
T

A
R
a

A
b

a

A
R
R
1
A
A

K
A
S
L
C

1

a
o
t
c
m
[
i
t
f
p
n
T

h
0

Colloids and Surfaces B: Biointerfaces 152 (2017) 114–123

Contents lists available at ScienceDirect

Colloids  and  Surfaces  B:  Biointerfaces

jo ur nal ho me p ag e: www.elsev ier .com/ locate /co lsur fb

opical  vaccination  with  super-stable  ready  to  use  nanovesicles

yelen  Tatiana  Caimia,  Federico  Parraa,  Marcelo  Alexandre  de  Fariasb,
odrigo  Villares  Portugalb,  Ana  Paula  Pereza,  Eder  Lilia  Romeroa, Maria  Jose  Morillaa,∗

Nanomedicine Research Program, Departamento de Ciencia y Tecnología, Universidad Nacional de Quilmes, Roque Saenz Peña 352, Bernal, B1876BXD,
rgentina
Brazilian Nanotechnology National Laboratory, CNPEM, Caixa Postal 6192, CEP 13.083-970, Campinas, São Paulo, Brazil

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 11 October 2016
eceived in revised form
8 December 2016
ccepted 24 December 2016
vailable online 26 December 2016

eywords:
rchaeolipids
terilization
yophilization
old-free storage

a  b  s  t  r  a  c  t

Ultradeformable  archaeosomes  (UDA)  are  nanovesicles  made  of  total  polar  archaeolipids  (TPA)  from  the
archaea  Halorubrum  tebenquichense,  soybean  phosphatidylcholine  and  sodium  cholate  (3:3:1  w/w).  Fresh
dispersions  of  UDA  including  different  type  of  antigens  are  acknowledged  as efficient  topical  vaccination
agents.  UDA  dispersions  however,  if  manufactured  for  pharmaceutical  use,  have  to  maintain  colloidal
stability  upon  liposomicidal  processes  such  as  sterilization  and  lyophilization  (SLRUDA),  needed  to extend
shelf  life  during  storage.  The  remaining  capacity  of SLRUDA  to act as  adjuvants  was  therefore  tested  here
for  the  first  time.  Another  unexplored  issue  addressed  here,  is  the  outcome  of  replacing  classical  antigen
inclusion  into  nanovesicles  by  their  physical  mixture.  Our  results  showed  that  UDA  behaved  as  super-
stable  nanovesicles  because  of its high  endurance  during  heat  sterilization  and  storage  for 5  months  at
40 ◦C. The  archaeolipid  content  of UDA however,  was  insufficient  to  protect  it against  lyophilization,  which
demanded  the  addition  of  2.5%  v/v  glycerol  plus  0.07%  w/v glucose.  No  significant  differences  were  found
between  serum  anti-ovalbumin  (OVA)  IgG  titers  induced  by  fresh  or SLRUDA  upon  topical  application

of  4  weekly  doses  at 600  �g  lipids/75  �g OVA  to Balb/c  mice.  Finally, SLRUDA  mixed  with  OVA  elicited
the same  Th2  biased  plus  a non-specific  cell  mediated  response  than  OVA  encapsulated  within  UDA.
Concluding,  we  showed  that TPA is  key component  of super-stable  nanovesicles  that  confers  resistance
to  heat  sterilization  and  to storage  under  cold-free  conditions.  The  finding  of SLRUDA  as  ready-to-use
topical adjuvant  would  lead to simpler  manufacture  processing  and  cheaper  products.  .

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Parenteral vaccination requires of needles to inject controlled
mounts of antigen and adjuvant by intramuscular, subcutaneous
r intradermal routes [1]. However, the skeletal muscle and subcu-
aneous tissue, have relatively few professional antigen presenting
ells (APC) and the expression of MHC  class II and co-stimulatory
olecules is absent in myocytes which cannot directly prime T cells

1]. Injectable vaccines require of trained personnel and particularly
n developing countries is associated to a risk of transmitting infec-
ions, due to the widespread reuse of non-sterile syringes [2]. These
acts, added to the complex manufacture process of liquid vaccines,
lace the development of needle and pain free noninvasive immu-

ization procedures as a top priority for public health agencies [3].
opical vaccination is attractive since it has the potential to make

∗ Corresponding author.
E-mail address: jmorilla@unq.edu.ar (M.J. Morilla).

ttp://dx.doi.org/10.1016/j.colsurfb.2016.12.039
927-7765/© 2016 Elsevier B.V. All rights reserved.
vaccine delivery more equitable, safer and equally or more efficient
than parenteral vaccination [4].

Topical vaccination however, is challenged by the barrier that
the stratum corneum interposed between antigens-adjuvants and
the skin-associated lymphoid tissue (SALT) lying few hundred
micrometers depth from skin surface [4,5]. In conventional topi-
cal vaccination, the stratum corneum is disrupted by harsh physical
or chemical means [6,7] and antigens are combined with high
doses of powerful immunomodulatory agents such as cholera toxin,
Escherichia coli heat-labile toxin, or Toll Like Receptors (TLR) lig-
ands, such as imiquimod or bacterial CpG motifs [8]. The intense
pro-inflammatory activity of these topical adjuvants may induce
adverse skin reactions [9] and autoimmune diseases [10]. On the
other hand, the damaged skin barrier causes local irritation poten-
tiating skin infections [11]. These are the main reasons for the
delayed clinical developments of topical vaccination.
In this scenario, soft matter having elasto-mechanical properties
enabling the penetration of the intact stratum corneum, could pave
the way  towards safer and efficient topical vaccination. Topical
ultradeformable liposomes (UDL), made of soybean phosphatidyl-

