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ABSTRACT This increasing incidence of TB is attributable to several 
factors, the most important of which are the HIV epidemic 
and the lack of control of immigration from countries where 
TB is common. In fact, untreated HIV infection, leading to 
progressive immunodeficiency, increases susceptibility to 
TB, one of the main causes of death in populations with 
high HIV prevalence.1-3 

The aim of this work was to evaluate unilamellar liposomes 
as new potential capreomycin sulfate (CS) delivery systems 
for future pulmonary targeting by aerosol administration. 
Dipalmitoylphosphatidylcholine, hydrogenated phosphati-
dylcholine, and distearoylphosphatidylcholine were used for 
liposome preparation. Peptide-membrane interaction was 
investigated by differential scanning calorimetry (DSC) and 
attenuated total internal reflection Fourier-transform infrared 
spectroscopy (ATIR-FTIR). Peptide entrapment, size, and 
morphology were evaluated by UV spectrophotometry, 
photocorrelation spectroscopy, and transmission electron 
microscopy, respectively. Interaction between CS and the 
outer region of the bilayer was revealed by DSC and ATIR-
FTIR. DSPC liposomes showed enhanced interdigitation 
when the CS molar fraction was increased. Formation of a 
second phase on the bilayer surface was observed. From 
kinetic and permeability studies, CS loaded DSPC lipo-
somes resulted more stable if compared to DPPC and HPC 
over the period of time investigated. The amount of en-
trapped peptide oscillated between 10% and 13%. Vesicles 
showed a narrow size distribution, from 138 to 166 nm, and 
a good morphology. These systems, in particular DSPC li-
posomes, could represent promising carriers for this peptide. 

The lack of DOTS (directly observed treatment short 
course), the strategy for TB control promoted by the World 
Health Organization, together with the improper use of anti-
biotics in chemotherapy are the main causes of the alarming 
multidrug resistance of new emerging strains to the most 
commonly used antitubercular drugs, such as ethambutol, 
isoniazid, rifampicin and streptomycin. Drug-resistant TB is 
treatable, but it requires extensive chemotherapy (up to 2 
years of treatment) that is often prohibitively expensive and 
very toxic to patients. 
In these cases, the less common and generally more toxic 
second- and third-line drugs such as p-aminosalicylic acid 
(PAS), capreomycin, cycloserine, ethionamide, kanamycin, 
and viomycin must be employed alone or in combination. 
In this regard, the development of new effective agents 
and/or alternative formulations for drugs already existing in 
the market is necessary. 

 
Improvement of the efficacy of antimicrobial agents against 
microorganisms located inside cells has been achieved by 
drug entrapment within liposomes. In fact, most antibiotics 
are relatively ineffective for intracellular infections because 
of poor penetration into the cells or decreased intracellular 
activity. In this respect, the development of proper liposome 
formulations may enhance antimicrobial treatment of intra-
cellular infections,4 such as tuberculosis,5,6 and simultane-
ously reduce the toxicity of second-line antitubercular drugs 
such as capreomycin sulfate (CS).7 

KEYWORDS:  capreomycin sulfate, liposomes, DSC, 
ATIR-FTIR, phase transition 
 

INTRODUCTION 
After a century of decline, in the past decade a worrying 
recrudescence of tuberculosis (TB) has been observed. 
 

