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Abstract
The objective of this study is to engineer polylysine–heparin functionalized solid lipid
nanoparticles (fSLNs) for the use of a vaginal microbicide delivery template for HIV prevention.
The fSLNs are prepared using a modified phase-inversion technique followed by a layer-by-layer
deposition method. The Box–Behnken experimental design is used to analyze the influence of
three factors (X1 = bovine serum albumin concentration, X2 = pH of the aqueous phase, and X3 =
lipid amount) on the particle mean diameter (PMD) measured by dynamic light scattering (DLS).
Tenofovir is used as a model anti-HIV microbicide. The SLNs are also characterized for
morphology, zeta potential (ζ), percent drug encapsulation efficiency (EE%), and cytotoxicity on
a human vaginal epithelial cell line by electron microscopy, DLS, ultraviolet, and fluorescence
spectroscopy, respectively. The statistical model predicts particle size (Y) with 90% confidence
and the Y values are significantly affected by X1 and X2. The produced fSLNs appear
noncytotoxic and exhibit a platelet-like shape with respective PMD, EE%, and ζ value of 153 nm,
8.3%, and −51mV. These fSLNs intended to be administered topically have the potential to
enhance cellular uptake of hydrophobic microbicides and outdistance the virus during the HIV/
AIDS infection process, possibly leading to more effective prevention of the disease transmission.
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INTRODUCTION
The HIV epidemic is still a global health problem that continues to grow. According to the
UNAIDS 2008 report, there were an estimated 33 million people living with HIV in 2007.1

However, currently available microbicides, such as gels, lack the ability to provide an
effective and long-lasting drug barrier along the epithelial mucosa suggesting the need for
alternative vaginal formulations.2–6 Therefore, there is a necessity for the use of innovative
nanocarriers to overcome the previous limitations of conventional microbicide
formulations.4 Thus, the exploitation of nanocarriers of antiretroviral drugs is particularly
advantageous for targeted delivery to cells or organs that are implicated in HIV
transmission.7 Previous studies have shown that the use of nanotechnology has increased the
uptake of the chemokine N-alpha-(nonanoyl)-des-Ser-1 [L-thioproline-2, L-alpha-
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cyclohexyl-glycine-3]-RANTES (PSC-RANTES) into vaginal epithelial tissue.8 Tenofovir
(TNF), a nucleotide analog HIV-1 reverse transcriptase inhibitor is currently administered
orally in its prodrug form, tenofovir disoproxil fumarate (TDF). TDF is effective against a
range of HIV-1 subtypes, as well as CCR5-using and CXCR4-using HIV-1.9 It also has a
long intracellular half-life, low risk of resistance development,10 and has been proposed for
use in pre-clinical trials as a microbicide.11

A formulated topical gel (1% TNF) applied rectally has been shown to offer 67% protection
after using a single, high-dose challenge model with rhesus macaques.10,12 Moreover, some
recent studies showed that using TNF in a microbicide formulation will not enhance the
transmission of HIV, neither through disrupting the epithelium nor through other
inflammatory responses.13 Those promising results made TNF a good anti-HIV model to be
encapsulated into functionalized solid lipid nanoparticles (fSLNs) for a potential vaginal
microbicide delivery for the prevention of HIV transmission.

Solid lipid nanoparticles were selected over other nanoparticle constructs because they
provide numerous potential advantages, including the possibility of controlled release of
drug and drug targeting, an increase in drug stability, the ability of incorporating both
lipophilic and hydrophilic drugs, and their biocompatibility.14 The later advantage is due to
the fact that SLNs are made of either physiological lipids or from lipids that are commonly
used as pharmaceutical excipients.15 There are increasing scientific evidence supporting that
certain lipids are able to inhibit both presystemic drug metabolism and P-glyoprotein-
mediated drug efflux.16 Moreover, SLNs have been used in pharmaceutical formulation to
enhance the penetration of bioactive agents into the epidermis.17 These studies suggest that
SLNs could enhance topical penetration of bioactive agents. In addition, SLNs could be
easily functionalized by adding different ligands (cell penetration peptides, i.e., polylysine or
PLL and bioactive polysaccharides, i.e., heparin) onto the surface; hence allowing SLNs to
reach the subendothelium.18