dx.doi.org/10.1016/j.colsurfb.2016.12.039
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.12.039&domain=pdf
mailto:jmorilla@unq.edu.ar
dx.doi.org/10.1016/j.colsurfb.2016.12.039
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holine (SPC) and edge activators such as sodium cholate (NaChol)
ave been preclinical employed from the middle 90′s, to induce
ystemic humoral, cellular, and secretory antigen-specific immune
esponses [12–17]. Moreover, we previously reported that topical
mmunization with ovalbumin (OVA) included within ultrade-
ormable archaeosomes (UDA: made of total polar archaeolipids
TPA) extracted from the archaea Halorubrum tebenquichense plus
PC and NaChol, 3:3:1 w/w) induces long lasting OVA-specific
gG titers 2 orders higher than those induced by UDL-OVA (OVA
ncluded in UDL made of SPC and NaChol, 6:1 w/w, lacking TPA)
18]. A similar trend was found for topical immunization with Leish-
ania braziliensis antigens included in UDA [19]. Topical UDA can
enetrate the stratum corneum to deliver OVA (MW  ∼45 KDa) up
o the viable epidermis [20]. Besides, UDA are much more pro-
ouncedly captured by phagocytic cells and immature APC than
PA-lacking nanovesicles [21].

Two major drawbacks, however, are associated to topical
accination with ultradeformable nanovesicles: their complex
anufacture [22] and the poor stability during storage and use,

ecause of the high proportion of surfactants needed to gain
ltradeformability [23,24]. The manufacture process of liposomal
accines consists of antigens suspension in aqueous inner phase
14–16] or its partition within nanovesicles bilayers [17], removal
f the free from associated fraction and its quantification. Then,
anovesicles and antigen should be subjected together to vesi-
le size reduction, sterilization and dehydration. Such processes
nduce destabilizing effects both on lipid nanovesicles as well as on
rotein antigens [25]. The antigen inclusion is carried out assuming

t is mandatory to elicit a strong antigen-specific immune response,
ut its avoidance may  lead to a much simpler formulations man-
facture. Mixing of nanovesicles and antigens, which can be done

ocally prior to administration, may  speed and reduce the cost of
ndustrial manufacture of a final product for topical immunization.
n the other hand, nanovesicles intended for pharmaceutical use
ust retain colloidal, physical and chemical stability for long peri-

ds of storage, and if possible, resist to a potential loss of cold chain
r, best, to be cold chain-free [25].

TPA are a mixture of sn2,3 glycerol ether linked fully satu-
ated polyisoprenoid chains. TPA containing vesicles are more
esistant against lipolytic enzymes, hydrolytic or oxidative attacks
26], and against some physical stress like nebulization [27], than
PA-lacking ones. We  speculate that TPA may  increase the struc-
ural stability of ultradeformable bilayers undergoing sterilization,
yophilization and storage. Then, stored as lyophilized, UDA could
e rehydrated and mixed with antigen prior to immunization.
o test this hypothesis, in this work we submitted UDA to ther-
al  stress of heat sterilization and to freeze and drying stress

f lyophilization. Aqueous dispersion of heat sterilized UDA were
yophilized (SLUDA) and then stored at 4 and 40 ◦C. Finally, we
creened for immunogenicity of OVA associated to fresh UDA or
LRUDA in different ways: OVA included in the aqueous space of
DA, OVA mixed with UDA, OVA and UDA sequentially adminis-

ered. We  showed that TPA is key to confer UDA resistance to heat
tress of sterilization and to storage under cold-free conditions. We
lso confirmed that SLRUDA can be used as a ready-to-use topical
djuvant, since no antigen inclusion- only a physical mixture- was
ufficient to elicit an antigen-specific systemic immune response.

. Materials and methods

.1. Materials
Soybean phosphatidylcholine (SPC, purity > 90%) was a gift
rom Lipoid, Ludwigshafen, Germany. Sodium cholate (NaChol),
ephadex G-25, Sephacryl S-200, ovalbumin grade V (OVA),
 Biointerfaces 152 (2017) 114–123 115

Aluminiumnitratenonahydrat (Al(NO3)3 × 9H2O) and Triton X-
100were from Sigma-Aldrich, St. Louis, Missouri. Roswell Park
Memorial Institute (RPMI) 1640 medium was  from Gibco, Life
Technologies (New York, USA). 8-hydroxypyrene-1,3,6-trisulfonic
acid (HPTS) was from Molecular Probes (Eugene, Oregon). DPX
(p-Xylene-Bis-Pyridinium Bromide) was from Thermo Fisher Sci-
entific, Waltham, USA. Ficoll was from GE Healthcare, Munich,
Germany. Hypaque was  from Winthrop Products, Buenos Aires,
Argentina. Glycerol was  from ICN Biomedicals Inc. Aurora, Ohio.
Glucose, mannose and trehalose were from Anedra, Argentina. Fetal
calf serum (FCS), antibiotic/antimycotic solution (penicillin 10,000
IU/mL, streptomycin sulphate 10 mg/ml, amphotericin B 25 �g/ml),
glutamine, and trypsin/ethylenediaminetetraacetic acid were from
PAA Laboratories GmbH (Pasching, Austria).

2.2. Archaebacteria growth, extraction, and characterization of
total polar archaeolipids

Halorubrum tebenquichense archaea, isolated from soil samples
of Salina Chica, Península de Valdés, Chubut, Argentina were grown
in basal medium supplemented with yeast extract and glucose at
37 ◦C. Biomass was grown in 15 L media in a 25 L home-made stain-
less steel bioreactor and harvested after 96 h growth. Total polar
archaeolipids (TPA) were extracted from biomass using the Bligh
and Dyer method modified for extreme halophiles [28]. Between
400 mg  and 700 mg  TPAs were isolated from each culture batch.
The reproducibility of each TPA-extract composition was  routinely
screened by phosphate content [29], and electrospray-ionization
mass spectrometry, as described by Higa et al. [18].

