi-
layers at the Si-D,0 interface was measured as a function of temper-
ature in order to study their thermo-stability. The overlapped profiles
(Fig. 2) suggest that the ceramide lipid multi-bilayers are stable over
the temperature range of 25°C—42°C; this is in agreement with the

Table 7

Parameters used for fits to reflectivity profiles from mixed lipid multi-bilayers at the
Si-D,0 interface at 35 °C in the absence and presence of benzyl alcohol measured after
1h and 3.5h respectively. The calculated fits are shown by solid lines in Fig. 6.

d,A Nby,<10°A7 o
Sample +1.0  £0.1 A N

bare multi-bilayers head 4.0 2.20 1.0 17
group
region
tail group 40.0 0.90 1.0
region
head 4.0 2.20 1.0
group
region

multi-bilayers +benzyl head 4.0 2.27 1.0

alcohol after 1h group

region
tail group  40.0 1.10 1.0
region
head 4.0 2.27 1.0
group
region

multi-bilayers +benzyl head 4.0 2.40 1.0

alcohol after 3.5h group

region
tail group  40.0 1.35 1.0
region
head 4.0 2.40 1.0
group
region

d - thickness, Nby,, - fitted scattering length density, o — roughness, n - number of
bilayers

results obtained with its monolayer counterpart at the air-water in-
terface.[25] The presence of a Bragg peak indicates the formation of
stacks of bilayers and the periodicity d of the bilayers is determined
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Fig. 7. Reflectivity spectra R(Q) from the mixed lipid multi-bilayers at the Si-D,O inter-
face at 35°C in the presence of nanogel 30% MBA and benzyl alcohol. The solid lines
are the fits to the data. The inset shows the changes in reflectivity profiles upon addition
of benzyl alcohol as a function of time in presence of nanogel 30% MBA.

Table 8

Parameters used for fits to reflectivity profiles from mixed lipid multi-bilayers at the
Si-D,0 interface at 35 °C in the presence of 30% MBA and benzyl alcohol. The calcu-
lated fits are shown by solid lines in Fig. 7.

d,A Nbyeax10°A72 g,
Sample +1.0  £0.1 A N

bare multi-bilayers head 4.0 2.20 1.0 31
group
region
tail 40.0  0.90 1.0
group
region
head 4.0 2.20 1.0
group
region
multi-bilayers +30% head 4.0 2.50 1.0
MBA group
region
tail 40.0 1.50 1.0
group
region
head 4.0 2.50 1.0
group
region
multi-bilayers+30% head 4.0 2.70 1.0
MBA +benzyl alcohol group
after 1h region
tail 40.0 1.80 1.0
group
region
head 4.0 2.70 1.0
group
region
multi-bilayers +30% head 4.0 2.90 1.0
MBA +benzyl alcohol group
after 3.5h region
tail 40.0
group
region
head 4.0 2.90 1.0
group
region

2.10 1.0

d - thickness, Nby,, - fitted scattering length density, ¢ — roughness, n - number of
bilayers

by the position of the Bragg peak (Q,) according to Eq. (2):[35]

_ 2z

=0, @

(Q is the scattering wave-vector (Q=4n sin©/A where © is the an-
gle of neutron beam incident and is A the neutron wavelength). The pe-
riodicity d of the obtained multi-bilayers is calculated to be 52.0 A
(Qd=0.12A7]). The width of the Bragg peak is indicative of the to-
tal layer hence by fitting the position of the number of periodicity n
is obtained. Reflectivity data are analysed by model-fitting. The cal-
culated reflectivity from the perpendicular refractive index profile is
compared to the experimental data. The reflectivity data were fitted
with a model consisting of homogeneous bilayers, where the thick-
ness, Nb and roughness of each bilayer were kept constant across the
sample.

In neutron reflectivity it is important to minimise the number of fit-
ted parameters as much as possible in order to obtain a unique fit to
the data. In our modelling (fitting), for example, the layer thicknesses
deduced prior to nanogels injection were comparable to the molecular
dimensions of the lipids used; hence these were fixed. The prominent
(only) values which were allowed to vary were the scattering length
density of the layers. This facilitates the changes in density (structure,
water voids, diffusion of nanogels) to be resolved consistently.