The rationale for the selected ingredient (PLL and heparin) for the SLN functionalization
was multifactorial. First, it has been shown that natural cytotoxic receptors (NCRs), such as
NKp46 (Ref. 19), and killer lectin-like receptors (NKG2D and CD94)20 are expressed by
natural killer (NK) cells. These NCRs can bind to heparin- and sulfate-containing
polysaccharides and potentially mediate the direct killing of virus-infected cells by NK cells
for enhanced prevention of HIV transmission. Second, the PLL has a long-established
reputation of enhancing intracellular uptake of several compounds.21,22 Third, the
interaction of heparin is documented, specifically with the cell-surface components of a
human uterine epithelial carcinoma cell line.23 Fourth, the PLL–heparin complex efficiency
in macromolecular drug transport is demonstrated.24 Fifth, based on lessons learned from
viral infection process of cells, it was rationalized that the high density of surface charge
creates a hydrophilic surface that minimizes hydrophobic entrapment to mucus.25 Thus,
based on the foregoing background informations, we hypothesize that the selected
macromolecules for surface functionalization would enhance microbicide uptake for
improved HIV prevention.

In this study, Box–Behnken experimental design (BBD) was used for screening formulation
variables allowing minimizing the SLN size. Smaller sized and hydrophilic nanoparticles
(<500 nm)26 would facilitate diffusion and penetration into the mucus layer lining the
vaginal epithelia, keeping in mind that these SLNs were intended to reach the subepithelial
layer and penetrate the vaginal cell lines. To our knowledge, this is the first time that fSLNs
have been engineered for a topical delivery of a vaginal microbicide. For this reason, it is
important to set up a preliminary toxicity study to evaluate the effect of this nanoformulation
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on the vaginal epithelial cell line, as safety is an important property of any microbicide
formulation3

MATERIALS AND METHODS
Materials

The Softisan 100 was kindly provided as a gift from SASOL (Sasol North America Inc.,
Westwood, New Jersey, USA). The bovine serum albumin (BSA), poly(L-Lysine
hydrochloride) (PLL) molecular weight (MW; 22,100 Da), and poly(acrylic acid) (PAA)
MW ~10,000 Da) were purchased from Sigma–Aldrich, (St. Louis, Missouri, USA). The
low-molecular-weight heparin (LMWH, lot PH 61807 @ 170 IU mg−1) was obtained from
Celsus (Cincinnati, Ohio, USA). The TNF was purchased from Zhongshuo Pharmaceutical
Co. Ltd. (Beijing, China). The acetone and dimethyl-sulfoxide (DMSO) were from Fisher
Scientific (Pittsburgh, Pennsylvania). Float-A-Lyzer dialysis membranes [cellulose ester,
100K, molecular weight cutoff (MWCO)] were from Spectrum Laboratories (Rancho
Dominguez, California, USA).

The human vaginal epithelial cell line VK2/E6E7 was from American Type Culture
Collection (ATCC, Boston, Massachusetts, USA). Keratinocytes–SFM serum-free medium
was from GIBCO Invitrogen (Carlsbad, California, USA), the medium composition was
modified to reach the desired calcium concentration by adding CaCl2 (0.4 mM) 155 μL/100
mL medium, recombinant epidermal growth factor (0.1 ng/mL), (2.69 μL/100 mL), and
bovine pituitary extract (400 μL/100 mL).

The CellTiter 96® AQueous nonradioactive cell proliferation assay [3-(4,5-dimethylthiazol
-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and
lactate dehydrogenase (LDH) cell cytotoxicity kit (CytoTox-ONE™, Homogeneous
Membrane Integrity Assay) were from Promega (Madison, Wisconsin, USA). All other
chemicals used in this study were of analytical grade and used without further purification.