2.2.1. Preparation and characterization of nanovesicles
2.2.1.1. Preparation. Archaeosomes (ARC) made of TPA, ultra-
deformable liposomes (UDL) made of SPC:NaChol 6:1 (w/w),
ultradeformable archaeosomes (UDA) made of SPC:TPA:NaChol
3:3:1 (w/w)  and liposomes (L) made of SPC were prepared by the
film hydration method. Briefly, mixtures of lipids (60 mg of TPA for
ARC; 120 mg  of SPC and 20 mg  NaChol for UDL; 60 mg  of TPA, 60 mg
of SPC and 20 mg  of NaChol for UDA and 60 mg  of SPC for L) were dis-
solved in 3 ml  of chloroform:methanol 1:1 v/v. Then solvents were
rotary evaporated at 40 ◦C until elimination. The lipid films were
flushed with N2 and hydrated with 3 ml  of aqueous phase (10 mM
Tris-HCl buffer pH 7.4 with 0.9% w/w NaCl −Tris-HCl buffer) up
to a final concentration of 40 mg/ml  total lipids for UDA and UDL,
and 20 mg/ml  for ARC and L. The resultant suspensions were soni-
cated (1 h with a bath-type sonicator 80 W,  80 KHz) and extruded
10 times through a sandwich of 0.2 �m and 0.1 �m pore size poly-
carbonate filters using a Thermobarrel extruder (Northern Lipids,
Vancouver, Canada).

To prepare ovalbumin containing nanovesicles (UDA-OVA), lipid
films were hydrated with 3 ml  of 6 mg/ml of OVA in Tris-HCl
buffer. Free OVA was  removed from OVA-UDA by gel filtration on
Sephacryl S-200 using the minicolumn centrifugation technique
[30]. Briefly, aliquots of 300 �l of UDA-OVA were seed on a 3-ml
syringe filled with Sephacryl-S200 and centrifugated during 3 min
at 700 x g. Fractions of 240–300 �l were collected upon elution with
300 �l of Tris HCl buffer pH 7.4. The elution profile was  determined
by quantifying proteins and phospholipids in each fraction.

To prepare HPTS/DPX containing UDA and UDL (HPTS/DPX-
nanovesicles), lipid films were hydrated with solution of 35 mM
HPTS and 50 mM DPX in Tris-HCl buffer pH 8.7. Free HPTS and
DPX were removed from HPTS/DPX-nanovesicles by gel filtration
on Sephadex G-25 using the minicolumn centrifugation technique,

as described before.

2.2.1.2. Size and Z potential. Size and Zeta potential were deter-
mined by dynamic light scattering (DLS) and phase analysis light
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cattering (PALS) respectively, using a nanoZsizer (Malvern Instru-
ents, Malvern, UnitedKingdom). Samples were diluted 1:20 in

ris-HCl buffer pH 7.4 (50 �l of samples with 950 �l of Tris-HCl
uffer) for size and Z potential determinations.

.2.1.3. Quantification of phospholipids, OVA and HPTS. Phospho-
ipids were quantified by a colorimetric phosphate microassay [29].

OVA was quantified, by the BCA method employing a com-
ercial kit (Micro BCATM Protein Assay Kit, Thermo Scientific), on

elipidated samples [31,32]. Briefly, 100 �l UDA-OVA were poured
n an eppendorf tube followed by 400 �l methanol, 400 �l chlo-
oform and 220 �l water. After vigorous vortexing, tubes were
entrifuged 3 min  at 9000 × g, the upper phase was  removed and
00 �l methanol was added. Upon a second centrifugation step,
he supernatant was removed, and the resulting protein pellet was
ried under nitrogen flux. The precipitate was solubilized in 5% SDS
nd quantified.

HPTS was quantified by spectrofluorometry (�Ex 413 nm and
Em515 nm)  before and after complete disruption of nanovesicles

n 10% v/v Triton X-100. The fluorescence intensity (FI) of the sam-
le, calculated as FI with Triton X-100 − FI without disruption, was
ompared to a standard curve prepared with HPTS-DPX in solution.
he standard curve was linear in the range 0.18–12 �M HPTS with
orrelation coefficient of 0.996.

.3. Freeze-thawed and lyophilized-rehydrated nanovesicles

Fresh nanovesicles were frozen in the absence and presence of
lycerol alone or in combination with glucose, mannose and tre-
alose. Amounts of 6.3 mg  of sterile glycerol were weighed and
he nanovesicles or nanovesicles-carbohydrate mixture (0.07% w/v
or glucose and sucrose and 0.14%w/v for trehalose, at a lipid to
arbohydrate ratio of 10:1 mol:mol, corresponding to 4 mM carbo-
ydrate) was added to the tube up to a final glycerol concentration
f 2.5% v/v (3.15% w/v). In all cases, aliquots of 200 �l were frozen
t −80 ◦C for 24 h. Part of the samples were thawed at room tem-
erature, and the other were lyophilized (−80 ◦C and 0.05 mbar)
or 48 h using a Freeze Dryer Unit Gamma  A instrument (Martin
hrist, Germany). Before use, lyophilized samples were rehydrated

n bidistilled water to the initial lipid concentrations. The rehydra-
ion process was completed within 30 s by repeated vortexing.

UDA and UDL loaded with HPTS-DPX were also submitted to
reeze and lyophilization in the presence of glycerol and glucose, as
tated above, and the release of HPTS after thawing and rehydration
as measured as stated before.

.4. Thermal analysis

Temperature of phase transitions (Tm) and the associated
hange of enthalpy (�Hcal) of fresh and lyophilized with and
ithout glycerol-glucose nanovesicles, solid and rehydrated were
etermined by differential scanning calorimetry (DSC), from −80
o 50 ◦C at 5 ◦C/min rate, in a Mettler Toledo DSC 822.

