RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



RSC Advances

Page 1 of 33

4
<
g
4
A~

428x237mm (72 x 72 DPI)



10

11

12

13

14

15
16
17
18
19

20

21

22

23

24

RSC Advances

Interaction of Human Serum Albumin with Liposomes of Saturated and Unsaturated
Lipids of Different Phase Transition Temperatures: A Spectroscopic Investigation by

Membrane Probe PRODAN

Raina Thakur,” Anupam Das® and Anjan Chakraborty®

"Department of Chemistry,

Indian Institute of Technology Indore, Madhya Pradesh, India.

Author to correspondence:

Dr. Anjan Chakraborty
Email: anjan(@iiti.ac.in
Fax: +91(0)731-2366382
Tel: +91(0)731-2438706

Page 2 of 33



Page 3 of 33

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47

48

49

50

51

52

RSC Advances

Abstract.

The interaction of Human serum albumin (HSA) with liposomes made of saturated and
unsaturated phosphocholines having distinctly different phase transition temperature has been
studied using circular dichroism (CD), steady state and time resolved fluorescence spectroscopic
techniques. We used 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) as saturated lipids and 1,2-dioleoyl-sn-glycero-3-
phosphocholine  (DOPC), 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine  (POPC) as
unsaturated lipids to prepare liposomes. The CD measurement reveals that the liposomes induce
some kind of stabilization in HSA. The steady state and time resolved fluorescence spectra of
PRODAN (6-propionyl 1-2-dimethylaminonaphthalene) was monitored to unravel the interaction
between liposome and HSA. We observed that HSA partially penetrates in the liposomes due to
hydrophobic interaction and destabilizes the packing order of lipid bilayer leading to leakage of
the probe molecules from the liposome. It was found that HSA preferably penetrates into the
liposomes, which are less prehydrated at room temperature. Thus penetration is higher in DPPC
and DMPC liposomes as these liposomes are less prehydrated due to higher phase temperature
(43° C and 23 ° C respectively). On the other hand HSA has less penetration in DOPC and
POPC liposomes because these liposomes are more hydrated owing to lower phase transition
temperature (-20 ° C and -2 ° C respectively). The time resolved fluorescence measurements
revealed that penetration of HSA into liposomes brings in release of PRODAN molecules.
Incorporation of HSA in all the liposomes results in significant increase in the rotational
relaxation time of PRODAN. This fact confirms that HSA penetrates into the liposome and

forms bigger complex.

Key Words: PRODAN, Liposomes, Hydration, HSA, Penetration,
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1. Introduction.

Plasma membrane is a complicated assembly of lipids and proteins, organized into various
specialized microdomains with versatile diversity.' To overcome the problems associated with
this diversity it is worthwhile to use synthetic liposomes or vesicles which mimic the geometry
and topology of cell membranes.” Phospholipids form the fundamental matrix of natural
membranes and represent the environment in which many proteins and various macro molecules
display their ac‘[ivity.3 Therefore characterization of lipid membranes with sufficient selectivity
will help to study the variation around its bulk properties.* Owing to their small size, amphiphilic
character, and biocompatibility, liposomes or vesicles are promising systems for drug delivery
through the blood stream.’ Therefore it is necessary to visualize the stability of liposomes in
presence of serum proteins.6 Human Serum Albumin (HSA) is the most prominent component of
blood plasma. It serves as transport protein for several endogenous and exogenous ligands as
well as for various drug molecules.”® HSA also binds well with fatty acids. ° It is reported that
proteins partially penetrate and deform the lipid bi-layer.'” HSA penetrates into the vesicle and
gets adsorbed on the surface of vesicles to some extent. Packing of hydrophobic tails of the lipid
is also disturbed in presence of HSA.!' Charbonneau et al. suggested that both hydrophobic and
hydrophilic interactions occur for liposome-HSA systems.'? Various groups suggested that for
prolonged circulation of liposomes in blood stream and to provide stability, cholesterol should be

incorporated in the vesicle."