Synthesis of Functionalized SLN
The functionalized SLNs or fSLNs were prepared by a modified phase-inversion process as
previously described by Jayagopal et al.18 In this process, a known amount (Table 1) of
Softisan and 1 mg of TNF were dissolved in 1 mL of organic phase that consisted of
acetone: DMSO (60:40) volume mixture. This mixture had a solvent polarity–polarizability
index (SPP) of 92.8 as calculated according to Catalan et al.27 The organic mixture was then
added to 1 mL of an aqueous phase that has one of the three levels of BSA concentration
(Table 1) and 0.001% (w/v) of the first surface functionalizing moiety (PAA). The pH of the
aqueous phase indicated in Table 1 was adjusted using 0.1 N HCl. The system was manually
and gently shaken for 30 s. The excess BSA, residual solvents, and PAA were removed by
dialysis against 1 L of deionized water for 4 h, with three water changes. Additional layers
of macromolecules (PLL and finally heparin) were added according to the electrostatic
layer-by-layer assembly method.28 In this study, the SLNs were first synthesized without
functionalization in the 15 runs of the BBD for size optimization as described below, where
three formulation variables were chosen (concentration of BSA in the aqueous phase, pH of
the aqueous phase, and the amount of Softisan in organic phase). The fSLN was prepared
from the SLNs with minimal size and had three layers of macromolecules from inside out:
PAA, PLL, and heparin, respectively.

Assessment of Size and Zeta Potential of SLNs
The average size, size distribution, and zeta potential (ζ) were determined using the dynamic
light scattering (DLS) method with the Zetasizer Nano ZS series from Malvern Instruments
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Ltd. (Worcestershire, United Kingdom). After suspending 100 μL of SLN suspension in 1
mL of deionized water and then sonicating for 30 s, the measurements were undertaken at a
temperature of 25°C. The particle mean diameter (PMD) was represented as Z-average
diameter following the cumulant model.29–31 According to the National Institute Standard, a
sample with a poly-dispersity index (PDI) of less than 0.05 is considered monodispersed.32

The ζ value of the SLN suspension was measured using the ζ analysis mode of the
instrument. Smoluchowski’s approximation was used for the conversion of electrophoretic
mobility into ζ according to the manufacturer’s protocol. Nanosphere™ size standard (59 ±
2.5 nm) and ζ standard (−68 ± 6.8 mV) were used to calibrate the instrument prior to the
analysis. The addition of the layers was proven by the change in ζ values after the addition
of each layer. The ζ potential of the SLN was measured after the addition of each
functionalizing moiety.

Transmission Electron Microscopy
Samples containing SLNs and fSLNs were diluted with 100 mM KCl to the concentration of
0.01 mg/mL, then the solution was sonicated for 30 s and mounted on a copper mesh,
carbon-covered grid, and stained with 2% uranyl acetate. The excess fluids were dabbed off
with filter paper. Finally, the samples were imaged with a JEOL 1200 EXII transmission
electron microscope (JEOL of USA, Peabody, MA, USA), at magnifications of 10–50K, and
recorded on film (Kodak SO163, Rochester, NY, USA).

Box–Behnken Experimental Design
The BBD was used to study the influence of the selected three factors or formulation
variables on the particle size. BBD offers the advantage of exploring three experiment
variables with three different levels without doing the experiment in extreme conditions.32

In this study, the three formulation factors at their low, medium, and high levels and their
responses are depicted in Table 1. Basically, 12 runs were performed along with three
replicates at the center point. The polynomial equations and statistical analysis were
performed via the eighth version of JMP statistical discovery software (Cary, North
Carolina). The resulting statistical model was then checked with two random points of
respective (X1, X2, X3) values of (0.5, 0.5, 0.5), (−0.5, −0.5, 0) in addition to the
theoretically optimal point. These checkpoints were performed in triplicates to ensure
reproducibility. Using the Student’s t test, the experimental responses (Y) were compared
with those predicted by the model.