CS is a highly water-soluble peptide characterized by 4 co-
existing cyclic forms. It is used, intramuscularly (15-20 
mg/kg/day), in combination with other effective drugs, in 
the treatment of tuberculosis that has failed to respond to 
first-line agents.8 It is active in vitro and in vivo against 
Mycobacterium tuberculosis, M bovis, M kansasii, and M 
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avium. Resistance develops readily when capreomycin is 
used alone. Cross-resistance between capreomycin and vi-
omycin, and partial cross-resistance between capreomycin 
and kanamycin or neomycin, have been demonstrated.8 Re-
cently, the Italian National Institute of Health (ISS) showed 
that, among second-line antitubercular drugs, only about 
10% of the 46 drug-resistant strains of M tuberculosis iso-
lated from Italian patients were resistant to capreomycin.9 
To overcome CS’s toxic effects on kidneys, site-specific 
delivery systems can be employed. In particular, it has been 
demonstrated that entrapment of CS in multilamellar vesi-
cles (MLVs) reduced renal toxicity, enhanced peptide pene-
tration into tissues, and increased CS activity in a beige 
mouse model of M avium complex infection.7 
Pulmonary administration of aerosolized liposomes repre-
sents a valid alternative route for topical drug delivery for 
lung infection treatments.10-14 The advantages of such an 
administration route are (1) facilitated administration of sus-
tained-release formulations to maintain therapeutic drug 
levels in the lungs, (2) aqueous compatibility, and (3) facili-
tated intracellular delivery, particularly to alveolar macro-
phages and lymphocytes.13-15 Moreover, aerosol inhalation is 
a noninvasive means of delivery for peptides and proteins.16 
This noninvasiveness allows the improvement of patience 
compliance. Looking at this alternative therapeutic applica-
tion and considering the remarkable in vivo results,7 we in-
vestigated large unilamellar vesicles (LUVs) as potential CS 
carriers for possible peptide pulmonary delivery. In fact, 
LUVs may be more suitable for this particular application 
because, compared with MLVs, they are smaller and their 
size can be better controlled and homogenized.17 In fact, 
LUV size can be regulated by choosing extruding mem-
branes having an appropriate cutoff. 
Therefore, the aim of this study was the physicochemical 
characterization of LUVs in order to assess their suitability 
as CS carriers for peptide delivery. In this regard, 3 lipo-
some-based formulations—dipalmitoylphosphatidylcholine 
(DPPC), hydrogenated phosphatidylcholine (HPC), and 
distearoylphosphatidylcholine (DSPC)—containing increas-
ing CS molar fractions were prepared. All formulations 
were characterized in terms of their thermotropic behavior 
as a function of CS concentration and time, morphology, 
peptide encapsulation, and size. For this purpose, gel to liq-
uid-crystal membrane main transition, stability, and mem-
brane permeability to CS were evaluated by differential 
scanning calorimetry (DSC). Moreover, peptide encapsula-
tion was determined by UV spectrophotometry, liposome 
size distribution was assessed by photocorrelation spectros-
copy, and morphology was assessed by transmission elec-
tron microscopy (TEM). Further spectroscopic analyses 
were performed by attenuated total internal reflection Fou-

rier-transform infrared (ATIR-FTIR) spectroscopy as a 
method complementary to DSC analysis. 
 

MATERIALS AND METHODS 
Materials 
CS from Streptomyces capreolus and DPPC, HPC, and 
DSPC phospholipids were purchased from Sigma Aldrich 
Chemical (Milan, Italy). Sodium hydrogen orthophosphate 
was provided by Farmitalia Carlo Erba (Milan, Italy) and 
chloroform by J. T. Baker (Milan, Italy). Poly-L-lysine, 
phosphotungstic acid, and Triton X-100 reduced form were 
purchased from Sigma Aldrich. Ultrapure water was ob-
tained by reverse osmosis through a Milli-Q system (Milli-
pore, Rome, Italy). All other reagents and solvents were of 
the highest purity available. 
 

Liposome Preparation 
Three batches for each liposome formulation were prepared 
according to the thin-layer evaporation method. Briefly, thin 
lipid films were obtained by dissolving 25 mg of DPPC, 
HPC, and DSPC in chloroform followed by solvent evapo-
ration under nitrogen stream on a water bath at 52°C, 61°C, 
and 65°C, respectively. The dry films were hydrated with 
proper amounts of pure phosphate buffer saline (PBS) (pH 
7.4) and PBS solutions, yielding increasing peptide molar 
fractions (α = 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18), and 
the final sample volume was chosen to achieve 20mM lipid 
concentration. After cooling, the MLV suspensions were 
stored overnight at 4°C. LUVs were obtained by extruding 
(20 passes) MLV dispersions through a 0.1-µm pore size 
polycarbonate filter (Avestin Inc, Ottawa, Canada) mounted 
on a LiposoFast mini-extruder (Avestin Inc) at the same 
operating temperatures employed during the hydration proc-
ess.18 The samples obtained were allowed to stabilize for 24 
hours at 4°C. 
 