.5. Morphology

The morphology of fresh and lyophilized rehydrated in glycerol-
lucose nanovesicles was conducted by cryo-transmission electron
icroscopy (cryo-TEM) and TEM.
Cryo-TEM: Samples were prepared in a controlled environment

itrification system Vitrobot Mark IV (FEI, The Netherlands) with
ontrolled temperature (22◦ C) and humidity (100%). Images were

cquired on a Jeol JEM-1400Plus (JEOL, Japan) instrument, oper-
ting at 120 kV using a CCD camera GatanMultiScan 794. Image
ollection and measurements were made with Digital Micrograph
Gatan-USA). Images were not processed after acquisition. Sample
 Biointerfaces 152 (2017) 114–123

preparation and data acquisition were performed at the Electron
Microscopy Laboratory (LME)/Brazilian Nanotechnology National
Laboratory (LNNano).

TEM: Samples were deposited over a carbon grid. A drop of phos-
photungstic acid (0.5% w/v) was  deposited over samples for 1 min
and then, grids were air-dried and analyzed using a Jeol 1200-EX II
(JEOL, Japan) instrument.

2.6. Heating and sterilization of nanovesicles

Suspension of nanovesicles were placed in Eppendorf tubes,
loosely covered by a screw cap, allowing the pressurized steam con-
tact with samples. Nanovesicles were autoclaved in a VZ 100 (Villar
y Zaurdo S.R.L. Buenos Aires, Argentina) instrument for 15 min at
121 ◦C. After autoclaving, samples were incubated at room tem-
perature for 1 h before size and HTPS content were measured.
Nanovesicles were also submitted to heat by incubation at 80 ◦C
for 6 h in a water bath.

UDA and UDL loaded with HPTS-DPX were also submitted to
sterilization or heating at 80 ◦C, and the release of HPTS was  mea-
sured as stated before.

2.7. Deformability

Deformability (D) of nanovesicles was calculated according to
Van den Bergh [33], as D = J(rv/rp)2, where J is the rate of penetra-
tion through a permeability barrier, rv is the size of nanovesicles
after extrusion, and rp is the pore size of the barrier. To measure J,
nanovesicles were extruded through two stacked 50 nm (rp) mem-
branes at 0.8 MPa  using a Thermobarrel extruder. Extruded volume
was collected along 15 min, each fraction was quantified for phos-
pholipids, and J calculated as the area under the curve of the plot of
recovered phospholipids as a function of time. The average vesicle
diameter after extrusion (rv) was  measured by DLS.

2.8. Stability upon storage

The colloidal stability of aqueous suspension and solid sterilized
lyophilized nanovesicles was  determined after 5-month storage at
4 ◦C and 40 ◦C. Nanovesicles size, PDI and Z potential before and
after storage were determined as stated before.

2.9. Immunization

2.9.1. Animals and immunizationschemes
Male 4–6-week-old Balb/c mice were obtained from Facultad de

CienciasVeterinarias (UNLP). Mice were housed 5 per cage and kept
in a ventilated room under controlled conditions at constant room
temperature 22 ◦C, with 12/12 h light-dark cycle and free access to
food and water. The study was conducted following the National
Institutes of Health guide for the care and use of Laboratory ani-
mals. Five mice per group were topically immunized as follows: i:
UDA with OVA incorporated in the aqueous content; ii: UDA mixed
with OVA; iii: sequential administration of UDA followed 1 h later of
OVA; iv: sterilized, lyophilized, rehydrated UDA mixed with OVA;
v: UDL mixed with OVA; and vi: sterilized, lyophilized, rehydrated
UDL mixed with OVA. Topical nanovesicles were dropped on man-
ually trimmed hair, intact back skin surface of each mouse over an
area of 2 cm2. Mice were kept in individual cages for 30 min  until
drops had dried. Topical administrations were done once a week

for four weeks (prime), then animals received one boost on day 42.
Each dose consists of 75 �g OVA and 600 �g lipids.

Subcutaneous immunization with OVA mixed with ARC and
intramuscular immunization with OVA mixed with Al(OH)3 (5 mg),
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Table 1
Thermotropic parameters of fresh, lyophilized and lyophilized and rehydrated
nanovesicles.

Formulation Process Tm (◦C) �H (KJ/mol
phospholipids)

UDA Fresh −25.4 47.8
L −3.91 2.4
LR −23 18.8
L in glycerol-glucose −19 18
LR in glycerol-glucose −18.6 21.6

UDL Fresh −25.8 22.8
L −37 3.1
LR np np
L in glycerol-glucose −11.5 0.8
A.T. Caimi et al. / Colloids and Surfa

sed as parenteral controls, were done on day 0 and 21, then ani-
als received one boost on day 42.

.9.2. Total IgG and isotypes determination
Blood was collected from the tail veins at weekly intervals up

o 10 weeks, and IgG antibody and isotypes were analyzed by
nzyme-linked immunosorbent assay (ELISA). Briefly, microtiter
lates were coated overnight at 4 ◦C with 45 �g/ml antigen in
.1 M carbonate-bicarbonate buffer (pH 9.6) and then, after wash-

ng with PBS containing 0.05% Tween 20 (0.05% PBST), were
locked for 1 h at 37 ◦C with PBST. After another washing, 100 �l
f three-fold dilutions of individual sera in 0.05% PBST was
dded.After 2 h at 37 ◦C and further washing, the plates were
ncubated for 1 h at 37 ◦C with horseradish peroxidase-conjugated
oat anti-mouse IgG (Millipore- Chemicon International, Temecula,
alifornia) diluted 1:5000in 0.025% PBST. To determine the anti-
ody isotyping, horseradish peroxidase-conjugated rat anti-mouse
gG1 or IgG2a revealing antisera (PharMingen, San Diego, Califor-
ia), diluted 1:5000, were used. The plates were further washed
nd incubated with ABTS [2,2′-azino-bis (3-ethylbenzthiazoline-6-
ulphonic acid), Sigma] for 10 min  at room temperature (20◦–25 ◦C)
n the dark. The absorbance was measured at 405 nm using a

icroplate reader. Antibody titers were represented as end-point
ilutions exhibiting an optical density of 0.3 units above back-
round.