Encapsulation Efficiency
The EE% was measured at a wavelength of 260 nm by UV spectrometer (Spectronic
Genesys 10 Bio, Thermo Electron Corporation, Wisconsin). The standard curve of the TNF
was prepared using a drug concentration ranging from 2 to 100 μg/mL. The amount of
encapsulated drug was calculated using mass balance by subtracting the amount of the free
drug present in the supernatant from the total drug amount initially added in the preparation
medium. The standard curve was y = 0.0446x + 0.0052 (R2 = 0.9993) for TNF. The molar
absorptivity of TNF was reported to be 1.586 × 104 L/mol/cm.33

Cytotoxicity Studies
The cell viability was determined by a DTX 800 multimode microplate reader (Beckman
Coulter, Brea, California). Cells were seeded to 96-well plates, to ensure 1 × 104 cells per
well, until 80% confluence was reached. The medium was changed with 100 μL medium of
blank SLN. The concentration of SLNs in the cell culture medium ranged from 400 to 6000
μg/mL using three wells for each concentration. The plates were then incubated for 48 h.
The medium was used as the negative control and 1% Triton X as the positive control.
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Twenty microliters of the MTS solution was added to each well and incubated for 1 h at
37°C. The absorbance of the plates was monitored at the wavelength of 490 nm. After that,
cell viability was determined using Eq. 1:

(1)

where ABStest and ABScontrol represented the amount of formazan detected in viable cells.

The cellular membrane integrity was determined by the release of LDH. Briefly, cells were
seeded in 96-well plates and incubated with the SLNs and fSLNs using the same condition
as stated above. One row of a 96-well plate without cells was used to determine if there was
a background fluorescence and at what wavelength. At different time intervals, the plates
were equilibrated to 22°C and 100 μL of CytoTox-ONE™ reagent was added to each well.
The plates were incubated at 22°C for 10 min, and then 50 mL of stop solution was added to
each well. The fluorescence was detected using the above microplate reader at an excitation
wavelength of 560 nm and emission wavelength of 590 nm. The percent cytotoxicity for a
given treatment was expressed using Eq. 2:

(2)

where experimental, background, and positive represent the absorbance of SLN-treated
wells, background control wells containing cells not treated with SLNs or fSLNs, and
positive control wells containing cells treated with 1% Triton X, respectively.

RESULTS AND DISCUSSION
BBD Statistical Analysis and Optimization Before Functionalization

Table 2 shows SLN hydrodynamic diameter values obtained for the 15 runs with the
corresponding PDI values. The SLNs were synthesized first without the functionalization
steps following the method mentioned above. DMSO was chosen because it is the suitable
solvent for TNF. The size expressed as Z-average mean diameter of the desired
nanoparticles was chosen as the primary response because the goal of the study was to
minimize the particle size. The Z-average diameter, sometimes called the cumulants mean or
hydrodynamic diameter, is the mean diameter calculated from the Brownian motion of the
particles. This diameter is intensity weighted and is therefore sensitive to the presence of
large particles. It was chosen (as opposed to D10, D90) because it is a suitable parameter for
following processes such as particle aggregation or crystallization. The produced SLNs had
a size range between 220 and 734 nm. The PDI data also showed that the SLNs were also
polydispersed, which is not uncommon for SLNs.34 The large PDI may be attributed to the
presence of multiple populations of particles with different shapes (platelets and spherical),
some of which exhibit larger size (>200nm).35 It is noteworthy that the estimations of the
particle size and PDI were based on the intensity of the light signal processed according to
the cumulant method.30 The cumulants Ki are defined as the coefficients of an expansion of
a MacLaurin series. The PDI is given by the following Eq. 3:

(3)

where the cumulant K1 is an effective mean diffusion coefficient, whereas K2 describes the
relative width of the size distribution if normalized by K1.30 These PI results were consistent
with the morphological analysis below.
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The analysis of data of BBD 15 runs gave the following polynomial Eq. 4 for SLN size:

(4)

where X1, X2, and X3 are the coded variables (BSA concentration, pH of the aqueous phase,
and amount of Softisan 100 in the organic phase, respectively).