Evaluation of CS Loading 
The amount of peptide encapsulated was evaluated by UV 
spectrophotometry using a UV/Visible Jasco N-520 spec-
trophotometer (Jasco Inc, Easton, MD). Liposome suspen-
sions were properly ultracentrifuged (70 000 rpm, 2 hours, 
4°C) by an Optima TL ultracentrifuge equipped with a 
TLA-100.4 rotor (Beckman, Palo Alto, CA). Supernatant 
aliquots were directly analyzed by measuring CS absorb-
ance at 268 nm. The entrapped CS within the unilamellar 
vesicles was determined after resuspension of the pellets in 
PBS buffer pH 7.4 and addition of 10% reduced Triton X-
100 solution according to the method already described.19 
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Accordingly, total CS concentration of the 3 LUV formula-
tions was determined on freshly prepared suspensions, and 
the error was calculated as SD. All measurements were per-
formed in triplicate. 
 

Size Distribution and Morphology 
Size distribution of CS containing LUVs and blank LUVs 
was determined by a Nicomp 370 (PSS Inc, Santa Barbara, 
CA) autocorrelator equipped with a Coherent Innova 70-3 
(Laser Innovations, Moorpark, CA) argon ion laser. The 
source was set at 514.5 nm. All analyses were performed at 
a 90° scattering angle and at 20°C (±0.2°C). Triplicate sam-
ples for each batch were prepared by diluting 10 µL of lipo-
some suspension with 2 mL of deionized water filtered with 
an Acrodisc LC 13 Polyvinylidene fluoride (PVDF) filter 
with 0.2-µm pores (Pall-Gelman Laboratories, Ann Arbor, 
MI). The error was calculated as SD. 
Morphology was performed by TEM using a Philips XL30 
microscope at ×60 000 magnification. Samples were pre-
pared by the method described elsewhere20 on a Formvar-
coated copper grid (TAAB Laboratories Equipment Ltd, 
Reading, UK) made hydrophilic by using poly-L-lysine. 
Phosphotungstic acid was employed as a negative stain. 
 

DSC Measurements 
DSC experiments were performed by a Mettler Toledo DSC 
821 differential calorimeter (Milan, Italy) calibrated with 
indium. The detection system was a Mettler PT 100 ceramic 
sensor, with a calorimetric resolution <0.7 µW and noise 
level <1 µW. The analyses were carried out on 40-µL sam-
ples, corresponding to ~1.0 mg of lipid material sealed in 
standard aluminum pans (Mettler Toledo, Milan, Italy). 
Three samples per LUV batch were submitted to 2 heat-
ing/cooling cycles at 1°C min–1. Isotonic PBS buffer (pH 
7.4) was employed as reference. Data from the first scan 
were always discarded to avoid mixing artifacts. Control 
samples consisted of CS-free phospholipid vesicle suspen-
sions. Enthalpy change (∆H), main transition peak tempera-
ture (Tm), and half-height peak widths (∆W1/2) were calcu-
lated by Mettler Toledo STARe software version 6.01. 
Mathematical curve fitting of the main transition peak was 
performed by SYSTAT’s Peakfit v. 4.11 software (Canal 
Boulevard, Richmond, CA, USA). 
 

Kinetic Interaction Studies 
CS-loaded LUV samples were incubated for 14 days at 4°C, 
under nitrogen atmosphere. Aliquots (40 µL) were periodi-
cally withdrawn and submitted to DSC analysis. As a con-
sequence of the thermal perturbation of the system, only the 

first heating scan was considered. Each set of measurements 
was accompanied by a control sample made of pure lipo-
somes. For permeability study, CS-free LUVs were pre-
pared as previously described and ultracentrifuged at 70 000 
rpm for 30 minutes. The pellets were resuspended in CS 
PBS solution pH 7.4 and incubated at 25°C for 48 hours and 
4°C for 9 days. Aliquots (40 µL) were periodically with-
drawn and submitted to DSC analysis. All samples were 
maintained under nitrogen atmosphere to prevent oxidation. 
 