The best fit to the profiles is shown by the solid line in Fig. 2. The
corresponding Nb profile is shown in Fig. S2. The parameters used to
fit the profiles are given in Table 3.

The total numbers of bilayers were found to be nine, with the
thickness of the head group region equal to 4.0A and that of the tail
group region being 21.5A. The periodicity of multi-bilayers deter-
mined by the fitting (51.0A) is close to the value determined by the
position of the Bragg peak (~52.0 A). It is worth noting that the thick-
ness of half a bilayer (25.5A) is slightly larger than the length of an
extended ceramide molecule (23.0 A), which implies a poor ordering
of the lipid molecules in the bilayer. The ceramides are most proba-
bly staggered (poorly aligned) with respect to each other because of
the asymmetric nature (uneven tails) of their structure, which results
in an in-plane inhomogeneity in the bilayers. This is further demon-
strated by the higher background observed in the reflectivity data
compared with the calculated reflectivity (Fig. 2). A parallel AFM
study clearly showed the presence of large domains ~9 pm (in-plane
structure) for spun coated ceramide multi-bilayers, however much
smaller domain structures were observed for the symmetric (even
chain) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), which
was prepared for comparison,. This is in agreement with published lit-
erature using AFM, suggesting that defects are present in the struc-
ture of lipid multi-bilayers prepared by spin coating technique.[36]
However these structural conformations observed for ceramides have
not been reported previously and need further investigation. The Nb
of the head group and tail group of the ceramide lipid molecule are
0.92x10°A™? and —0.15x 10 ° A~ respectively (Table 1). The water
contents of the head group and tail group regions of the multi-bilayers
are estimated to be 24% and 16% respectively (Eq. (1)).

It is noticeable that the calculated reflectivity (black solid line,
Fig. 2) exhibits some small Kiessig fringes below 0.1 A" which are
not observed experimentally. The presence of Kiessig fringes, which
are the oscillations between the total reflection region and the Bragg
peak, indicates a well-defined uniform film and the number of oscil-
lations determines the number of bilayers [18,37]. The absence of the
Kiessig fringes in the experimental profiles support the notation of a
lack of long range order for the deposited ceramide bilayers. The ab-
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Fig. 8. Schematic diagrams show: (a) pure ceramide lipid multi-bilayers with defects and the subsequent solubilisation by nanogels resulting in diffusion of nanogels into multilayers.
(b) the cholesterol providing structural rigidity with some fatty acids in bulk water as observed previously [25] forming a complex structure with nanogels. The solution and diffusion
of nanogels into the lipids structure then follows. (c) the enhancer results in further solubilisation of lipids hence enhanced diffusion of nanogels into the lipid multilayers.

sence of the Kiessig fringes in the measured reflectivity profiles was,
however, expected as the profiles measured are averaged over a large
beam foot-print (~130 cmz). The absence of a clear second order peak
in the NR profiles (Fig. 2) at ~0.24 A ! also indicates a poorly-ordered
layered structure. This can explain the presence of small amounts of
water (16%) found in the hydrophobic tail region. These results are
in good agreement with published literature[38] which reports that ce-
ramides alone do not exhibit a long range ordered structure. The pres-
ence of the well-defined Bragg peak (qb=0.l2A71) indicates that the
internal structure at a small scale is relatively well defined.

4.2. Interaction of nanogels with pure ceramide lipid multi-bilayers

The next step focused on the study of the interaction of the
nanogels with h-ceramide lipid multi-bilayers, which were freshly de-
posited each time. Nanogels with different crosslinker (MBA) content
(10%, 20% and 30%) were injected carefully into the solid-liquid eelt
sample trough, and the interactions were studied as a function of tem-
perature from 25 to 42 °C. The normalized NR data are shown in Fig.
3. The insets illustrate that the addition of nanogels results in increases
in reflectivity, which also increases as the temperature is raised. Since
pure ceramide lipid multi-bilayers are stable with temperature, these
changes in the NR profiles are the result of the interactions between
nanogels and the ceramides. The same model, which was used for the
fitting of NR profiles of bare h-ceramide lipid multi-bilayers before
the addition of nanogels, was used to represent the datasets in Fig. 3.
The changes in the layer thickness () and the scattering length density
Nb were then fitted. The best fits to the data are shown by solid lines
in Fig. 3. The corresponding Nb profiles are shown in Fig. S3. The pa-
rameters used to fit the profiles are given in Table 4 for 10 and 20%
MBA (Table S1 for 30% MBA). At 25°C, the Nb of bilayers shows
an increase only in the presence of 30% MBA nanogels, indicating the
pronounced interaction of this nanogel with ceramide lipids.