.9.3. Cellular response
The day 35 (post-prime) and day 49 (post-boost), mice were

acrificed and the splenocytes were obtain employing a Ficoll-
ypaque solution according to Boyurn [34]. Briefly, the spleens
ere disaggregated on a metal mesh employing non supplemented
PMI media (RPMI). The splenocytes were isolated by centrifuging
0 min  at 1600 rpm (4 ◦C) in a Ficoll gradient (1.098 g/ml den-
ity) in a Gelec G144d centrifuge. The resultant pellet was  washed
wice with RPMI and finally suspended in supplemented RPMI
10% SFB; 100 �/ml  penicillin; 100 mg/ml  streptomycin; 50 �M 2-

ercaptoethanol). The cells were counted in a Neubauer chamber
mploying Türkdye and seeded in 96 wells plaque with U shape bot-
om at a density of 3 × 105 cells per well in a final volume of 200 �l.
he cells were re-stimulated with 50 �g/ml OVA and concanavalin

 (5 �g/ml) as positive control. Non-stimulated cells were used as
egative control. After 48 h the supernatants were collected and
tored at − 80 ◦C.

The release of IFN-� in cells supernatant was measured by ELISA
BD OptEIATM, BD Biosciences, San Jose, CA, USA) following the

anufacturer instructions. Absorbance measurements were car-
ied out at 450 nm in a microplate reader.

2.10 Statistical analysis
Statistical analyses were performed by independent two-

ample Student t-test, two-way analysis of variance (ANOVA)
ollowed by Sidak’smultiple comparisons or one-way ANOVA fol-
owed by Dunnet’s test using Prisma 4.0 Software (Graph Pad, San
iego, California). p-value less than 0.05 was considered statisti-
ally significant. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001;
.s. represents not significant (p > 0.05).

. Results

.1. Freeze-thawed and lyophilized-rehydrated nanovesicles

The colloidal stability of nanovesicles may  be lost after freeze
nd thawed (FT) or lyophilized and rehydrated (LR) [35]. Hence,

olloidal stability of unprotected (without cryo/lyoprotectants) FT
nd LR nanovesicles was determined in terms of size, polydispersity
PDI) and Z potential. We  observed the size of FT UDA was 2 fold
ncreased and PDI remained below 0.5, but the size of FT UDL was  6
LR in glycerol-glucose np np

L: lyophilized; LR: lyophilized and rehydrated; np: no peak.

fold increased and PDI increased to ∼1 (Fig. 1A). The size of LR UDA
and LR UDL on the other hand, was  several fold increased, together
with the PDI (Fig. 1B). These results suggested that UDA  had slight
higher stability than UDL only after FT. The LR process, on the other
hand, destabilized equally the two  types of nanovesicles.

The colloidal stability of nanovesicles after adding glycerol as
cryoprotectant, was next determined. We observed that FT UDA
and FT UDL retained original size and PDI remained below 0.25.
Identical results were obtained by combining glycerol with small
amounts of sugars (glucose, mannose or trehalose). Glycerol alone
however, was insufficient to stabilize nanovesicles against LR, since
size and PDI of LR UDA and LR UDL was  5 fold increased. This time,
the combination of glycerol with small amounts of sugars was effec-
tive to keep the size of nanovesicles below 250 nm; PDI however,
remained low when protected with glycerol-glucose only. In par-
ticular, the cryoprotection factor (cf), calculated as the LR/fresh
nanovesicles size ratio, was close to 1 for glycerol-glucose (2.5%
v/v glycerol and 0.07% w/v glucose) for both LR UDA  and LR UDL.
Overall, glycerol was sufficient to fully stabilize FT nanovesicles, but
glycerol plus small amounts of sugars was required to stabilize LR
nanovesicles. No significant changes in Z potential were detected
but the HPTS content of LR UDA and LR UDL was completely lost in
the presence of glycerol-glucose.

The DSC scanning of fresh nanovesicles UDA and UDL showed
phase transition temperatures (Tm) of −25.4 ◦C and −25.8 ◦C and
melting enthalpies (�H) of 47.8 KJ/mol and 22.8 KJ/mol, respec-
tively (Table 1). Since archaeosomes (nanovesicles fully made of
TPA) display unusually high melting enthalpy values, in the order
of 760 KJ/mol (unpublished data), the high �H of UDA  could be
ascribed to its 43% by weight content of TPA. Synthetic diphytanoyl
phospholipid, such as diphytanoylphosphatidylcholine (DPhPC),
form highly packed and ordered bilayers because of the interdig-
itation of the methyl-functionalized chains [36]. Strong Van der
Waals interactions between the homogeneous mixture that phy-
tanoyl chains of TPA and acyl chains of SPC form, may  explain the
high �H  of UDA.

We observed that unprotected (without glycerol-glucose) UDA
and UDL behaved thermodynamically different to lyophilization.
As expected, lyophilized unprotected UDA showed Tm of −4 ◦C, an
increase of 21 ◦C compared to Tm of fresh UDA. Upon rehydration,
the Tm of unprotected UDA returned to its original value (−23 ◦C)
(Table 1). Lyophilized unprotected UDL however, showed a Tm of
−37 ◦C, a decrease of 12 ◦C compared to Tm of fresh UDL. Upon
rehydration the phase transition of UDL disappeared.

We also observed that protected (with glycerol-glucose) UDA
and UDL also behaved thermodynamically different to lyophiliza-

tion. Lyophilized protected UDA showed a Tm similar to that of
fresh UDA (−19 ◦C vs −25 ◦C), while �H  was reduced nearly to
the half (18 KJ/mol). Upon rehydration, both Tm and �H remained
unchanged. On the other hand, lyophilized protected UDL increased
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ts Tm up to −11.5 ◦C, decreased its �H  to 0.80 KJ/mol, and upon
ehydration, again, the phase transition disappeared.