ATIR-FTIR Analysis 
Infrared spectroscopy experiments were carried out by a 
Jasco FT/IR-410 (Lecco, Italy) spectrometer equipped with 
a deuterated, L-alanine doped triglycine sulfate detector and 
a Potassium Bromide (KBr) beam splitter. Exactly 100 µL 
of DPPC, HPC, and DSPC LUV samples (~200 mg phos-
pholipids) were prepared as already described elsewhere21 
on a 75 × 10 × 2 mm, θ = 45°, n = 2.24, Zinc Selenide 
(ZnSe) crystal (PIKE Technologies, Madison, WI), yielding 
12 internal reflections. This procedure was performed in 
triplicate. Reference samples consisted of blank liposomes, 
and the background medium was PBS pH 7.4. All meas-
urements were performed at room temperature in the 3800 
to 800 cm–1 wavelength range. For each spectrum, 256 inter-
ferograms were collected at 2 cm–1 resolution. The curves 
were deconvoluted and imported in SYSTAT’s Peakfit v. 
4.11 software, and Gaussian curve fitting was performed. 
 

RESULTS AND DISCUSSION 

Peptide Loading 
Spectrophotometric analysis of liposomes highlighted that 
similar quantities of peptide were encapsulated in all phos-
pholipid vesicles (Table 1). The CS amount entrapped oscil-
lated between 10% and 13% of the total peptide. The low 
value found for these vesicles is, perhaps, due to the high 
hydrophilicity of the peptide that readily diffuses in the outer 
aqueous solution. 
 

Size Distribution and Morphology 
CS-loaded LUV size distribution resulted homogeneous, 
sharp and with a polydispersion <40%. The mean diameter 
was 138, 158, and 166 nm for DPPC, HPC, and DSPC vesi-
cles, respectively (Table 1). Blank liposomes did not show 
any modification with respect to loaded LUVs, and their 
mean diameter was around 150 nm (data not shown). TEM 
pictures revealed good homogeneity and uniformity of lipo-
some suspensions (Figure 1). 
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Table 1. Entrapped Peptide Within HPC, DPPC, and DSPC Liposomes* 

Liposomes† Entrapped Peptide ± SD (%)‡ Mean Diameter ± SD 
(nm) 

HPC 13 ± 3 158 ± 30 
DPPC 10 ± 1 138 ± 35 
DSPC 10 ± 3 166 ± 40 

*The encapsulation is expressed as the amount found in the pellet with respect to the total 
amount calculated from the freshly prepared suspension. The CS molar fraction was 0.16. 
CS indicates capreomycin sulfate; DPPC, dipalmitoylphosphatidylcholine; DSPC, 
distearoylphosphatidylcholine; HPC, hydrogenated phosphatidylcholine. 
†0.16 molar fraction. 
‡(CS in the pellets/total CS amount in the suspension) x 100. 

 

DSC Analysis 

 

Figure 1. TEM pictures of CS-loaded liposomes. Magnifi-
cation was ×60 000. Dimensional bars are reported as well. 