Although there are a few reports regarding liposome-HSA system,'®'? however, none of the
studies addressed the nature of interaction between liposome and HSA by fluorescence
spectroscopy using a polarity sensitive membrane probe. Moreover, it was not answered what
will be fate of encapsulated molecules inside the liposome upon interaction with HSA.
Therefore, it is desirable to undertake a study which involves different kind of liposomes. The
present work has the novelty because it involves four different phosphatidylcholines lipids with
zwitterionic head groups. These lipids are widely different in terms of their phase transition
temperature and nature of their acyl chain. /,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) are saturated phospholipids while
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 2-oleoyl-1-palmitoyl-sn-glycero-3-

phosphocholine  (POPC) contain unsaturation in their acyl chain (Schemel).
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Phosphatidylcholines are dominant in eukaryotic membranes.'* The lipids of more metabolically
active membranes are considerably more unsaturated. POPC bilayers provide relevant models for
the matrix of the endoplasmic reticulum.'” DPPC exhibits properties very similar to those of
sphingomyelin which is the most abundant lipid in plasma membrane.'® In our previous studies,
we encapsulated anticancer drug ellipticine in DPPC vesicles and studied its release by various
bile salts.'” The present study is done to reveal protein-liposome interaction and the transport of
various drugs through lipid bilayers via Human Serum Albumin (HSA) to the target site with the
help of fluorescence spectroscopy. Fluorescence spectroscopy has several advantages including
a high sensitivity, a noninvasive nature, an intrinsic time scale and an excellent response to the
physical properties of membrane.'® For this purpose PRODAN (Scheme 1) has been chosen as a
probe molecule primarily to study the environment inside the liposomes and to reveal the
liposome-HSA interaction. PRODAN is very sensitive towards environmental polarity and the
origin of its solvatochromatic nature have been debated." It shows large spectral shifts when
attached to membranes.”’ The sensitivity of emission properties of PRODAN towards polarity is
attributed to a large difference between the dipole moments in its ground (Sy) and excited (S;)
states.”! According to various calculations, difference in dipole moment of PRODAN from 5.50

to 10.20 D causes a shift in the g — g transition.”** Recently Samanta and co-workers®*® have

suggested this value to be 4.40 to 5.0 D based on transient dielectric loss measurements. In
PRODAN, both locally excited (LE) and twisted internal charge transfer (TICT) states
simultaneously exist.”’ This amazing feature of PRODAN makes it a useful probe to study

structure, function and dynamics of proteins and membranes.****

The probe has widely been
used to study the dynamics inside a reverse micelles.”” It was reported that in aqueous reverse
micelle PRODAN molecules are distributed in three regions according to the polarity of that
particular region.”> PRODAN, having higher water solubility is loosely anchored to the
bilayer.”® Hof and co-workers studied solvent relaxation of various probes including PRODAN
in phosphocholine vesicles.”” The emission maximum of PRODAN depends upon the phase state
of phospholipids. It usually emits at 440 nm in gel and at 490 nm in liquid crystalline phase. The
shift in emission band from gel to liquid crystalline phase takes place due to dipolar relaxation in
liquid crystalline phase of phospholipid but not in gel phase. This dipolar relaxation originates

due to a few water molecules present in bilayer at the glycerol backbone where fluorescence

moiety of PRODAN actually resides.”® The complex character of emission peak of PRODAN in
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the lipid bilayer can be explained assuming that both twisted and planar configuration emit in the
bilayer.”’® As emission of PRODAN is highly sensitive, it has been used to study different
protein molecules. Chattopadhyay et al. have reported the red edge excitation spectra (REES) of
PRODAN in different proteins like spectrins.”’ Hydration dynamics studies of HSA using
PRODAN as probe reveals that hydration level of different domains is different and they have
different time scales for hydration.”® HSA contains only one tryptophan residue at position 214
(Trp214) in domain II and one free cystine residue at position 34 in domain I, moreover it has 17
disulphide bonds.>’ The free thiol group allows site specific labeling of protein with
chromophoric or fluorescent probes.”> PRODAN binds with HSA within Sudlow site I i.e. on
warfarin binding site.”> So far, interaction of PRODAN with liposome and HSA is reported
individually. But interaction of HSA and liposome is still unexplored using a membrane probe.
Therefore, photophysics of PRODAN by steady state and time resolved spectroscopy will not
only be able to reveal the environment inside the HSA, liposome and liposome-HSA complex
but will also give a new insight regarding the interaction between liposomes and HSA. This
study may further help in designing a novel drug delivery system for various drugs exhibiting

properties very similar to PRODAN.
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2. Experimental Section.