After the temperature is increased to 42°C, the Nb of the head
group and tail group regions for the three nanogels increased from
2.30x10°A7 & 1.40x10°A 2 t0 2.80x 10 °A™> & 1.60x 10 °A~?

for the 10% MBA nanogels, to 2.70x 10 °A™* & 1.75x 10 °A™ for
the 20% MBA nanogels and to 3.15x 10 A2 & 2.15x 10 A2 for
the 30% MBA (see Table 4 and S1). The water contents of the head
group and tail group regions at different temperatures for the three
samples are calculated according to Eq. (2) and shown in Table 4. The
increase in Nb indicates the penetration of water (D,0) in the bilay-
ers. Consistent with the previous monolayer studies [25], the diffusion
loss of the ceramide lipids by nanogels at the bilayer water interface
results in water dispersible nanogel-lipid complexes. These results in
the growth of defects in the bilayers, which then facilitates the further
penetration of water into the bilayer structure and growth of exiting
defects in the structure. These result in the enlargement of existing de-
fects, providing a pathway for further nanogel penetration into the bi-
layers.

At each temperature, the water content of bilayers increases in line
with higher percentage of crosslinker, as seen in Table 4 (and Table
S1). At 42°C, the water contents of head group and tail group re-
gions increase by 9% and 3% in the presence of 10% MBA, 7% and
5% with 20% MBA nanogels and 16% and 12% with 30% MBA
nanogels respectively. The data provide evidence of the ability of
nanogels to deplete ceramide lipids; the variation in water contents
can be justified by the difference in crosslinker content, which im-
pacts structural rigidity and hydrophobicity of the matrix. The results
suggest that nanogels with higher crosslinker content are better at de-
pleting ceramide lipids. It is important to note that these experiments
were carried out at a very low concentration of nanogels (0.005 mg/
mL) and therefore all nanogel dispersions, regardless of the percent-
age of cross-linker, were in a state of colloidal stability (i.e. homoge-
nous) over the investigated temperature range (25°C-42°C), which
was confirmed by UV-VIS data. Hence, it is safe to state that the
variation in VPTT values of these nanogels with different percent-
ages of cross-linker is not a significant factor influencing the interac-
tions. The increased structural rigidity due to higher crosslinker con-
tent, which results in nanogels with a higher degree of hydrophobic-
ity [39], facilitates the interactions between the nanoparticles and the
lipids, leading to increased depletion. This is consistent with the ob-
servation that lipid depletion is increased with temperature, as the
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nanogels become more hydrophobic. Thus, Nb values of both head
group and tail group regions increase with increasing temperature (see
Table 4 and S1).

It is noteworthy that after the addition of 30% MBA nanogels the
thickness of the tail group region of the bilayer gradually decreases
from 41.5A to 40.8 A with increasing temperature. This decrease, al-
though small for each bilayer, nonetheless has a strong influence on
the quality of the fit when the fit is calculated for the whole multi-bi-
layer stack. This is because increasing amounts of lipids are depleted
as temperature increases, hence there is a growing scale of defects
which allows for an increasing degree of freedom for the lipids to
change their conformation to minimise the free energy. A smaller
layer thickness to form the fits suggests mixed/interdigitated states
of the lipids. This phenomenon was not observed for the other two
nanogels. This could be because of a smaller degree of lipids depletion
and therefore the layers are still in a relatively better compact forma-
tion which reduces the ability of lipids to change their conformations.

