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Abstract

Intratracheal administration of corticosteroids using a natural pulmonary surfactant as a delivery
vehicle has recently received significant attention in hopes of treating premature newborns with or
at high risk for chronic lung disease. As a new practice, both the surfactant preparation used as the
carrier and the corticosteroid delivered as the anti-inflammatory agent, and their mixing ratios,
have not been standardized and optimized. Given the concern that corticosteroids delivered viaa
pulmonary surfactant may compromise its surface activity and thus worsen lung mechanics, the
present study was carried out to characterize the biophysical interaction between a natural
surfactant preparation, Infasurf, and two commonly used inhaled corticosteroids, budesonide and
beclomethasone dipropionate (BDP). Based on surface activity measurements by the Langmuir
balance and lateral film structure studied by atomic force microscopy, our findings suggest that
when Infasurf is used as a carrier, a budesonide concentration less than 1 wt% of surfactant or a
BDP concentration up to 10 wt % should not significantly affect the biophysical properties of
Infasurf, thus being feasible for pulmonary delivery. Increasing corticosteroid concentration
beyond this range leads to early collapse of the surfactant film due to increased film fluidization.
Our study further suggests that different affinities to the surfactant films are responsible for the
different behavior of budesonide and BDP. In addition to the translational value in treating chronic
lung disease, this study may also have implications in inhaled steroid therapy to treat asthma.

1. Introduction

Being a noninvasive method, pulmonary drug delivery has received growing attention in

recent years.12 The viability of pulmonary drug delivery is mainly due to the large surface
area of the human lungs (~70 to 140 m? for adults) and the extremely thin diffusion barrier
in the peripheral lung (less than 0.5 um).3 These anatomic features make the lungs an ideal
absorptive site for inhaled/instilled macromolecules, and hence a promising portal for drug
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delivery.*5 In addition to ease of drug delivery, compared to intravenous injection, topical
administration to the lungs avoids first-pass metabolism and eliminates potential side effects
caused by high systemic dosage.124 These advantages make pulmonary drug delivery an
ideal method for treating respiratory diseases, such as asthma, chronic pulmonary infection,
emphysema, cystic fibrosis, pulmonary hypertension, and lung cancer. In addition to local
delivery, the lungs are also suitable for systemic delivery of therapeutic agents, especially
peptide and protein drugs.1:24.5

Pulmonary delivery of corticosteroids has been attempted in the treatment of premature
newborns with or at high risk for chronic lung disease (CLD).5-14 Because of their anti-
inflammatory actions, corticosteroids, such as dexamethasone, have long been used
systemically to slow the progression of CLD in ventilated premature infants.1>16 However,
the use of systemic corticosteroids all but ceased after concern was raised regarding its
adverse effects on the developing brain.17:18

Pulmonary delivery of corticosteroids to infants with or at high risk for CLD should provide
effective anti-inflammatory therapy locally, thereby having fewer adverse systemic
effects.b~14 Two different pulmonary delivery methods have been clinically tested. They are
inhalation delivery of steroid aerosols,%~9 and very recently, intratracheal instillation of
steroids using an exogenous surfactant as a spreading agent.19-14 For example, Yeh et al.
reported a randomized clinical trial for early postnatal intratracheal instillation of
budesonide using a natural surfactant preparation (Survanta) as a vehicle of spreading.1°
They showed that this method of delivery significantly improved the combined outcome of
death and CLD in very premature infants without causing immediate adverse effects. The
lack of long-term adverse effects was recently reported in a follow-up study by the same
group.1 Similar results were also reported by Dani et a/12 These researchers found that
intratracheal administration of beclomethasone with a natural surfactant preparation
(Curosurf) effectively reduced oxidative lung stress and improved respiratory function in a
preterm lamb model.12