Tables 3 and 4 show the analysis of variance and the lack of fit analysis, respectively, from
which it appears that the correlation coefficient (R2) value of Eq. 1 was 0.89 with a p value
of 0.06. According to the published acceptability criteria for nanoencapsulation process,36 a
p value of less than 0.1 and R2 value of more than 0.7 but less than 0.9 is required. Because
the results fit within this range, the lack of fit analysis will need to determine the
acceptability of the model. For the model to be accepted, the p value in the lack of fit
analysis should be more than 0.1. The p value in this model is 0.426 (more than 0.1), thus
the model is suited to represent the experimental data for the SLN average diameter with a
90% confidence level. Therefore, Eq. 1 could reasonably predict the SLN size based on the
variables selected for this study. It also gives an insight on the change of SLN’s size when
two of these three variables change simultaneously. In Eq. 1, a positive coefficient before
the term indicates an increasing effect on the particle size (Y), whereas a negative
coefficient indicates a decreasing effect on Y.

To understand the significance of the effect of the selected variables and their interaction on
the SLN’s size, a Pareto chart was constructed as shown in Figure 1. This figure shows the
effects of the formulation variables and their interaction on SLN size. On the chart, the
horizontal axis represents the so-called standardized effects, which are in fact the t values.
Those values are obtained based on the estimate of factor effect Ex, which was the
coefficient in Eq. 1. Then, t values were calculated based on the following Eq. 5:

(5)

where SEe is the standard error of an effect.37

These standard effects are then compared with a tabulated value known as tcritical = 2.571
(represented on the chart with a vertical line). tcritical was determined at significance level of
α = 0.05 for the residual degrees of freedom (df), where df = 5 (df = number of runs −
number of terms − 1). Any factor for which the effect surpasses tcritical would have a
statistically significant effect on the particle size. According to the chart presented in Figure
1, only the terms: X1 X2, X3

2
, and X1

2 have a statistically significant effect on the size.
Thus, an increase in both the concentration of BSA (X1) and pH (X2) in the aqueous phase
has a decreasing effect on the SLN size. This could be physicochemically explained by two
hypotheses related to the charge density and/or to the pH-induced BSA conformation
change. On the basis of first hypothesis, it is important to underscore that with the presence
of a NH2 and a COOH groups in its molecular structure, BSA is an amphiphilic protein. It
also exhibits a different net charge at different environmental pH. The isoelectric point (pI)
of BSA is 4.7, indicating that BSA has a positive charge below pI 4.7 and negative charge
above pI 4.7.38 The ξ of BSA at pH 7.0 was −18 mV.39 The study of BSA adsorption on
nanosized magnetic particles38 suggest that higher pH combined with higher BSA
concentration would possibly affect the adsorption pattern and packing, leading to dramatic
decrease in particle size.

Assuming a simple aqueous nanosystem containing BSA, with the pH-induced BSA
conformation change hypothesis, one should note that a lower pH (<2) changes the shape,
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charge, and hydration of BSA40 and its net charge. Thus at higher pH (>2), there are less
denaturation and conformation changes of the BSA adsorbed on SLN surface, leading to
smaller particle size. Moreover, these conformational changes promote aggregation in
dimers and consequently increase the viscosity increment (the change in viscosity of the
solution as a result of adding the solute molecules) of the solution.41

Equation 6 below shows that in a simple aqueous nanosystem, the increment viscosity
changes when the shape of the molecule changes, and thus it increases as BSA is denatured
by the low acidic pH (pH <2) into an elongated random coil molecule,42,43 which will
increase the vh value and the shape factor V of BSA. Besides the reduced efficiency of the
required mechanical energy for particle size reduction in a high viscosity environment, this
increase in viscosity of the outer phase has been proven to reduce the diffusion rate of the
solute molecules during the formation of the nanoparticles, resulting in larger sized
nanoparticles.44

(6)

where ηsp is the viscosity increment, C is the concentration of the solution, V is the shape
factor, vh represents the volume of the solution occupied by the hydrodynamic solute
particle, N is Avogadro’s number, and M is solute molar mass.42 But in reality, the
nanosystem under consideration is a more complex system. The influence of the solvent
mixture (DMSO and acetone), drug eventually binding to polymer in the system, and PAA
on the above responses remained to be elucidated.