Unprotected UDL were more sensitive to lyophilization than

nprotected UDA. The Tm and �H  of the gel to liquid crystalline
hase transition of lipid bilayers are very sensitive to the lipid pack-

ng. Lyophilization caused irreversible reorganization of SPC and
aChol packing in UDL, since Tm and �H  did not revert to the
 before and after (A) freeze-thawing (FT) and (B) lyophilisation and reconstitution
dependent two-sample Student t-test against freshly prepared nanovesicles.

values of fresh UDL upon rehydration. In contrast, the more packed
UDA bilayer suffered less to lyophilization and Tm and �H reverted
to the values of fresh UDA upon rehydration. Lyophilization of pro-

tected nanovesicles, above all, impaired organization changes in
the two types of bilayers, but UDL suffered irreversible changes in
higher extent compared to UDA.
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Fig. 2. Effect of incubation at 80 ◦C, sterilization by autoclaving (S) and sterilization,
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Fig. 3. Colloidal stability of aqueous dispersion or solid sterilized and lyophilized
yophilization and rehydration (SLR) on particle size and polydispersity index of UDA
nd UDL. Columns show size and dots show PDI. Values are expressed as mean ± S.D.
ndependent two-sample Student t-test against freshly prepared nanovesicles.

Morphology of fresh and lyophilized with glycerol-glucose (pro-
ected) and rehydrated UDA and UDL were analyzed by cryo-TEM
nd TEM. Cryo-TEM micrographs of fresh UDA (Fig. 1S A) and
DL (Fig. 1S C) showed unilamellar nanovesicles of nearly 100 nm
iameter which is consistent with the diameter detected by DLS.
ryo-TEM images also revealed some vesicles of sizes between 460
nd 40 nm.  Besides, UDA and UDL presented not only monolayer
orphology but also elongated vesicles, which could be the conse-

uence of the deformable bilayers. Besides, in both samples there
ere several nanovesicles apparently trapped inside bigger vesi-

les. LR protected UDA (Fig. 1S B) and UDL (Fig. 1S D) displayed
n increase in mean diameter to nearly 300–400 nm without any
hanges observed in the morphology. TEM images of LR protected
DA (Fig. 1S E) and LR protectedUDL (Fig. 1S F) showed similar

rend. Size of LR samples obtained by cryo-TEM and TEM were
arger than that obtained by DLS. Due to the different principle
f size measurement, results of both techniques cannot be com-
ared directly, but one method assists the other. However, if well
e did not found significant increments of the size of LR samples

y DLS, we observed an increase of PDI. A constant average size at
ncreasing PDI as measured by DLS can be explained by a wide size
istribution as seen in cryo-TEM images.

.2. Heated or sterilised (autoclaved) nanovesicles

Nanovesicles may  lose their colloidal stability after heated dur-
ng autoclaving [37]. We  observed that after 6 h at 80 ◦C or after
terilized (S) by autoclaving, UDA conserved size and PDI, but size
nd PDI of UDL were 5 fold increased (Fig. 2). No significant changes
n Z potential were detected, but both types of nanovesicles com-
letely lost their HPTS content upon sterilization.

.3. Sterilised, lyophilized and reconstituted (SLR) nanovesicles
To extend their shelf life, minimize microbial growth and phys-
cal chemical degradation, fresh suspension of nanovesicles have
o be sterilized and lyophilized. Here nanovesicles were submit-
(SL) UDA and UDL upon storageat 4 ◦C and 40 ◦C. Columns show size and dots show
PDI.  Values are expressed as mean ± S.D. Independent two-sample Student t-test
against freshly prepared nanovesicles.

ted to sterilization by autoclaving (S), added with glycerol and
glucose, and then lyophilized (L). When rehydrated (R), size and
PDI of SLRUDA remained unchanged, while the size of SLRUDL was
duplicated (Fig. 2).

3.4. Deformability of SLR nanovesicles

The deformability (D) of SLR nanovesicles was determined, since
topical immunization requires of highly elastic nanovesicles to pen-
etrate the stratum corneum of the outer skin. It was  found that D
of SLRnanovesicles was  similar to that of fresh nanovesicles (4000
and 4600 for UDA and SLRUDA respectively, and 4300 and 3800 for
UDL and SLRUDL, respectively) (Fig. 2S). No significant modifica-
tion in D was detected for nanovesicles mixed with OVA (5300 and
3000 for SRLUDA + OVA and SRLUDL + OVA, respectively). In all cases,
Dof SLR nanovesicles was significantly higher than that of ordinary
non-deformable liposomes (L), characterized by a very low flux of
phospholipids [38].

3.5. Stability of nanovesicles on storage

The colloidal stability of aqueous dispersion or solid sterilized
and lyophilized (SL) nanovesicles, stored for 5 months at 4 ◦C or
40 ◦C, was assessed in terms of size, PDI and Z potential. The col-
loidal stability of aqueous dispersion UDA remained unchanged up
to 5 months at 4 ◦C and up to 3 months at 40 ◦C (Fig. 3). Similar
results were achieved with solid SLUDA, excepting the size was
retained up to 5 months at 40 ◦C. The colloidal stability of aque-
ous dispersion UDL however, was  lost more rapidly. Size at 4 ◦C
and 40 ◦C increased after 3 months. The size of solid SLUDL was 2-
fold increased after 3 months at 4 ◦C and the PDI  raised above 0.5;
after 3 months at 40 ◦C its size was 8-fold increased and the PDI
raised above 0.5. These results suggest that UDA  are more stable to
storage at high temperature than UDL; in contrast to SLUDL, SLUDA
could be stored at room temperature with no need of cold chain.