The rationale of using a natural surfactant as a delivering vehicle for corticosteroid drugs is
at least threefold. First, a natural surfactant has ideal biocompatibility and biodegradability
as it can be cleared from the alveolar space by endocytosis back into type 11 cells or taken up
by the alveolar macrophages. Second, a natural surfactant can increase the aqueous
solubility of these hydrophobic drugs via drug solubilization.1® Third, a natural surfactant
can spread automatically along the surface tension gradient at the inner surface of the
respiratory tract, a phenomenon known as the Marangoni effect.29-23 This allows
corticosteroids mixed with natural surfactant to be easily carried to the peripheral lung after
intratracheal instillation. Both numerical simulation and biomechanical experiments have
demonstrated the feasibility of using exogenous surfactant as a spreading agent in the
lungs.2%-23 However, in addition to the ability of self-propelled spreading, the design of a
drug delivery system based on an exogenous surfactant also requires in-depth understanding
of molecular interaction between the surfactant and the carried drug; it is vital that the
delivered drug does not inhibit biophysical function of the pulmonary surfactant.
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The pulmonary surfactant (PS) is synthesized by alveolar type 11 epithelial cells and forms a
thin film at the air-water interface of alveoli.24 It consists of ~80 wt% phospholipids, 5-10%
neutral lipids (primarily cholesterol), and 5-10% proteins.2> The main biophysical function
of this PS film is to reduce alveolar surface tension, thus maintaining a large surface area of
the lungs for effective respiration.28 Although limited, available evidence suggests that a
specific molecular interaction occurs between corticosteroids and PS, and such an
interaction depends on the type of corticosteroid, the dose, and the surfactant
preparation.2’=32 To date, the specific molecular interaction between different
corticosteroids and surfactant preparations and its potential biophysical and physiological
impacts have not been studied.

In the present paper, we report an /n vitro biophysical study of interfacial molecular
interactions between two commonly used inhaled corticosteroids, budesonide and
beclomethasone dipropionate, and a clinical surfactant preparation, Infasurf, using the
combination of Langmuir balance and atomic force microscopy (AFM). Langmuir balance
was used to study the effect of corticosteroids added at different concentrations on surface
activity (/.e., surface tension-lowering ability) of the PS. AFM was used to observe the effect
of corticosteroids on the interfacial molecular organization and lateral structure of the PS
films. This study is expected to shed light on the feasibility of pulmonary delivery of
corticosteroids using PS as a vehicle.

2. Experimental

2.1. Materials

Infasurf® (calfactant) is a gift from ONY, Inc. (Amherst, NY). It is a modified natural
surfactant prepared from lung lavage of newborn calves by centrifugation and organic
solvent extraction. Infasurf contains all hydrophobic components of the natural surfactant,
including ~90 wt% phospholipids, 5-8% neutral lipids (mainly cholesterol), and ~2%
hydrophobic surfactant proteins (SP-B and SP-C).33 Hydrophilic surfactant protein (SP-A),
however, is removed during the extraction process. Infasurf has been used in the United
States for treating premature newborns with respiratory distress syndrome (RDS). Infasurf
was extracted with chloroform-methanol using a method modified from Bligh and Dyer.34
The chloroform-methanol extracts were dried under a nitrogen stream and re-dissolved in
chloroform to a final concentration of 1 mg phospholipids per mL. All stock solutions were
stored at —20 °C until use.

Budesonide and beclomethasone dipropionate (BDP) were purchased from Sigma-Aldrich
(St Louis, MO) and used without further purification. Chemical structures of budesonide and
BDP molecules are shown in Fig. 1. Budesonide is a second generation corticosteroid with
low systemic absorption. It has the chemical name of 16,17-butylidenebis(oxy)-11,21-
dihydroxypregna-1,4-diene-3,20-dione.3® Budesonide has been used as an anti-inflammatory
agent in the treatment of asthma, rhinitis, and inflammatory bowel disease. BDP is a first
generation anti-inflammatory corticosteroid having the chemical name of 9-
chloro-11(3,17,21-trihydroxy-16@-methylpregna-1,4-diene-3,20-dione 17,21-dipropionate.3®
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Each corticosteroid was studied at a wide range of concentration ratios with respect to
phospholipids in Infasurf. For the stock solution of 1 mg mL=1 Infasurf, each corticosteroid
was added at three concentrations of 0.001, 0.01, and 0.1 mg mL™1, corresponding to 0.1%,
1% and 10% of phospholipids in Infasurf, respectively. To date, intratracheally administrated
corticosteroids 7 vitro, 2331 in animal models, 121423 and in clinical practicel? have
commonly been in the range of 0.2-0.6% of pulmonary surfactant. Therefore, the present
study covers all ranges of corticosteroids tested in the literature.