From Figures 1 and 2, X1
2 (BSA concentration) hada curvilinear effect on the particle size.

Below the coded value of 0.318, there is a decrease in particle size with increasing BSA
concentration perhaps due to the stabilizing effect of the BSA displaying a surfactant effect
at low concentration. But above 0.318, particle size begins to increase due to the increased
viscosity effect at a higher concentration.45

It also appears that the Softisan 100 concentration in the organic phase (X3
2) had a

curvilinear effect on particle size. At coded values below 0.199, the lipid amount appears to
increase particle size, which is consistent with previous work performed with such lipids.44

However, the reasons why the particle size begins to decrease after the coded value of 0.199
is attained remained to be elucidated and suggest a unique interaction between this lipid and
the drug or BSA at higher concentration.

Checkpoint Analysis
The resultant model was then checked with two random points and the theoretically
optimum point resulting from the statistical model with the three factors set at 0.318, 0.636,
and 0.199. These runs were performed in triplicates; the results are shown in Table 5. The
results show that the SLN sizes of the tested points were close to the predicted values. The
differences between the predicted size values and the measured size values were statistically
insignificant (p > 0.05) using the Student’s t test. Indeed, for checkpoint 1, the result was t =
−0.57, with a degree of freedom of df = 2 and p = 0.63; checkpoint 2 was t = −1.42, with df
= 2 and p = 0.29; the optimum found in Figure 2 was t = −2.33, with df = 2 and p = 0.14. It
was noteworthy that under these checkpoint conditions, the model was very flat because the
optimally predicted size (407 nm) appeared to be close to the intercept (404 nm) of the
model Eq. 3. Moreover, based on the Pareto Chart (Fig. 1), it was discussed above that only
three terms out of 10 of the equations (namely X1X2, X3

2, and X1
2) had statistically

significant influence. The other two checkpoints being close to the optimal point and
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considering the pure experimental errors (31% of sum of square in Table 4) led to almost
similar responses to that of the optimal value. Collectively, these t tests results show that the
model prediction equation is an acceptable tool to predict the size of SLNs in this design
space.

Functionalization and EE%
After setting the formulation parameters, the next step was to functionalize the optimally
sized SLNs and measure their encapsulation efficiency. The experiment was performed in
triplicates. The results of the three replicates of the optimum (O1, O2, and O3) are shown in
Table 6. The results showed that the functionalizing moieties were indeed being added as
evidenced by the change in ζ after each macromolecule layer addition. The first layer
consisted of PAA (a negative moiety), followed by the second layer (the positively charged
PLL), and finally by the third layer (heparin, which is negatively charged). It was
noteworthy that the size of the SLN was statistically significantly reduced only after adding
the third layer of heparin (p = 0.000329). This observation can be explained by the heparin-
induced condensation of the macromolecules on the particle surface. Moreover, further
dialysis and dilution would make the residual solvent, incorporated in the supersaturated
regions of the particles, diffuse into the aqueous phase,44 and thus causing the size to shrink.
This phenomenon could be similar to what was observed by Sjostrom et al.46 for particles
prepared by precipitation from oil-in-water emulsions. The encapsulation efficiency for the
fSLNs was 8.3 ± 0.7% (n = 3). The predicted water solubility of TNF is 1.87 mg/mL, and its
log P is −1.6.47 Therefore, the low EE% could be attributed to relatively high TNF solubility
in water, leading to dramatic drug loss in the water phase before the nanoparticles
solidification and solvent removal. The reduction in particle size that increases the specific
surface area could also be a contributing factor to the low EE%. Some of the approaches
used to improve the encapsulation of such highly water-soluble compounds include the
conjugation of the drug with the lipid itself to create as water-insoluble compound,48 and
ionic complexation with some molecules that are less water soluble such as dextran
sulfate.49 These alternative methods remained to be investigated in the search of effective
means to improve the EE%.