It is well known that foreign molecule interactions with bi-
layer ordered structures can influence the thermotropic be-
havior of a pure liposome system in conformity with their 
own physicochemical properties.22,23 Consequently, CS 
loading in pure phospholipid bilayers may change the 
Pβ→Lα gel to liquid crystalline main transition profile. DSC 
analyses on DPPC, HPC, and DSPC LUVs pointed out the 
acyl chain length effect on CS-loaded vesicle thermotropic 
behavior. The results showed no change of the transition 
temperatures investigated (Table 2). This behavior is typical 
of very hydrophilic compounds, such as CS, which because 
of their physicochemical properties hardly penetrate the 
lipid surface. Moreover, the Lβ→Pβ gel to “ripple” phase 
pretransition, present in empty DPPC or DSPC LUVs, dis-
appeared completely even at the lowest CS α values (Figure 
2). Pure HPC liposomes did not show any pretransition be-
cause of their lower chain order. Slight broadening of DPPC 
and HPC main transition peaks was observed as well (Table 
2). The enhanced effect observed for HPC is probably due 
to its heterogeneous structure, as indicated by a much 
broader peak of the pure bilayers with respect to DPPC and 
DSPC vesicles. The presence of different acyl chains, such 
as palmitic and stearic, in HPC bilayers, although increasing 
the packing energies (as shown by a higher chain melting 
temperature for HPC than DPPC), reduces the cooperation 
in the hydrophobic chain region. In fact, HPC vesicles 
showed a lower transition enthalpy as a consequence of a 
decreased acyl chain order. The effect of this decreased or-
der in the hydrophobic region is an enhanced susceptibility 
to CS loading, resulting in a more accentuated broadening at 
increased α values (Table 2). The same considerations may 
be valid for CS-DPPC vesicles, but in this system the re-
markably higher palmitic chain order resulted in a smaller 
decrease in cooperation that reflects higher enthalpy values 
and smaller broadening of the main transition peak. Tighter 
acyl chain aggregation was observed at α = 0.08. This effect 
was due to the acyl chain interdigitation, which remarkably 
decreased ∆W1/2 and increased the enthalpy value. When  
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Table 2. DPPC, HPC, and DSPC Vesicle DSC Parameters as Function of CS Molar Fraction* 