All solvents used were HPLC grade. The water used was Milli-Q ultrapure water (Millipore,
Billerica, MA) which has a resistivity higher than 18 MQ cm at room temperature.

2.2. Methods

Langmuir balance

Surface activity of Infasurf with and without corticosteroids was evaluated by measuring
surface pressure-surface area isotherms using a Langmuir balance (KSV Nima, Coventry,
UK) at room temperature (20 £ 1 °C). Surface pressure (1) and surface tension (y) are
linearly correlated by = = yo — v, where, -yq is the surface tension of a clean air-water
interface, approximately equal to 72 mN m~1 at room temperature. Thus, the increase in
corresponds to the extent that a film decreases .

Detailed experimental procedures can be found elsewhere.3® Briefly, Infasurf films with/
without corticosteroids were spread on pure water to increase n to 1-3 mN m~2, and were
left undisturbed for 10 min to allow evaporation of solvent. The spread films were
compressed at a rate of 20 cm? min~! (i.e., ~0.1% area per second), with the = —area
isotherms recorded. All compression isotherms were studied for at least three times to
ensure reproducibility.

For AFM imaging, the surfactant film at the air-water interface was transferred to a solid
substrate under controlled m using the Langmuir-Blodgett (LB) technique. Specifically,
surfactant films, at characteristic r of 20, 30, 40, 50, and 60 mN m~1, were deposited onto
freshly peeled mica surfaces at a dipping rate of 1 mm min~L. If 60 mN m~1 could not be
reached, surfactant films at the highest possible 7 were studied.

Theoretically speaking, when all parameters are optimized, the LB technique should enable
an accurate control of molecular organization and lateral structure of the surfactant film at
the air-water interface.3” However, it has been long debated that the LB technique may
introduce artifacts into the lateral structure and phase behavior of interfacial molecular films,
thus complicating interpretation of AFM data.38:3% To the best of our knowledge, an
unambiguous discussion of the potential artifacts associated with the LB technique is still
not available.

Atomic force microscopy (AFM)

Topographical images of the LB samples were obtained using an Innova AFM (Bruker,
Santa Barbara, CA). Samples were scanned in air at multiple locations with various scan
areas to ensure detection of representative structures. Both contact mode and tapping mode
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were used. The different scan modes gave equivalent results. A silicon nitride cantilever with
a spring constant of 0.12 N m~1 and a nominal tip radius of 2 nm was used in contact mode,
and a silicon probe with a resonance frequency of 300 kHz and a spring constant of 40 N
m~1 was used in tapping mode. Analyses of AFM images, including measurements of
surface roughness, were carried out by the Nanoscope software (ver. 7.30). Quantitative data
were expressed as mean + standard deviation (n7> 5).

3.1. Surface activity evaluated by Langmuir balance

Fig. 2a and b compare the typical compression isotherms of pure Infasurf and Infasurf mixed
with 0.1, 1, and 10% budesonide and BDP, respectively. For all isotherms, surface pressure
() increased, corresponding to surface tension (y) decrease, when the film was compressed
(7.e., reducing surface area). All compression isotherms feature a plateau region at = 40- 50
mN m~1, corresponding to a monolayer-to-multilayer transition.36