Morphological Analysis
The transmission electron microscopy (TEM) for the unfunctionalized (Fig. 3a) and
functionalized SLNs (Fig. 3b) showed a side view of platelet-shaped nanoparticles along
with some apparently spherical particles. The apparently spherical SLNs could be either a
top view of the platelet-shaped nanoparticles or actual spherical nanoparticles. However, the
images qualitatively showed SLNs that are not uniformly sized. This observation correlates
with the wide PDI values provided by DLS measurements. The platelet shape of the SLNs
could be elucidated by the fact that Softisan 100 is composed of saturated fatty acid (C12–
C18) triglycerides according to the manufacturer’s product information sheet. Triglycerides
exist in three different polymorphs (α, β prime, and β) that exhibit different shapes.50

Although no heat was involved in the preparation procedure, the addition of DMSO to water
is an exothermic reaction.51 Thus, this addition caused an increase in temperature from room
temperature to 33 ± 0.5° C. This increase in temperature might have caused (during the lipid
crystallization and solidification phase) the polymorphic transition from α to β prime then to
β forms. The latter is established to have a platelet-like shape.52

Cytotoxicity Study: Effect of Unfunctionalized and Functionalized SLN on the Vaginal
Epithelial Cells Viability

It is required for topical formulation intended for the prevention of HIV infection to be safe
for the patient.53 Therefore, both MTS and LDH assays were employed to test the effect of
SLNs on a vaginal epithelial cell line. As the safety of tenofovir gel (1%) has been
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established in the literature,9,54 these nanformulation templates were used without the drug
to test the effects of the excipients used on the viability and cell membrane integrity of the
selected vaginal epithelial cell line VK2/E6E7.

MTS is a tetrazolium compound that is bioreduced by viable cells into formazan. The
amount of formazan produced is determined by measuring the absorbance at 490 nm, which
is proportional with the number of living cells. Apparently, both unfunctionalized (Fig. 4)
and functionalized formulations (Fig. 5) did not show any significant effect on cell viability
compared with the cell culture medium (negative control). All the tested concentrations
showed more than 80% cell viability compared with the positive control.

The LDH membrane integrity assay is a fluorimetric assay that is used to measure the
release of LDH from cells with a disrupted membrane. Apparently, no significant LDH
release has been observed in both unfunctionalized (Fig. 6) and functionalized SLN
formulations (Fig. 7) with all the tested concentrations; LDH release was less than 15% from
that of the positive control. There are some negative values presented in the assay that could
be artifacts and are common in some LDH results presentations.55,56

Overall, in both the MTS and LDH assays, no significant difference was observed by the
Student’s t test, comparing data between the cell culture medium and those of the SLNs of
different formulations and concentrations. These data indicate that the SLNs were not
detrimental to vaginal epithelial cells. Because this specific nanosystem is intended for
topical delivery, some comments relating the concentrations employed in this experiment to
the potential required topical dose with respect to TNF content of the nanoparticles, and
current topical doses are warranted. It has been reported that the in vitro EC50 of TNF was
5.0 ± 2.6 μM.57 Considering that a vaginal suppository weighs approximately 5 g, and
conservatively assuming a 20% (w/w) of fSLN in such a suppository, the ultimate vaginal
formulation should be loaded with at least 17 μmol of TNF, leading to a vaginal drug
concentration of 5.7 μM, given the fact that the average total volume of vaginal fluid and
cervical mucus is 3 mL.58 In the optimal conditions, even with this relatively low EE of
approximately 8.3%, the drug loading is approximately 83 μg per 100 mg of fSLN. For a
20% (w/w) suppository content in fSLN, the drug content would be approximately 830 μg
in 3 mL vaginal fluid potentially leading to a local concentration significantly above the
median effective concentration (EC50 ~963 μM assuming a 100% burst release rate) while
maintaining safety (100 mg/3 mL is still lower than the safe range tested). Remember that
the current TNF tablet intended for oral administration contains 245–300 mg of drug. Thus,
significant saving in final microbicide product cost is anticipated perhaps potentially leading
to affordable drug cost for developing countries (with HIV prevalence) with such a localized
and controlled nanomedicine-based delivery system if effective and safe supplies and
processes are genuinely identified and used. Therefore, it can be reasonably speculated that
such microbicide-loaded fSLN would potentially be affordable and exhibit an anti-HIV
effect. However, this remains to be elucidated in the future in the in vitro and in vivo
efficacy assay.