2.1. Materials. PRODAN, HSA, urea and all the lipids (DPPC, DMPC, POPC and DOPC)
were purchased from Sigma-Aldrich. Na,HPO,4 and NaH,PO4 were purchased from Merck.
All the chemicals were used without further purification. All the experiments were performed
in Milli Q water. Stock solution of PRODAN was prepared in methanol. Required amount of
methanolic solution was taken in a volumetric flask and dried under vacuum to create a thin
film of PRODAN. An appropriate amount of phosphate buffer (25 mM) was added to it and
was sonicated for two hours. Small Unilamellar Vesicles (SUV) were prepared by ethanol
injection method as described earlier.!” The stock solution of lipid was prepared in ethanol.
The desired amount of ethanolic lipid solution was rapidly injected into the aqueous
solution of PRODAN (above the phase transition temperature of respective lipids ) and
was equilibrated for 60 minutes. The concentration of lipid in the solution was 0.4 mM and
the percentage of ethanol was less than 1% (v/v). The molar ratio of PRODAN to lipid was
around 1:200. Required amount of HSA was added to the solution of SUV to prepare stock
solution of HSA and Lipid. This solution was incubated for 30 minutes before the

measurements

2.2. Spectroscopic Measurements. Steady state absorption spectra were taken in a Varian
UV-Vis spectrometer (Model: Cary 100). Emission spectra were taken in a Fluoromax-4p
fluorimeter from Horiba Jobin Yovon (Model: FM-100). The samples were excited at 375
nm. The fluorescence spectra were corrected for the spectral sensitivity of the instrument.
The excitation and emission slits were 2/2 nm for the emission measurements. All the

measurements were done at 25° C.

For the time resolved studies, we used a picosecond time correlated single photon counting
(TCSPC) system from IBH (Model: Fluorocube-01-NL). The experimental setup for TCSPC
has been described elsewhere.”* The samples were excited at 375 nm using a picosecond
diode laser (Model: PicoBrite-375L). The repetition rate was 5 MHz. The signals were
collected at magic angle (54.70°) polarization using a photomultiplier tube (TBX-07C) as
detector which has a dark counts less than 20 cps. The instrument response function of our

setup is ~140 ps. The data analysis was done using IBH DAS (version 6) decay analysis
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software. The fluorescence decay was described as a sum of exponential functions:
D =Y a, exp(_—tJ (1)
i=1 7;

where D(¢) is the normalized fluorescence decay and z, are the fluorescence lifetimes of various
fluorescent components and «, are the normalized pre-exponential factors. The amplitude

weighted lifetime is given by:

(z)= ia;[ 2)

The quality of the fit was judged by reduced Chi square (y°) values and the corresponding
residual distribution. To obtain the best fitting in all of the cases, x> was kept near to unity. The
same setup was used for anisotropy measurements. For the anisotropy decays, we used a
motorized polarizer in the emission side. The emission intensities at parallel and perpendicular
polarizations were collected alternatively until a certain peak difference between parallel (II) and
perpendicular (L) decay was achieved. The same software was also used to analyze the

anisotropy data. The time resolved anisotropy was described with the following equation:

) =n, {ﬁfm exi{ - U L P~ %ﬂ ®

where r(¢)is the rotational relaxation correlation function andr, is the limiting anisotropy and

¢ .. and @, are the individual rotational relaxation time and S, and S

slow

are the amplitudes

of rotational relaxation time.

2.3. Circular Dichroism (CD). CD is a sensitive technique to monitor the conformational
changes in proteins. CD spectra of HSA and its lipid complexes were recorded with a Jasco J-
815 spectrometer (Jasco, Tokyo, Japan). For measurements in the far UV region (200-270), a
quartz cell with a path length of 0.1 cm (Hellma, Muellheim/Baden, Germany) was used in
nitrogen atmosphere. The HSA concentration was kept constant (10um) while varying lipid
concentration (0.1 mM, 0.3 mM and 0.6 mM). An accumulation of five scans with a scan speed

of 20 nm/min was performed data were collected for each sample from 200 to 270 nm. The
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214  sample temperature was maintained at 25°C using Escy temperature controller circulating water

215  bath connected to the water-jacketed quartz cuvettes. Spectra were corrected for buffer signal.
216 3. Results and Discussion.
217 3.1. Interaction of PRODAN with HSA.