As shown in Fig. 2a, addition of 0.1% budesonide does not significantly alter the
compression isotherm of Infasurf. With increasing budesonide concentration to 1% and
10%, the compression isotherms slightly shift to the left, indicating moderate increase of
film compressibility, /.., more area reduction is needed to increase . More appreciably,
increasing budesonide concentration to 1% and 10% reduces the collapse pressure [/.¢e., the
maximum surface pressure (rtmax)] of Infasurf by approximately 5 mN m=1 (as indicated by
the arrow shown in Fig. 2a). This result is in good agreement with the /n vitro assessment by
Palmer et al., who found that 1% budesonide increased the ymin 0f BLES, a natural
surfactant preparation similar to Infasurf, as evaluated by a captive bubble surfactometer.31
Since the natural surfactant is expected to reduce alveolar surface tension to near-zero (/.e.,
n near 70 mN m™1), the decrease of ty,y indicates surfactant inhibition by high
concentration budesonide.

In contrast to budesonide, addition of BDP at all three concentrations (0.1, 1, and 10%) does
not significantly affect the rty,y of Infasurf. However, 10% BDP significantly shifts the
compression isotherm of Infasurf monolayers to the low surface area region (/.e., to the left,
as indicated by the arrow shown in Fig. 2b), which may indicate removal of surface material
from the air-water interface during the compression process. It should be noted that the
present study only considers the first compression after film formation. Our previous study
has demonstrated that the shape of compression isotherms is relatively unchanged after
repeated compression-expansion cycles, provided that the Langmuir balance in use is well
prepared for minimizing film leakage.0:41

3.2. Interfacial molecular organization and lateral structure revealed by AFM

AFM images depicted in Fig. 3 compare the molecular organization and lateral structure of
Infasurf with and without budesonide at increasing . Different budesonide concentrations
(0, 0.1%, 1% and 10% to Infasurf) are compared in columns. Various r (20, 30, 40, 50, and
60 mN m~1) of each preparation are compared in rows. These characteristic 1 were selected
to cover the complete and detailed evolution of each film under compression. Infasurf with
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10% budesonide failed to form a stable LB film at 60 mN m~1. All AFM images have the
same scan area of 20 x 20 mm. The full zrange is 5 nm for all monolayers (/.e., © <40 mN
m~1) and 20 nm for all multilayers (r > 40 mN m™1).

The first column of Fig. 3 shows the lateral structure of pure Infasurf at increasing . A
detailed description of these lateral structures and interpretation with respect to chemical
composition and surface pressure can be found elsewhere.3¢ Briefly, at = <40 mN m1, je,
below the plateau region of the compression isotherm, Infasurf assumes a monolayer
configuration. Three lipid phases, /.e., the liquid-expanded (LE), the tilted-condensed (TC),
and the cholesterol-mediated liquid-ordered (LO) phases, are detected in the Infasurf
monolayer, based on topography measurements using AFM. Note that when discussing
phospholipid phase behavior we adopt the nomenclature proposed by Kaganer et a/.,*2 who
suggest the use of the TC phase to replace the traditionally used liquid-condensed (LC)
phase. As labeled in Fig. 3, coexistence of these surface phases in the Infasurf monolayer is
indicated by formation of lipid domains of different relative heights, due to variation of lipid
chain order in these phases. Lateral chemical analysis using time of flight-secondary ion
mass spectroscopy (ToF-SIMS) has confirmed that the TC domains consist of disaturated
phospholipids (mainly dipalmitoyl phosphatidylcholine), which extend approximately 1 nm
higher than the surrounding LE phase that contains mainly unsaturated phospholipids and
proteins.#3:44 The lipid chain order of the LO domains, and hence their relative height, are
intermediate between the TC and LE domains. Therefore, the three different lipid phases at
the Infasurf monolayer can be distinguished by topography measurements with AFM.36

At > 40 mN m™1, je, above the plateau region of the compression isotherms, the Infasurf
monolayers are transformed into multilayers by selectively collapsing the LE and LO phases
from the interfacial monolayers.#> Consequently, the solid-like TC domains at the interfacial
monolayer appear as “holes” embedded within the collapsed fluid-like multilayers. Both the
interfacial monolayer and the attached multilayer are closely packed at the highest .

The second to fourth columns of Fig. 3 show the lateral structure of Infasurf with addition of
0.1%, 1% and 10% budesonide, respectively. Compared to pure Infasurf (the first column),
three appreciable variations are detected.