4.3. The thermo-stability of mixed ceramide/cholesterol/behenic acid
multi-bilayers

In order to obtain a representation that more closely matches the
composition of skin, the mixture of ceramide/cholesterol/behenic acid
(molar ratio 1: 0.3: 1) was used to form the multi-bilayers. The
thermo-stability of this mixed lipid multi-bilayer was first examined
by NR. The normalized NR profiles as a function of temperature are
shown in Fig. 4. The variation in the NR profiles suggests the mixed
lipid multi-bilayers are not stable with increasing temperature, in con-
trast to the pure ceramide multi-bilayers. The reason for this is because
of the decrease in the lateral intermolecular forces and increase flu-
idity of the ceramide lipid multi-bilayers upon addition of cholesterol
and behenic acid. This result is consistent with that obtained from the
ceramide lipid monolayer study [25].

The best fits to the profiles are shown by solid lines in Fig. 4. The
corresponding scattering length density profiles are shown in Fig. S4.
The fitted parameters used are given in Table 5. Compared with pure
ceramide lipid multi-bilayers at 25°C, the Bragg peak of the mixed
lipid multi-bilayers is sharper which is indicative of the formation of
a much better ordered lamellar structure as expected now in the pres-
ence of cholesterol. This can also be inferred by the goodness of the
fit to the data. The fits indicate a greater number of bilayers (20) were
formed compared with the pure ceramide counterpart (<10). The NR
shows that the introduction of cholesterol and fatty acid results in an
increased ordering of the ceramide molecules and thereby a much bet-
ter ordered multi-bilayer structure. This conclusion is in good agree-
ment with published literature [37] which reports that the lamellar
phases are formed upon the addition of cholesterol to ceramide lipids.
At 25°C, the periodicity of the bilayers determined by the position of
the Bragg peak (49.8A) is in good agreement with the value deter-
mined by the fitting (49.5A). The lengths of fully extended C16 ce-
ramide, cholesterol and behenic acid are 23.0A, 18.0A and 28.0 A re-
spectively. The thickness of one bilayer is smaller than the length of
two fully extended behenic acid molecules (56 A) which act as the de-
terminant of the bilayer thickness. This means that the molecules ei-
ther intermix or more likely, they are tilted (28°) from the normal to
the interface.

Assuming a uniform distribution of the three components ce-
ramide/cholesterol/behenic acid (volume fraction ratio 53:10:37) in
each bilayer after spin coating, the water content in head group and
tail group regions were then calculated and are shown in Table 5. The
percentage of water in the hydrophobic tail region necessary to fit the

data is partially attributed to the defects, e.g. holes, present in the
lamellar structures. As the temperature increases from 25 °C to 40 °C,
the thickness of the tail group region decreases from 41.5A to 40.0 A
and the water content increases from 20% to 31% for the head group
region, from 17% to 30% for the tail group region. Upon addition of
cholesterol and behenic acid, although the layered structure of the de-
posited film becomes better defined, the bilayers become more fluid
as a result of the kinks introduced by the cholesterol and hence the
weaker intermolecular forces. Therefore, they are more susceptible
to changes in temperature. Upon heating, the hydrocarbon chains be-
come less ordered (less straight), resulting in decrease in thickness of
the tail regions. At the same time, it is easier for the water molecules
(D,0) to penetrate the less ordered structure, leading to the increase
in Nb of both head group and tail group regions. Another reason for
the increase in Nb could be that high temperature facilitates the diffu-
sion of water molecules through the bilayers. This was not observed
for the pure ceramide lipid multi-bilayers could be because there are a
lot more defects present in its structure and therefore the water mole-
cules can readily diffuse and penetrate through the whole film even at
low temperature.

Interaction of nanogels with mixed ceramide/cholesterol/behenic
acid multi-bilayers

Since the mixed ceramide/cholesterol/behenic acid multi-bilayers
are not stable with temperature, their interaction with nanogels was
studied at a temperature close to physiological temperature, 35 °C. The
reflectivity profiles measured before and after the addition of nanogel
are shown in Fig. 5. Three nanogels (10% MBA, 20% MBA and 30%
MBA) with different percentages of cross-linker were studied. The
best fits are shown by solid lines in Fig. 5. The corresponding Nb pro-
files are shown in Fig. S5. The fitted parameters are given in Table 6.
It can be seen that up to 38 bilayers in total could be deposited on the
Si substrate.