218 PRODAN exhibits emission maxima at 520 nm in aqueous buffer solution. Addition of HSA
219  to the buffer solution of PRODAN diminishes the intensity at 520 nm and additionally a band
220 appears at 455 nm. The band at 455 nm is attributed to the LE state of HSA bound
221 PRODAN. The appearance of LE state indicates that PRODAN experiences a less polar
222 environment in HSA. With increase in HSA concentration, the contribution of TICT band
223 decreases while that of LE band increases which implies that more number of PRODAN
224  molecules bind with HSA. Interestingly, we obtained an isoemissive point at around 510 nm
225  which implies that there are two emitting species in the excited state. The emission spectrum
226 of PRODAN in presence of 20 uM of HSA was deconvoluted by a combination of the
227  lognormal functions to show simultaneous existence of CT and LE species (Figure 1A) by
228  taking the emission spectrum of PRODAN in aqueous buffer solution as reference. We
229  estimated binding constant of PRODAN molecules with HSA using Bensei-Hidlebrand

230  equation for 1:1 complex as following.
_ 1 ,2 +1 PRO&HSAkl [HSA]

231 I, = 4
- 1+ k,[HSA]

232 where, 1 /9- is the fluorescence intensity of PRODAN in absence of HSA and [ is the

PROD - HSA
233 fluorescence intensity when all PRODAN molecules form complex with HSA. The nonlinear
234 regression analysis following equation 4 yields the binding constant (k;) around 7 x 10° M™!
235 (Figure 1B). The earlier report *** states that PRODAN binds with HSA at Sudlow site I i.e.
236  on warfarin binding site. This observation is consistent with our experimental result (The
237  data are not shown). The formation of complex between PRODAN and HSA is exothermic
238 with value of AH® = -22.82 KJ mol™.** It was also reported that PRODAN does not bring

239  about any conformational changes in HSA.**
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242 Figure 1. (A) The emission spectra of PRODAN at different concentration of HSA. Inset is
243 the emission spectrum of PRODAN in presence of 20 pM HSA that has been deconvoluted
244  in LE and TICT state. (B) The fitted binding curve between PRODAN and HSA following
245  equation 4.

246 To gain more specific local information about the binding of PRODAN to HSA, we
247  estimated the energy transfer efficiency between PRODAN and HSA by monitoring the
248  emission spectra of Trp214 of HSA (Figure 2). The distance between Trp214 and PRODAN

249  was estimated from the energy transfer efficiency expression:

250 E:I—i:(l+%] (%)

0

251  where [, and [ are the intensities of Trp214 emission measured for the protein alone and for

252  PRODAN-HSA complex, respectively. Figure 2 reveals that the efficiency of energy transfer
253  between Trp214 of HSA and PRODAN is around 43%. Such weak energy transfer indicates that
254  PRODAN molecules bind at a location which is away from tryptophan. In the equality, R is the
255  distance between Trp214 and PRODAN in Angstrom. Ry is a characteristic Forster distance for
256 50% energy transfer efficiency related to the properties of donor and acceptor, and can be

257  calculated using following equation

10
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R, =8.79x10°n k¢ [ e( A f (DA [ (2) ©6)

where, 7 is the refractive index of the medium, x”is a geometric factor related to the relative

orientation of the transition dipole moments of the donor and acceptor, £(1) is the molar
absorptivity of PRODAN, and f(1)is the normalized fluorescence intensity of Trp214.
Therefore, R, 1s calculated from equation 6 using geometrical parameter «” as 2/3. These

parameters yielded a value for Ry of 26 A, leading to an estimate for R, the apparent distance
between Trp214 and PRODAN being 24 A. We fitted the quenching data with a modified

Stern-Volmer equation as follows:

1 _ 1+ Ky [0], (7)
1 (1+KSV[Q]L)(1_fB)+fB

In this equation /is the intensity of HSA in absence of PRODAN. K, is the Stern-Volmer

quenching constant and

fy="o2 :
= ®)

where [ ,is fluorescence intensity of the tryptophan accessible to quencher. Thus the

estimated K, and f, were around 1.77 x 10° M and 0.54 respectively.

11
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Figure 2. Emission spectra of HSA (10 uM) in presence of different concentration of

PRODAN (0-2 pM).