First, the addition of budesonide at all three concentrations appears to inhibit the formation
of the cholesterol-mediated LO phase at the surfactant monolayer (/.e., = < 40). While the
LO phase only appears with 0.1% and 1% budesonide at 20 mN m™2, it disappears at
increasing T or increasing budesonide to 10%.

Second, the addition of budesonide at all three concentrations appears to have no significant
effect on the TC phase. Both the size and area fraction of the TC domains at each m remain
relatively unchanged with the addition of budesonide at different concentrations. The sizes
of TC domains for all monolayers, with and without budesonide, are measured to be 4.8
+1.0ymat20 MmN m™, 5.2+ 0.4 umat 30 MmN m~1, and 3.1 + 0.2 um at 40 mN m1,

Third, and most important, although 0.1% budesonide does not significantly affect the
multilayer structure, budesonide at 1% and 10% appreciably alters the multilayer structure at
50 and 60 mN m~1. At both concentrations, budesonide changes the multilayers from a
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uniform low matrix structure to isolated nonuniform high collapse patterns. At 50 mN m~1,
with 0.1% budesonide, the multilayer is mainly a single phospholipid bilayer ~4 nm in
height, similar to pure Infasurf.36:4% With 1% budesonide, however, nonuniform multilayers
of ~8 nm and ~12 nm appear, corresponding to 2 and 3 bilayer stacks. With 10%
budesonide, isolated even higher collapse patterns appear. As shown by the line tracing in
Fig. 3, these collapse patterns are bilayer stacks up to 4 bilayers in height. Variation of
surfactant multilayers from a uniform matrix structure to isolated high collapse patterns is a
strong indication of surfactant inhibition and reduction of whole-film stability, as the film
preferably collapses from a few isolated nucleation sites.2446 This structural variation due to
1% and 10% budesonide is consistent with the decrease of tm;,x found in Fig. 1.

Fig. 4 shows the effect of 0.1%, 1%, and 10% BDP on the lateral structure of Infasurf. For
ease of comparison, lateral structures of pure Infasurf at controlled r are shown again in the
first column. First, similar to the effect of budesonide, BDP inhibits formation of the LO
phase but has no significant effect on the TC phase at the Infasurf monolayer (/.e., = < 40).
Second, at high 7t (50 and 60 mN m~1), different from budesonide, BDP does not
significantly vary the matrix structure of the multilayer. Although 10% BDP appears to start
inducing formation of nonuniform multilayers, a majority of multilayer patterns remain at
similar height to those at low BDP concentrations, 7.¢e., mainly 1 or 2 bilayers high. A very
high local collapse phase, as in the case of 10% budesonide, does not appear. Third, a less
obvious but notable difference between the Infasurf monolayer with budesonide and BDP is
that BDP increases the surface roughness of the monolayer by ~25%, compared to
budesonide. In addition, during the AFM scan, the monolayer with BDP was noted to be
appreciably stickier than the monolayer with budesonide. In combination with the shift of
the compression isotherm to a lower surface area (Fig. 1b), this structural variation may
indicate squeeze-out of BDP from the interfacial monolayer. Consequently, the influence of
BDP on the multilayer structure at high r will be only limited.

4. Discussion

The primary function of the lungs is gas exchange. In this process, PS plays the vital role of
maintaining a large surface area by reducing alveolar surface tension. Therefore, a
fundamental requirement of pulmonary drug delivery is that any macromol-ecules or drugs
delivered viathe lungs should not compromise respiratory mechanics in general, and surface
activity of PS specifically. In this context, it has been reported that vitamin A, carried by an
exogenous surfactant (BLES) for pulmonary delivery, significantly impaired the /n vitro
surface activity of this surfactant preparation.®® Corticosteroid molecules have an
unsaturated ring moiety and hence are capable of interaction with PS phospholipids. It is
therefore important to scrutinize the potential biophysical effect of corticosteroids on PS.
This forms the rationale of the present study, in which we found both similarities and
differences in the effect of two commonly used inhaled corticosteroids, budesonide and
beclomethasone dipropionate (BDP), on surface activity and lateral structure of the modified
natural surfactant Infasurf.