CS Molar Fraction Tm (°C)† ± SD ∆HT (kcal/mol) ± SD ∆W1/2 (°C)‡ ± SD 

DPPC 

0.00 40.69 ± 0.01 7.40 ± 0.06 0.830 ± 0.006 

0.06 40.71 ± 0.05 6.63 ± 0.16 0.903 ± 0.006 

0.08 40.67 ± 0.02 7.62 ± 0.16 0.533 ± 0.010 

0.10 40.71 ± 0.02 6.88 ± 0.20 0.800 ± 0.010 

0.12 40.78 ± 0.03 6.67 ± 0.22 0.807 ± 0.010 

0.14 40.76 ± 0.02 6.66 ± 0.21 0.880 ± 0.010  

0.16 40.81 ± 0.04 6.64 ± 0.06 0.943 ± 0.006 

0.18 40.77 ± 0.03 6.63 ± 0.18 1.047 ± 0.006 

HPC 

0.00 50.34 ± 0.03 6.27 ± 0.10 2.67 ± 0.05 

0.06 50.66 ± 0.06 6.10 ± 0.32 2.87 ± 0.03 

0.08 50.26 ± 0.04 6.08 ± 0.13 2.88 ± 0.02 

0.10 50.63 ± 0.02 6.06 ± 0.13 2.95 ± 0.05 

0.12 50.69 ± 0.10 5.98 ± 0.11 3.02 ± 0.06 

0.14 50.65 ± 0.15 5.89 ± 0.06 3.17 ± 0.03 

0.16 50.62 ± 0.13 5.60 ± 0.04 3.14 ± 0.09 

0.18 50.79 ± 0.09 5.71 ± 0.07 3.11 ± 0.01 

DSPC 

0.00 55.08 ± 0.01 7.42 ± 0.10 0.77 ± 0.02 

0.06 55.13 ± 0.04 6.62 ± 0.14 0.84 ± 0.01 

0.08 55.09 ± 0.03 6.79 ± 0.09 0.83 ± 0.01 

0.10 55.10 ± 0.02 6.93 ± 0.15 0.81 ± 0.01 

0.12 54.99 ± 0.05 6.94 ± 0.01 0.77 ± 0.01 

0.14 55.10 ± 0.03 6.98 ± 0.13 0.71 ± 0.01 

0.16 55.09 ± 0.04 7.00 ± 0.13 0.70 ± 0.02 

0.18 55.06 ± 0.03 7.42 ± 0.09 0.63 ± 0.01 

*All parameters refer to the transition peak of the second DSC scan in heating mode; the values are the average of 3 different 
experiments. CS indicates capreomycin sulfate; DPPC, dipalmitoylphosphatidylcholine; DSC, differential scanning calo-
rimetry; DSPC, distearoylphosphatidylcholine; HPC, hydrogenated phosphatidylcholine. 
†Main transition peak temperature. 
‡Width half-height of the main transition peak of the bilayers. 
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Figure 2. (A) HPC, (B) DPPC, and (C) DSPC LUV thermograms showing the disap-
pearance of pretransition after CS loading. The pretransition peaks are indicated by an 
arrow. Pure HPC liposomes did not show any pretransition peak, as a result of their lower 
chain order. 
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Figure 3. Mathematical calculation of the main transition peak compo-
nents: (A) 0.18 molar fraction CS-loaded HPC vesicles; (B) 0.18 molar 
fraction CS-loaded DPPC vesicles; (C) 0.18 molar fraction CS-loaded 
DSPC vesicles. Correlation was >0.990. It is evident that there was a sec-
ond component, calculated at 50.08°C, 40.50°C, and 54.76°C, for HPC, 
DPPC, and DSPC, respectively. In spite of the presence of the second 
component, DSPC showed a different behavior with narrower peaks at 
higher CS concentration because of interdigitation. 
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Table 3. Calculated Data for HPC, DPPC, and DSPC Liposomes Containing CS* 
 HPC DPPC DSPC 

r
2
  0.99861 0.99736 0.99916 

Peak Peak Center ± SD % Area ± SD Peak Center ± SD % Area ± SD Peak Center ± SD % Area ± SD
1 51.49 ± 0.05 15 ± 7 40.81 ± 0.05 35 ± 8 55.09 ± 0.04 28 ± 3 
2 50.08 ± 0.10 85 ± 7 40.50 ± 0.07 65 ± 8 54.76 ± 0.07 72 ± 3 

*CS indicates capreomycin sulfate; DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoylphosphatidylcholine; HPC, hydrogenated 
phosphatidylcholine. 

 
α > 0.08, DPPC vesicles lost the enhanced order and either 
enthalpies begin to decrease or peaks begin to broaden. 
DSPC LUVs, except for the already mentioned effect on the 
transition temperature, showed a completely different be-
havior than did DPPC and HPC formulations. The results 
showed a progressive enthalpy increment that, at the highest 
α values, matched the value of the pure DSPC vesicles. Af-
ter an initial broadening at α = 0.06, sharpening of the peaks 
was observed with the increase of α values. These findings 
are the result of a progressive acyl chain interdigitation as 
confirmed by the continuous decrease of ∆W1/2 with the 
increase of CS concentration (Table 2). Mathematical fitting 
of the main transition peak, performed on α = 0.18 samples 
(Figure 3), highlighted the presence of a second component. 
This new peak represents an outer CS-rich segregation 
phase that allows phospholipids to melt differently from the 
CS-poorer hydrophilic portions of the bilayer, generating an 
asymmetric transition peak profile. The fitting process re-
sulted in a correlation > 0.99 and a standard error <0.008 
(Table 3). The calculated second component was at 
50.08°C, 54.76°C, and 40.50°C for HPC, DSPC, and DPPC, 
respectively. The high percent area of the second component 
for DSPC (72%) shows the correlation between the inter-
digitation increase and the accumulation of CS on the outer 
surface of the bilayer (Table 3). 
 

Kinetic Study: Permeability and Stability 
DSC scans of DPPC, HPC, and DSPC LUVs did not pre-
sent particular modifications on Tm trend profiles, whatever 
the α value, indicating that no CS penetration occurred in 
the phospholipid bilayer throughout the period investigated. 
∆H and ∆W1/2 do not seem to change significantly either, 
especially when compared to the data obtained from the 
control samples consisting of pure liposome preparations. 
These findings suggest that no degradation or relevant inter-
action changes affected the CS-loaded vesicles during 14 
days of incubation at 4°C and that these systems seem to 
behave in a way that is not dependent on CS loading. A con-
firmation of these results was obtained from permeability 
studies (Figure 4). When the transition peak profiles of 
DPPC, HPC, and DSPC dispersed in a CS solution were 

compared, no changes were pointed out in peak shapes and 
no Tm shifts were observed. As expected, the interaction is 
limited to the outer region of the bilayer without involving 
hydrophobic chains that are influenced only peripherally by 
the forces acting on the polar headgroups. Moreover, these 
results suggest that the amount of drug interacting with the 
bilayer is constant with time because, otherwise, changes in 
vesicle thermal profiles would be observed. 