We measured the fluorescence lifetime of PRODAN at 457 and 520 nm at different
concentration of HSA (Table S; in the supporting information). In presence of 1 uM HSA,
PRODAN exhibits the lifetime components around 0.73 ns (55%) and 3.60 ns (45%) at 457
nm. The decay at 50 uM concentration of HSA at the same wavelength is comprised of 0.90
ns (33%) and 4.00 ns (67%) components with an average lifetime of 3.00 ns. We assign the
species with time component of 4.00 ns to HSA bound PRODAN and the species with time
component of 0.90 ns to the free PRODAN species in aqueous medium. Our result is
consistent with the measurement made by Basak and co-workers.”®® The increase in
fluorescent quantum yield and lifetime of PRODAN and its derivative when bound to protein
is due to reduced conformational freedom of the amine and carbonyl groups because of the
close packing of surrounding protein.’® The significant increase in longer component from
45% to 67% upon addition of 50 um HSA clearly indicates that PRODAN molecules are
entrapped inside the hydrophobic pocket of HSA. Table S; reveals a similar component at
520 nm when PRODAN binds with HSA. The lifetime at 520 nm was fitted with a bi-
exponential function. The increase in nanosecond component which represents HSA bound

PRODAN species from 26% to 45% confirms the binding of PRODAN molecules with HSA.

12
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3.2. Interaction of PRODAN with Liposomes. In this section we first encapsulate PRODAN
in different liposomes. Addition of liposomes to aqueous solution of PRODAN causes a blue
shift in emission spectra followed by a new band at 435 nm. This band is assigned as LE
state of PRODAN. The appearance of LE band indicates that PRODAN molecules are
encapsulated inside the liposomes. Interestingly, we observe an isoemissive point in DPPC

and DMPC liposomes which indicates the existence of two emissive species in these two

liposomes (Figure 3).
(A) —— 0.05mM (B)
- —
5 >
3 =
S S
>
15 8
= =
450 540 630 450 540 630
Wavelength (nm) Wavelength (nm)
©) D)
— 0.025 mM
— 0.05mM
— 0.10mM —_
0.20 mM :
- — 030 mM <
= —— 040mM N
S —— 0.50mM >
g —— 055mM =
= —— 0.60mM =
Z 8
k) A=
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P
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Figure 3. The emission spectra of PRODAN at different concentration of liposomes (A)
DPPC (B) DMPC (C) DOPC and (D) POPC liposomes.

13

Page 14 of 33



Page 15 of 33

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

345
346
347
348
349
350

352

353

354
355
356

RSC Advances

On the other hand isoemissive point was not observed when PRODAN is incorporated into
DOPC and POPC liposomes. A similar observation was reported by Correa and co-workers
in case of DOPC liposomes.®> They explained this observation with the model proposed by

26
Chong and co-workers.”™

The lack of isoemissive point in POPC and DOPC liposomes may
be due to absence of a prominent LE state in DOPC and POPC liposomes. To explain this
observation we consider the differences in the hydration level of liposomes which further
depends on their phase transition temperature. DPPC and DMPC have phase transition
temperatures around 43°C and 23°C respectively while POPC and DOPC have phase
transition temperature around - 2°C and - 20°C respectively. It is reported by Horta and co-
workers®® that the liposomes having lower phase transition temperature is more hydrated than
liposomes having higher phase transition temperature. Again because of much lower phase
transition temperature, DOPC and POPC are significantly much more hydrated and are much
softer than DPPC and DMPC at room temperature. PRODAN molecules are mostly
encapsulated in the interfacial region of DOPC and POPC. Since DOPC and POPC exist in
the liquid crystalline phase at room temperature, the non polar region is less motionally

restricted compared to that in interfacial region. Thus lack of a prominent LE state may be

responsible for absence of an isoemissive point.

The normalized emission spectra of PRODAN (Figure 4) in different liposomes reveal that
maximum blue shift takes place in DPPC liposomes. This fact also indicates that DPPC and
DMPC are more hydrophobic as compared to DOPC and POPC due to their higher phase
transition temperature and due to difference in their prehydration levels. Correa and co-
workers correlated the maximum emission band energy of PRODAN (E¢npropan) With

E 7@0) polarity scale for different solvents by the following equation.’”]

Eppo=14745-(1.62+.02)E,, 351, ©)
n=23,r=0098

Following this equation E values as obtained for DPPC, DMPC, POPC and DOPC

T(30)
liposomes are 41.7, 47, 52 and 54 Kcal/mol respectively. The different micropolarity as
experienced by PRODAN in different liposomes could be attributed to the difference in their

prehydration levels which further depends on phase transition temperatures.