First, both corticosteroids inhibit formation of the LO phase at the interfacial monolayer.
Formation and stability of the LO phase is due to cholesterol intercalation into disaturated
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phospholipid domains.#” Hence, cholesterol depletion would inhibit formation of this
phase.#8 Our present results may suggest that there is a direct interaction between the added
corticosteroids and native cholesterol in Infasurf. Such an interaction must be strong enough
to outweigh the molecular interaction between cholesterol and disaturated phospholipids,
thus inhibiting formation of the LO phase. Davies éf a/. found that budesonide interacts with
exogenous surfactant (Survanta) monolayers mainly through hydrophobic interactions.32 All
corticosteroids are biochemically derived from cholesterol and, due to the structural
similarity between corticosteroids and cholesterol, a stronger hydrophobic interaction
between these two steroid molecules is not unexpected. However, it should be noted that
despite the structural similarity, cholesterol differs from corti-costeroids in having a unique
alkyl side chain at C-17 of the cholesterol molecule.#® This 8-10 carbon alkyl side chain is
known to be related to the characteristic effects of cholesterol on regulating lipid phase
behavior of model and biological membranes.5051

Second, while 1% and 10% budesonide reduces the mty,y of Infasurf, BDP at the same
concentrations does not affect the mmay. Analysis of the lateral film structure confirms that
budesonide at 1% and 10% significantly alters the multilayer structure of Infasurf at high r.
In contrast, BDP only increases surface roughness of the Infasurf monolayer but does not
significantly alter the multilayer structure. In addition, 10% BDP appreciably shifts the
compression isotherms to the left at £ < 40 mN m~1, while budesonide at the same
concentration does not significantly affect the shape of the compression isotherm.

Our present findings consistently suggest a higher affinity of budesonide over BDP to
Infasurf. While budesonide is associated with the surfactant film at even high ¢ (>50 mN
m~1), BDP is excluded from the interface at relatively low 1t (<40 mN M-1). Budesonide and
BDP share close chemical and structural similarities. However, these two corticosteroids
maintain very different /n vitro physicochemical and pharmacokinetic characteristics;
budesonide is more water soluble than BDP and it has a receptor affinity (measure of the
strength with which the active molecule binds to the intracellular glucocorticoid receptor)
20-fold higher than that of BDP.3® If the significant difference in sensitivity of these
glucocorticoids to the glucocorticoid receptor is related to their different affinities to Infasurf
films, the mechanism of this interaction is presently unclear.52

Intratracheal administration of corticosteroids using an exogenous surfactant as a delivering
vehicle is a relatively novel practice. Both the clinical surfactant used as the carrier and the
corticosteroid delivered as the anti-inflammatory agent, and their mixing ratios, have yet to
be standardized and optimized. Mixing ratios used in current clinical and animal trials
ranges from 0.25 to 0.6 wt%.10.12.14.23 The present study, therefore, confirms the feasibility
of using Infasurf as a carrier for either budesonide or BDP in this concentration range for
pulmonary delivery. Moreover, we further suggest that when Infasurf is used as a carrier of
BDP, a concentration beyond 1% might be feasible. However, if Infasurf is used to deliver
budesonide at a concentration higher than 1%, budesonide may induce early collapse of
surfactant films, thus ultimately disrupting optimal gas exchange within an already
compromised system in most clinical practices. The mechanism of this early budesonide-
induced collapse is likely due to increased film fluidization,*® which inhibits the formation
of uniform and stable multilayer structures at high .
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It should be noted that the optimal mixing ratio may also be dependent on the exogenous
surfactant preparation in use. In a separate study done by our group using the cholesterol-
free surfactant preparation Curosurf, no significant variations in surface activity and lateral
film structure were noted when used to carry budesonide at a 10% concentration
(unpublished data). This suggests that optimal surfactant-corticosteroid pairs likely exist for
pulmonary steroid delivery.