 
FTIR Analysis 
ATIR-FTIR is one of the most powerful techniques for per-
forming IR spectra of lipids and peptides or proteins, since it 
allows the simultaneous analysis of their structure and, 
moreover, can provide very reliable data on highly aggre-
gated materials and large membrane fragments.24 Analyses 
were accomplished on phospholipid C=O, C-H, and PO2 
stretching bands. Measurements performed on pure and CS-
loaded LUVs confirmed the presence of phospholipid car-
boxylic group stretching at 1735 cm–1 for pure HPC and 
DSPC, and at 1736 cm–1 for pure DPPC, within the range of 
1742 to 1725 cm–1 elsewhere proposed.24-26 The overlapped 
second band appearing in CS-loaded vesicle spectra (Figure 
5), in the range 1667 to 1706 cm–1, corresponds to the amide 
I absorption of the peptide.27 

Mathematical curve fitting (Table 4) pointed out that CS 
loading caused a decrease (approximately –4 cm–1) in HPC 
vesicles’ C=O stretching, whereas DSPC and DPPC LUVs 
showed modifications within the experimental error. The 
shift observed is the consequence of possible hydrogen 
bonding on the carboxylic group due to the presence of wa-
ter28 as confirmed by the peak broadening (7 cm–1). These 
effects show that HPC LUVs are more susceptible to CS 
loading. In turn, the C-H stretching was less influenced by 
the peptide loading, showing variations within the experi-
mental error. 
Analysis of PO2 antisymmetric and symmetric stretching 
showed main absorption at approximately 1242 to 1245 cm–

1, and 1085 to 1094 cm–1, respectively, within the range of 
1220 to 1250 cm–1 and 1085 to 1100 cm–1 proposed else  
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Figure 4. Permeability study for CS-HPC system performed 
at (A) 4°C and (B) 25°C; permeability study for CS-DPPC 
system performed at (C) 4°C and (D) 25°C; and permeabil-
ity study for CS-DSPC system performed at (E) 4°C and (F) 
25°C. 

Figure 5. CS-loaded liposome profiles in the carbonyl 
stretching region showing the presence of the amide I com-
ponent of the peptide. The main bands are indicated. 

system was the most sensitive to CS loading and 3) the 
DSPC conformational modifications observed by FTIR be-
tween pure and loaded LUVs were due to the acyl chain 
interdigitation induced by CS loading. These observations 
match DSC findings, which also featured interdigitation of 
CS loaded DSPC bilayers and HPC LUVs higher sensitivity 
to CS loading. 
 

CONCLUSION 

The present study revealed differences in the behavior of 
DSPC, DPPC, and HPC LUVs. DSC scans showed the en-
hanced stability of CS-loaded DSPC vesicles, because of 
induced interdigitation of the stearic acyl chains. These re-
sults, confirmed by IR measurements, demonstrated that 
DSPC may represent a more suitable phospholipid carrier 
for this peptide than DPPC and HPC do. The proved effec-
tiveness in mice,7 the relative stability and homogeneity of 
these preparations (in particular, DSPC vesicles), and the CS 
activity against multidrug-resistant bacteria strains9 make 
these formulations worthy of being tested, after appropriate 
modification if needed, for a possible aerosol application. 