14
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Figure 4. Normalized emission spectra of PRODAN in different liposomes.

At room temperature DPPC vesicles remain in sol gel phase (SG) and DMPC vesicles remain
in nearly liquid crystalline (LC) phase. As, torsion of the —-N(CH3), are more restricted in SG
phase of the phospholipid bilayer than that in LC phase, LE band has less contribution in LC
phase compared to that in sol gel phase. DOPC and POPC liposomes exist completely in LC
phase at room temperature. Thus they have similar emission spectra for PRODAN at room
temperature which is clear from Figure 4. We estimated the partition coefficient of prodan in

different liposomes using the following equation®’

55.6

1 1
—= 10
F (KPFOL)+FO (19)

where F, and F are fluorescence intensities of PRODAN molecules in aqueous and in

lipid phase, respectively, L is the lipid concentration and the molar concentration of water

was considered to be 55.6 M. Thus using equation 10 and the slopes from Figure 5, the
calculated K, values are 1.0 x 10°, 5.8 x 10°, 2.8 x 10°, 2.6 x 10’ for DPPC, DMPC, POPC

and DOPC liposomes respectively. Notably the lower partition coefficient in DPPC

liposomes compared to that in other liposomes stems from the fact that the interfacial region

15
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of DPPC is much more rigid due to its sol gel phase and this rigidity hinders the
encapsulation of more number of PRODAN molecules. The liposomes like DMPC, DOPC
and POPC remain in liquid crystalline phase at room temperature and they allow PRODAN

to penetrate in the interfacial region.

m DPPC
O DMPC
A DOPC
v__POPC

-~

=

<

N—"

=~

~

-

T T
0 20000 40000

1/[Lipid] (M)

Figure 5. Double reciprocal plot of the intensity of PRODAN with respect to concentration

different liposomes.

We estimated the lifetime of PRODAN at various concentrations of liposomes at 440 and
520 nm. The values of lifetime for different vesicles are summarized in Table S,A and Table
S;B (in supporting information) and the representative decays are shown in Figure 6.
PRODAN exhibits a bi-exponential decay in aqueous buffer solution at 520 nm with the
lifetime components 0.62 ns (t;) and 1.8 ns (t2) with a population of 74% and 26%
respectively. Thus the average lifetime of PRODAN at 520 nm is around 0.93 ns. In DPPC
liposome, at 520 nm, where the emission spectra is predominantly from TICT state of
PRODAN has conspicuously dependence on the concentration of lipid and is well described
by a tri-exponential function. The picosecond component i.e. T; remains same throughout the
concentration of DPPC and the nanosecond component i.e. 1, increased up to around 2.17 ns.
A third component of around 5.19 ns (t3) with a population of 31% appeared at higher
concentration of DPPC (Table S;A). We, therefore, assign t; component to the PRODAN

molecules remaining in the aqueous phase which drops from 74% to 53% upon increasing

16



407
408
409
410
411
412
413

414
415
416
417
418
419
420
421
422
423
424
425
426
427
428

429

430

431

432

433

RSC Advances

the concentration of DPPC from 0 to 0.6 mM. The 2.17 ns component i.e. T, may be ascribed
to the PRODAN molecules in aqueous phase or loosely bound in the interfacial region and
the longest component i.e. 5.20 ns (t3) component may come from the PRODAN molecules
strongly held inside the liposome. Interestingly, PRODAN at 435 nm in 0.6 mM DPPC
liposome where emission mainly comes from LE state exhibits a tri-exponential decay. The
components are 0.62 ns (17%), 2.73 ns (31%) and 6.57 ns (52%). We already assigned these

components to different locations in liposomes.

In DMPC liposome, the decays at 520 nm were fitted to a bi-exponential function with a
picosecond and a nanosecond component. As the liposome concentration increases and
incorporate more number of PRODAN molecules, the picosecond component disappeared
leading to a rise component around 1.65 ns (31%) and a nanoscecond component around 4.72
ns (69%). The decay proceeds with a rise component indicates that solvation takes place.
Surprisingly, in case of DPPC liposomes, we did not observe any rise component which
could be because of the fact that the aliphatic tail region of DPPC is more dehydrated than
that of DMPC. Table S,B reveals that the decay of PRODAN in DMPC liposomes at 435 nm
is tri-exponential with picosecond component (t;) and two nanosecond components (1, and
13). The components are 0.74 ns (14%), 1.77 ns (31%) and 4.25 ns (55%). It is noteworthy
that 13 is significantly less in DMPC liposomes compared to that in DPPC liposomes. The
probable reason is that DMPC remains in nearly liquid crystalline phase at room temperature
while DPPC remains in sol-gel phase which brings in additional rigidity in DPPC compared
to that in DMPC. This may be responsible for higher time component in DPPC compared to
that in DMPC.