3.6. Immunization

Elastic nanovesicles having antigens partitioned in the mem-

brane or dissolved in the aqueous phase are ordinarily used for
topical immunization [14–17]. The inclusion steps of antigens
add complexity to the manufacture process, leading to a more
challenging and expensive industrial production. For the sake of
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Fig. 4. Serum IgG titers after topical application of OVA included in UDA or mixed
with UDA compared to subcutaneous application of OVA mixed with ARC and intra-
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those induced by concanavalin A were significantly higher than the
uscular administration of OVA mixed with alum.

implicity, in this work we tested the systemic immune response to
anovesicles mixed with the model antigen OVA. We  compared the
esponse upon topical application of OVA mixed with nanovesicles
UDA + OVA) with that of OVA included in nanovesicles (UDA-OVA).

e also tested the effect of sequentially topical administration of
anovesicles first and OVA 1 h later. As controls, intramuscular OVA
ixed with alum (Alum + OVA) and subcutaneous OVA mixed with

rchaeosomes (ARC + OVA) were administered. Structural features
f nanovesicles used for immunization are shown in Table 1S.

Surprisingly, we did not find significant differences in magni-
ude and duration of the response of anti-OVA systemic antibodies
iters between topical UDA-OVA and UDA + OVA (Fig. 4). The titers
fter sequential administration of UDA first OVA later, were similar
o UDA-OVA in the priming period (day 28), and decreased post-

oost (Fig. 5). In agreement with previous results, UDA-OVA and
DA + OVA induced lower titers than intramuscular alum + OVA
nd subcutaneous ARC + OVA. As expected −because of the pres-

Fig. 5. IgG titers post-prime (A) and post-boost (B) elicited upon topical administra
Fig. 6. IgG2a/IgG1 isotype ratio. Dunnett’s multiple comparisons test against UDA-
OVA.

ence of TPA in UDA-, the response to UDA-OVA was also 2 log higher
than the induced by UDL-OVA.

Then we examined the response to topical administration of
SLRnanovesicles mixed with OVA (SLRUDA + OVA, SLRUDL  + OVA).
We did not find significant differences between titers induced by
SLRUDA and fresh UDA (Fig. 5), neither between the lower responses
to SLRUDL and fresh UDL.

No significant differences were found in the IgG isotype balance
induced by any formulation of topical UDA (Fig. 6). We  observed
however that the IgG2a component to topical UDA was lower
than the parenteral formulations. Remarkably, SLRUDL  + OVA  did
not induce the IgG2a isotype.

Finally, the effect of SLRUDA + OVA on cellular immunity was
screened by measuring the IFN- � production in OVA restimu-
lated splenocytes. No differences in INF-� titers were detected in
splenocytes incubated with OVA or culture media, for mice immu-
nized with SLRUDA + OVA (Fig. 7). However, these INF-� titers and
equivalent in mice immunized with SLRUDL + OVA. Such differences
became no longer significant in the post-boost, at expenses of a
reduced response to SRLUDA + OVA. We  also observed that the num-

tion of nanovesicles. Dunnett’s multiple comparisons test against UDA-OVA.
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ig. 7. IFN-� production by splenocytes after re-stimulation. Values represent mean
roduction ± SD (n = 5).Sidak’s multiple comparisons test.

er of splenocytes from animals immunized with SLRUDA + OVA
as significantly higher than in mice immunized with SLRUDL+ OVA

data not shown). Overall, these results may  suggest the induc-
ion of a nonspecific cell response to SLRUDA + OVA, involving a
ro-mitotic activity, together with low titers of pro-inflammatory
ytokine, limited to the pre-boost stage.

. Discussion

Two main factors drive the penetration depth of topical
anovesicles across the intact stratum corneum: bilayer elastic-

ty or ultradeformability and size. The ultradeformability results
rom the reduced Young modulus of the bilayers, that is nearly one
rder of magnitude lower than that of ordinary non-deformable
hospholipid bilayers [19]. The ultradeformability is gained by

ncluding a high proportion of edge activators in phospholipid
ilayer [39]. Ultradeformable nanovesicles can cross pores of radii
maller than its size without disruption [40]. Experimental evi-
ence supports the existence of an inverse relationship between
he size of nanovesicles and their capacity to penetrate the intact
kin. For instance, vesicles with size ≥ 600 nm are not able to deliver
heir content into deeper layers of the skin; those of size ≤ 300 nm
re able to deliver their content to some extent into the deeper lay-
rs of the skin, while those of size ≤ 120 nm have shown delivery
o viable epidermis, and dermis [41]. On the other hand, there is an
mpiric size pore below which crossing nanovesicles may  be dis-
upted. Intact ultradeformable nanovesicles have been described
o penetrate pores of a diameter three fold smaller than their size
42]. Indeed, pores diameter in the stratum corneum lipid matrix can
e opened without major skin damage merely to 20–40 nm at most
39,43]. Therefore, nanovesicles less than 120 nm − and not higher-
ave chances to penetrate the skin, it is essential that the size of
anovesicles is maintained around 100 nm along manufacture and
torage.

Having this in mind, we recorded the colloidal stability of UDA

hen submitted to physical stresses suffered in the processes of

terilization, lyophilization and storage. First we determined the
olloidal stability of UDA against autoclaving. The most common
ethods to sterilise materials are the sterile filtration across a
 Biointerfaces 152 (2017) 114–123 121

0.2 �m membrane, gamma- irradiation, heat sterilization by auto-
claving at 121 ◦C for 15 min  or steam sterilization. While filtration
fails to remove virus particles, is time consuming for large sample
quantities, and leads to sample loss to the filter, autoclaving is one of
the most effective methods to decontaminate harsh material. Lipo-
somes however, suffer structural changes when heated: ordinary
liposomes made of diester lipids such as SPC, and cholesterol or
pegylated lipids, cannot withhold vesicle size and size distribution
when autoclaved [44]. We  found here that an aqueous dispersion of
UDA could be heated without losing colloidal stability. After auto-
claved or incubated 6 h at 80 ◦C, UDA retained size and PDI. UDL
in contrast, suffered aggregation. In our case, UDA maintained size,
but the highly water-soluble membrane-impermeant fluorescent
dye HPTS was completely lost.