CONCLUSION
In this study, for the first time, tenofovir (TNF, an anti-HIV microbicide) was loaded in
solid lipid nanoparticles (SLNs) intended for vaginal or topical drug delivery for the
prevention of HIV/AIDS transmission. A modified phase-inversion technique was adopted
to prepare the SLNs using response surface methodology. A statistical model that predicted
the SLN size was acceptable with a 90% confidence level. The size-minimization goal
(<500 nm) was successfully achieved with the production of fSLN of average diameter of
153 nm. The SLNs were functionalized successfully using a layer-by-layer technique. The
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electron microscopies showed platelet-shaped SLNs in the size range that was consistent
with the DLS measurements. The cytotoxicity assays showed a non-cytotoxic effect on
vaginal epithelial cells for 48 h. Although the EE% was relatively low, the SLNs appear to
be a promising drug delivery template for microbicides that are more hydrophobic. The
SLNs can be effectively functionalized to potentially reach the subepithelial layer, offering
the microbicide to a wider range of cells. Ultimately, SLNs are worth for further studies in
the quest of an alternative drug delivery system for intravaginal/topical delivery of HIV
microbicides to hinder HIV transmission.
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Figure 1.
Pareto chart depicting the standardized effect of formulation variables and their interactions
on SLN size; horizontal axis shows the t ratio of the variables. Bars surpassing the two
vertical lines indicate values reaching statistical significance (α = 0.05). X1, BSA
concentration in the aqueous phase; X2, pH of the aqueous phase; and X3, Softisan 100
concentration in the organic phase.
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Figure 2.
Prediction profiler and desirability plot showing the effect of formulation variables on
particle size (Y).
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Figure 3.
Transmission electron microscopy image showing platelet-like shape for (a)
unfunctionalized SLN with different sizes that reflect the polydispersity of SLN and (b)
functionalized SLN (fSLN). Scale bars represent 200 nm.
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Figure 4.
Effect of various concentrations of unfunctionalized SLN on vaginal epithelial cells viability
over 48 h period (n = 3).
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Figure 5.
Effect of various concentrations of functionalized SLNs (fSLNs) on vaginal epithelial cells
viability over 48 h period (n = 3).
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Figure 6.
Effect of various concentrations of unfunctionalized SLN on lactate dehydrogenase (LDH)
release from vaginal epithelial cells over 48 h period (n = 3).
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Figure 7.
Effect of various concentrations of functionalized SLNs (fSLNs) on lactate dehydrogenase
(LDH) release from vaginal epithelial cells over 48 hours period (n = 3).
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Table 1

Formulation Variables and Their Levels in the Experimental Design

Variables Low Medium High

Independent variables

X1, BSA concentration (mg/mL) 1 5 9

X2, pH of the aqueous phase 1 3 5

X3, Softisan 100 amount (mg/mL) 1 10.5 20

Coded values −1 0 +1

Dependent variable: Y1, SLN’s size (nm)
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Table 2

Box–Behnken Experimental Design of Independent Variables with Measured Response

X1 X2 X3 Particle Mean Diameter (nm) Polydispersity Index

−1 −1 0 490 0.403

+1 −1 0 734 0.569

−1 +1 0 596 0.210

+1 +1 0 390 0.280

−1 0 −1 279 0.176

+1 0 −1 419 0.208

−1 0 +1 489 0.405

+1 0 +1 415 0.437

0 −1 −1 220 0.134

0 +1 −1 290 0.217

0 −1 +1 381 0.347

0 +1 +1 436 0.342

0 0 0 393 0.277

0 0 0 472 0.469

0 0 0 347 0.308
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Table 4

Lack of Fit Analysis of the Statistical Model Predicting Particle Mean Diameter

Source df Sum of Squares Mean Square F Ratio

Lack of fit 3 17844.250 5948.08 1.4881

Pure error 2 7994.000 3997.00 Prob > F

Total error 5 25838.250 0.4261

Max RSq

0.9648
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