The Nb values of both head group and tail group regions increase
upon the addition of nanogels for all the three samples. This increase
in Nb is caused by the depletion of the mixed lipids by the nanogels
followed by the penetration of water (D,0) and the possible intro-
duction of solvated nanogels and nanogel-lipid complexes into the
lipid bilayers, similar to the case of pure ceramide lipid multi-bilay-
ers. The sample with 30% MBA nanogel results in the greatest in-
crease in Nb (by 0.35x 10 * A2 for head group region, 0.6x 10 *A™2
for tail group region) which suggests its strongest ability to deplete the
mixed lipids. The increases in Nb values of the system with 20% MBA
nanogels are 0.1 x 10°A7 (head group region) and 0.2 x 10°A7 (tail
group region), and with 10% MBA nanogels are 0.05x 10 ®A™? (head
group region) and 0.15x 10 ®A 2 (tail group region). These results
strongly support the conclusion obtained from the pure ceramide lipid
multi-bilayers studies which suggests that the ability of nanogels to
associate with lipids to form complexes follows the sequence of 30%
MBA>20% MBA>10% MBA.

The water contents were calculated with the assumption that the
mixed lipids of ceramide/cholesterol/behenic acid were depleted in
the ratio of 1:0.3:1, therefore these three components in bilayers are
kept constant at 1:0.3:1 (i.e. a volume fraction ratio of 53:10:37) af-
ter the addition of nanogels. However, the obtained results (Table 6)
show that the water content of the tail group region is approaching
approximately the same as that of the head group region. With 20%
MBA nanogel the water content of the tail group region even exceeds
that of the head group region, which is less likely to occur because
head groups are more hydrophilic. Therefore, the assumption that the
molar ratio of the three components after the addition of nanogels is
1:0.3:1 is not valid. The fact that behenic acid has the most positive
Nb value for the head group and the most negative Nb value for the
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tail group (Table 1), allows concluding that behenic acid is the main
component that is first depleted by nanogels. This behaviour is consis-
tent with the one observed for the same nanogels interacting with lipid
monolayer [25]. Furthermore the decrease of the tail group region only
observed with 30% MBA nanogels is evidence of its stronger ability
to associate with and deplete skin lipids than its less crosslinked coun-
terparts (10% MBA, 20% MBA).

4.4. The effect of penetration enhancer on the interaction of nanogels
with mixed ceramide/cholesterol/behenic acid multi-bilayers

Previous studies [39—-41] suggested that water soluble benzyl alco-
hol can readily partition into lipid bilayers where it is known to ori-
ent itself with its hydroxyl group in the head group region (polar re-
gion) and its aromatic nucleus directed into the tail group region (ap-
olar core) of the bilayer. When intercalated into a lipid bilayer, ben-
zyl alcohol acts as a membrane fluidizer, increasing the fluidity and
decreasing the lipid base transition temperature. Therefore, benzyl al-
cohol can perturb and alter the multi-bilayers conformation which fa-
cilitates the passing and diffusion of foreign molecules. Prior to the
study of the effect of benzyl alcohol as penetration enhancer on the
interaction between nanogels and mixed lipid multi-bilayers, the in-
fluence of benzyl alcohol on the mixed lipid multi-bilayers structure
was evaluated at 35°C, close to physiological temperature. The nor-
malized reflectivity profiles for multi-bilayers in the absence and pres-
ence of benzyl alcohol as a function of time are shown in Fig. 6. It was
found that the impact of benzyl alcohol on the mixed lipid multi-bi-
layers is time dependent. The best fits are shown by solid lines. The
corresponding Nb profiles are shown in Fig. S6. The parameters used
to fit the reflectivity profiles are given in Table 7. It can be seen that
upon addition of benzyl alcohol the Nb value of head group and tail
group regions increases by 0.07x10 %A & 0.2x10 °A ™2 after 1h,
and by 0.2x 10 °A72 and 0.45x 10 ° A2 after 3.5 h, respectively.