Secondly, we  determined the colloidal stability of UDA  to
lyophilization. Lyophilization is a standard method to remove the
water in order to prolong the shelf life of liposomal formulations
during storage [45,46]. To prevent vesicle fusion and leakage due
to mechanical stress owed to ice crystal formation during freeze,
cryoprotectants such as dimethylsulfoxide, glycerol, quaternary
amines, or sugars are added [47]. Cryoprotectants may  form a
protective glassy matrix in which nanovesicles are immobilized,
avoiding aggregation, and protecting bilayers from ice crystals.
The requirements to protect nanovesicles against drying however,
are much more stringent. In this case, lyoprotectants are used to
avoid the drying stress suffered during ice formation and unfrozen
water removal from nanovesicles. The mechanism of stabilization
by lyoprotectants is explained by the water replacement hypoth-
esis [45,48]. Lyoprotectants replace the original water molecules,
increase the distance between membranes due to osmotic and vol-
umetric effects, and the inter- and intra- bilayer stress decrease
[49]. Most of the molecules used as cryoprotectants are also lyopro-
tectants. Between 5 and 20% w/v, trehalose, glucose, sucrose or
mannitol solutions are the most common cryo- and also lyopro-
tectants used to protect liposomes. We have previously reported,
however that because of its high NaChol content, UDL cannot be
lyophilized, not even in high (10 and 20% w/v) sucrose concen-
tration [24]. Here, we  speculated that the 0.072% w/v  amount of
the disaccharide mannose-glucose (provided by the 8.2% w/w of
SDGD-5 in TPA), combined with the highly negative charge (pro-
vided by the 55% w/w of PGP-Me in TPA), could protect UDA from
lyophilization. This assumption resulted partly correct: UDA were
more stable than UDL to freeze, but not to dehydration during
lyophilization. The results suggest that TPA are partly cryoprotec-
tant, but not lyoprotectant. The full cryoprotection was achieved
by adding glycerol. Glycerol is a very well-known cryoprotectant
for mammalian cells. Its competitive advantage over sugars is due
to its ability to permeate plasma membrane. The osmotic stress in
a hypertonic glycerol solution is therefore much smaller than that
imposed by a hypertonic sugar solution. Part of the extra-vesicular
and intra-cellular water is replaced by glycerol. Hence, the amount
of ice formed is lower, the unfrozen fraction remains larger and
the degree of shrinkage is limited. Additionally, opposite to sugars
that have to be dissolved in the dispersion media of nanovesi-
cles before the bilayers are closed (affecting further manufacturing
process such as filter clogging during extrusion), glycerol can be
added to already formed nanovesicle suspensions. Additionally,
glycerolstably packaged between lipid molecules in the bilayer,
establishing hydrogen bonding with phosphate groups in phospho-
lipids, increasing the area occupied per phospholipid molecule [50].
Finally, glycerol is frequently used in topical dermatological prepa-
rations because of its moisturizing and smoothing effects, and has

been used alone or combined with other agents to lyophilize lipo-
somes [51,52]. To fully protect UDA and UDL from drying stress
however, the combination of glycerol with small amount, to keep
at minimum the osmotic stress, of glucose was required.
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We  have hypothesized that because of the TPA content, UDA
ould display a higher endurance to heat sterilization, lyophiliza-
ion and storage than UDL. TPA is a natural extract consisting
n phosphatidylglycerophosphatemethylester (PGP-Me), sulfated
iglycosyldiphytanylglyceroldiether 1-O-[�-d-manosa-(2′-SO3H)-
′→2′)-�-d-glucosa]-2,3-di-O-fitanil-sn-glicerol) (SDGD), sulfated
iglycosyldiphytanylglyceroldiether phosphatidic acid (SDGD-
PA), phosphatidylglycerol (PG), and bisphosphatidylglicerol (BPG)
18]. Archaeosomes (nanovesicles fully made of TPA), display
igher chemical stability than ordinary liposomes (made of phos-
holipids), because of the ether linkages, resistant to hydrolysis, the

soprenoid chains without double bonds resistant to oxidation and
he sn2,3 stereoisomery resistant to stereospecific phopholipases
26]. However, we found that while UDA was more resistant to heat
terilization than UDL, its archaeolipid content was  not sufficient
o protect them against freeze and dehydration, since in order to
yophilize them, as for UDL, the addition of glycerol and glucose,

as required. The storage stability, however were significantly dif-
erent: size of UDA remained unchanged upon 5 month of storage
t 40 ◦C, while UDL aggregates.

The presence of TPA was responsible for keeping the reduced
ize of UDA upon SLR-processing required to increase its shelf
ife. But, while small size favors the skin penetration, the higher
iters induced by UDA compared to UDL were owed to the PGP-Me
ontent, the major component of the TPA. PGP-Me is a ligand for
he scavenger receptor class A, and responsible for the extensive
ptake of nanovesicles containing TPA by macrophages J774A.1
ells (unpublished results). Besides, sugar content of glycolipids
uch as SDGD and SDGD-5PA in TPA may  be recognized by mannose
eceptors expressed on APC [54].

Finally, we found that topical ultradeformable nanovesicles
ixed with antigen prior to administration, elicited an antigen-

pecific systemic response, allowing to avoid the inclusion steps.
everal years earlier, ultradeformable vesicles having ketotifen out-
ide, were reported to significantly improve permeation and skin
eposition of the drug over that of vesicles with ketotifen inside.
ydrophilic drugs, thus, might not need to be entrapped in vesicles

o penetrate the skin [53]. Our results suggested the same would
pply in topical vaccination with voluminous antigens such as OVA.
o differences in Th2 biased OVA-specific response topical was

ound between SLRUDA and fresh UDA. If well no specific cellular
esponse was aroused, a non-specific cell mediated response was
licited only by SLRUDA + OVA. The steps needed to include antigens
n vesicles bilayers or within aqueous space and further purifica-
ion may  be avoided, since the formulation by simple mixing is
nough to induce an immune response. We  will further address
f UDA could be mixed with other antigens different to OVA to
licit an immune response. This finding becomes significant for the
ndustrial manufacture of nanoparticulate vaccines.
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