where.24-26 The mathematical fitting revealed shift (ap-
proximately –3 cm–1) and broadening (approximately 16 
cm–1) for DSPC symmetric and for DPPC antisymmetric 
stretching (approximately 5 cm–1) (Table 5). These findings 
correlate well with the conformational change pointed out 
by comparison of pure and loaded LUV profiles (Figure 6). 
The remarkable difference between pure and loaded DSPC 
LUVs (Figure 6C), if compared to the other phospholipids, 
resembles what was found in the DSC study. 
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Three important conclusions can thus be inferred: (1) polar 
headgroups are the main CS interaction sites, (2) the HPC 
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Table 4. Shifts and Bandwidths of the Main Functional Group Bands for Blank and CS-Loaded Liposomes* 
 Blank Liposomes CS-Loaded Liposomes (α= 0.16) 

Bands Peak Center (cm–1) ± 
SD 

Bandwidth (cm–1) ± 
SD 

Peak Center (cm–1) ± 
SD 

Bandwidth (cm–1) ± 
SD 

HPC 
Antisymmetric C-H 
stretching 2917.60 ± 0.04 14.53 ± 0.15 2917.64 ± 0.05 16.05 ± 0.23 

Symmetric C-H  
stretching 2849.63 ± 0.02 12.18 ± 0.12 2849.68 ± 0.01 14.20 ± 0.45 

C=O stretching 1739.55  ± 0.08 21.39 ± 0.24 1736.29 ± 0.07 27.64 ± 0.63 
DPPC 

Antisymmetric C-H 
stretching 2917.60 ± 0.04 15.60 ± 0.23 2917.75 ± 0.06 15.47 ± 0.42 

Symmetric C-H  
stretching 2849.85 ± 0.07 13.72 ± 0.56 2849.92 ± 0.08 13.77 ± 0.33 

C=O stretching 1734.42 ± 0.06 28.41 ± 0.42 1735.47 ± 0.04 34.43 ± 0.15  
DSPC 

Antisymmetric C-H 
stretching 2917.25 ± 0.06 15.22 ± 0.11 2917.01 ± 0.15 15.82 ± 0.65 

Symmetric C-H  
stretching 2849.60 ± 0.02 13.59 ± 0.10 2849.35 ± 0.09 13.75 ± 0.14 

C=O stretching 1734.64 ± 0.04 28.83 ± 0.27  1734.52 ± 0.03 29.56 ± 0.49 
*CS indicates capreomycin sulfate; DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoylphosphatidylcholine; HPC, hydrogenated 
phosphatidylcholine. 

 
 

Table 5. Calculated Antisymmetric and Symmetric PO2 Stretching Data for Blank and CS-Loaded Liposomes* 

 Blank Liposomes CS-Loaded Liposomes (α= 0.16) 

Bands Peak Center (cm–1) ± SD Bandwidth (cm–1) ± 
SD Peak Center (cm–1) ± SD Bandwidth (cm–1) ± 

SD 
HPC 

Antisymmetric PO2 
stretching 1241.60 ± 0.06 43.70 ± 0.19 1242.94 ± 0.05 46.44 ± 0.16  

Symmetric PO2  
stretching 1094.63 ± 0.08 45.60 ± 0.22 1096.19 ± 0.07 47.08 ± 0.28 

DPPC 
Antisymmetric PO2 
stretching 1244.65 ± 0.08 38.90 ± 0.32 1241.58 ± 0.03 43.91 ± 0.25 

Symmetric PO2  
stretching 1085.05 ± 0.05 54.27 ± 0.45 1089.48 ± 0.04 57.51 ± 0.21 

DSPC 
Antisymmetric PO2 
stretching 1242.39 ± 0.09 43.42 ± 0.54 1243.18 ± 0.08 45.81 ± 0.11  

Symmetric PO2  
stretching 1093.01 ± 0.04 36.73 ± 0.14 1089.63 ± 0.09 52.66 ± 0.42 

*CS indicates capreomycin sulfate; DPPC, dipalmitoylphosphatidylcholine; DSPC, distearoylphosphatidylcholine; HPC, hydrogenated phosphati-
dylcholine. 
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Figure 6. Blank and CS-loaded liposome profiles in the PO2 stretching region for 
(A) HPC, (B) DPPC, (C) DSPC phospholipids. The effect on DSPC conformation 
points out the acyl chain interdigitation. 
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