The observed increase in the Nb of both head and tail group regions
is believed to be the result of enhanced penetration of D,0O into the
bilayers. The time dependence of Nb indicates that the penetration of
benzyl alcohol is not an instant but rather a slow process. Since the in-
sertion of benzyl alcohol into the bilayers disorders the packing of the
lipids, especially the hydrocarbon chains which become less packed
and straight, the thickness of the tail group region shows a slight de-
crease (Table 7).

The effect of benzyl alcohol on the interaction of nanogels with
mixed lipid multi-bilayers was then investigated at 35°C using 30%
MBA nanogels. The normalised reflectivity profiles of multi-bilayers
in the presence of 30% MBA measured before and after the addition of
benzyl alcohol as a function of time are shown in Fig. 7, together with
the fittings (solid lines). The corresponding Nb profiles are shown in
Fig. S7 and the parameters used to fit the r profiles are given in Table
8.

The results show that the Nb of both head and tail group regions in-
creases with time after the addition of benzyl alcohol. The increments
are 0.15x10 °A™ and 0.3x10°A™ after 1h, and 0.4x10°A7 &
0.6x10 °A 2 after 3.5h respectively. The increments caused solely by
the penetration of benzyl alcohol are 0.07x 10 *A % and 0.2x 10 A~
after 1h and 0.2x 10 *A™? and 0.45x 10 ®A "2 after 3.5h respectively
(see Table 7) which are smaller than the increments in the pres-
ence of 30MBA nanogels. Therefore, the extra increments of Nb
are caused by the further depletion of mixed lipids by the nanogels
upon the addition of benzyl alcohol, followed by the introduction
of D,O into the bilayers. This pro-

moted ability of nanogels to deplete mixed lipids results from the dis-
ordered multi-bilayers packing and the weakened attraction between
neighbouring molecules upon the intercalation of benzyl alcohol into
the bilayers which encourages the association between nanogels and
lipids.

The overall outcome of these experiments is summarised schemati-
cally in Fig. 8. It highlights the fact that cholesterol enhances the lipids
bilayer structural rigidity. The number of defects (voids) created in
the multi-bilayer structure increases as the temperature increases be-
low VPTT. This is because of increases in the degree of nanogels hy-
drophobicity as a result of loss of hydration shells. The tendency of
some of bilayer fatty acids to reside in the bulk solution, previously
reported (25), results in the complex formation and a further increase
in the degree of the hydrophobicity of nanogels and their ability to
solubilise lipids at the interface exposed to water. The introduction of
an enhancer further aids this solubilisation process resulting in large
numbers of voids and holes facilitating the diffusion of nanogels into
the multilayer lipids structures.

5. Conclusion

The interactions of nanogels with both ceramide and mixed ce-
ramide/cholesterol/behenic acid (molar ratio 1:0.3:1) lipid multi-bi-
layers, a more idealised representation of the skin composition, were
investigated at the Si-water interface. The studies demonstrated the
role of cholesterol and fatty acids in contributing to the increased or-
dering of the lipid multi-bilayers. The ability of nanogels to inter-
act with both lipid multi-bilayers increased with the percentage of
crosslinker (MBA). In the case of ceramide lipid multi-bilayers, this
interaction was found to increase with temperature. Given that in-
creases in cross-linker content and temperature result in nanogels with
higher degree of hydrophobicity, it can be concluded that the nanogels
associate with skin lipid molecules mainly through hydrophobic inter-
actions.

Fatty acids play a role in facilitating membrane transport. The data
obtained in this work support the hypothesis that behenic acid is the
main component that is first depleted by nanogels. However given
the limited solvent contrast that was used in the experiments, further
work using additional contrasts are required to definitively confirm
this. An alternative explanation of the observed enhancement effect is
that it is the result of weakened neighbouring molecules interactions
and the changes in the conformation of lipid bilayers, upon intercala-
tion of benzyl alcohol into the bilayers. This work provides important
advances in understanding the mechanism by which NIPAM based
nanogels are able to interact with multi-bilayers, which can ultimately
contribute to the development of novel nanoparticles able to interact
and penetrate biological barriers.
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