In addition to intratracheal administration using an exogenous surfactant as a carrier, our
data may also have implications for the feasibility of inhaled corticosteroid therapy in
general, which is widely used in treating chronic asthma®3>4 and has been studied in
treating CLD in premature newborns.5-2 Once inhaled, aerosolized steroids will reach
pulmonary alveoli, where they will interact with the endogenous surfactant of the lungs.
Given the low, and possibly unstable surfactant pool in preterm infants, caution should be
taken when using inhaled steroids, as inhibition of endogenous surfactant may largely
outweigh any benefits of the steroid anti-inflammatory effect.

5. Conclusions

The present /in vitro biophysical study suggests an optimal concentration range of
corticosteroids for pulmonary delivery when using natural surfactant as a delivering vehicle.
Infasurf may carry less than 1% budesonide and up to 10% BDP without significantly
compromising its surface activity. This difference in delivering capacity is due to different
affinities of these cortico-steroids to surfactant films. Beyond this concentration range,
beneficial anti-inflammatory effect of corticosteroids may be counteracted by their
deleterious effect on surfactant layering and consequently result in worsening lung
mechanics. These implications should be considered when using inhaled cortico-steroids,
especially in the treatment of CLD in preterm infants.
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Fig. 1.
Chemical structures of two commonly used inhaled corticosteroids: (a) budesonide, and (b)

beclomethasone dipropionate (BDP).
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Fig. 2.

Ef%ects of (a) budesonide (BUD) and (b) beclomethasone dipropionate (BDP) at various
concentrations (0.1, 1, and 10 wt% of phospholipids in Infasurf) on the compression
isotherms of Infasurf. Decrease of collapse pressure due to addition of 1% and 10% BUD,
and shift of compression isotherm due to addition of 10% BDP are indicated in the figures
with arrows.
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Fig. 3.
Effects of budesonide (BUD) at various concentrations on the molecular organization and

lateral structure of Infasurf films. The first column shows AFM topographic images of pure
Infasurf at five characteristic surface pressures () of 20, 30, 40, 50, and 60mN m™1.
Columns 2-4 show AFM topographical images of Infasurf mixed with 0.1%, 1%, and 10%
BUD, respectively. Infasurf + BUD films were compared to pure Infasurf at identical r in
each row. Langmuir-Blodgett film transfer at 60 mN m™ failed for Infasurf mixed with 10%
BUD due to early film collapse. The AFM scan area was 20 x 20 pm for all images. The full
z-range was set to be 5 nm for monolayers (7.e., © <40 mN m~1) and 20 nm for multilayers
(i.e, T > 40 mN m™1). Three surface phases, /.e., tilted-condensed (TC), liquid-expanded
(LE), and liquid-ordered (LO), are indicated in the Infasurf monolayer at 40 mN m~L,
Characteristic relative heights of multilayers are indicated by arrows. The height profile
along a line tracing for Infasurf + 10% BUD at 50 mN m™1 is shown in the bottom-right
corner.

Soft Matter. Author manuscript; available in PMC 2017 July 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al. Page 15

+0.1% BDP +1% BDP

+10% BDP

i i GOmN!m

Fig. 4.

Efgfects of beclomethasone dipropionate (BDP) at various concentrations on the molecular
organization and lateral structure of Infasurf films. For ease of comparison, the first column
repeats AFM topographic images of pure Infasurf at five characteristic surface pressures ()
of 20, 30, 40, 50, and 60 MmN m™1, as shown in the first column of the Fig. 3. Columns 2-4
show AFM topographical images of Infasurf mixed with 0.1%, 1%, and 10% BDP,
respectively. Infasurf + BDP films were compared to pure Infasurf at identical 1 in each row.
The AFM scan area was 20 x 20 pm for all images. The full z-range was set to be 5 nm for
monolayers (i.e., <40 mN m~1) and 20 nm for multilayers (7.e., T > 40 mN m™1).
Characteristic relative heights of multilayers are indicated by arrows.
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