17
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Figure 6. Decay of PRODAN at different concentration of liposomes (A) DPPC liposome
(B) DMPC liposome

In DOPC and POPC liposomes initially decay at 520 nm was bi-exponential with a
picosecond component (~670 ps) originating from the PRODAN molecules in the aqueous
phase and a nanosecond component around 2.65 to 2.69 ns. Due to low concentration of lipid
two components are observed picosecond component in aqueous phase and the other
nanosecond component in lipid phase. However, at higher concentration the decay becomes
single exponential with time constant around 3.52 ns and 3.38 ns for DOPC and POPC
liposomes respectively. These results are in accordance with that reported by Correa and co-
workers.” At 435 nm the decays in DOPC and POPC were fitted to a biexponential function
having a picosecond component around 0.840 ns and a nanosecond component around 2.60
to 2.70 ns. Notably, the longer components in POPC and DOPC liposomes at 520 and 435
nm are significantly smaller compared to longer component of DPPC and DMPC liposomes
at the same wavelength. This observation may be explained by considering the fact that at
room temperature both DOPC and POPC remain in liquid crystalline phase due to significant
lower phase transition temperature compared to DPPC and DMPC. Therefore, PRODAN
experiences a less constrained environment in DOPC and POPC liposomes giving rise to a

shorter lifetime component as compared to DPPC and DMPC liposomes.
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3.3. Interaction between liposomes and HSA.

3.3.1 CD Measurements. To gain a better insight on interaction of HSA with various liposomes
CD measurements were performed using HSA, DPPC liposomes and POPC liposomes at various
concentrations of these lipids. The CD spectra of HSA exhibit two negative minima at 208 and
217 nm, which is typical characterization of a-helix structure of proteins.** Interaction between
DPPC-HSA and POPC-HSA caused an increase in band intensity at all wavelengths of the far
UV CD without any significant shift of the peaks (Figure 7). This indicates that both DPPC
liposomes and POPC liposomes causes a slight increase in the a-helical structure of HSA. While
heating HSA till 90°C and addition of 8M urea causes decrease in the band intensity at all the
wavelengths (Figure7C). This signifies decrease in a-helical content upon denaturation of
HSA.*™®  Thus we conclude that both the lipid upon interaction with HSA cause perturbation in
the secondary structure of HSA but increase in o-helical content suggest that HSA is not

denatured or unfolded during the interaction.'?

A
100—( ) ——HSA 1004 ® ——HSA
—— HSA DPPC 0.1mM —— HSA POPC 0.1mM
HSA DPPC 0.3mM HSA POPC 0.3mM
504 —— HSA DPPC 0.6mM 504 —— HSA POPC 0.6mM
o0
—
) & o
'g 04 3
= =)
5 5
O 504 @]
-1004
-100
-1504
200 2000 20 230 240 250 260 200 200 20 230 240 250 260
Wavelength (nm) Wavelength (nm)
100 © -+ HSA - Urea denatured
b HSA - Heat denatured
— HSA - Nati
50+
o0
=
g 0
=
a
©)
=504
-1004

T T T T T
200 210 220 230 240 250 260
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Figure 7. CD spectra of (A) HSA and DPPC liposomes (B) HSA and POPC liposomes (C)
Native HSA and denatured HSA.
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3.3.2. Steady state and Time resolved measurement.

Addition of HSA to PRODAN impregnated liposomes causes a quenching in the fluorescence
intensity of PRODAN. The continuous decrease in the intensity with addition of HSA to
PRODAN impregnated liposomes indicates that HSA interacts with the liposomes. Interestingly,
we observe a red shift in the emission spectra of PRODAN in DPPC liposomes (from 435 to 460
nm) while a blue shift is observed in DMPC (from 460 to 455 nm), DOPC (from 497 to 471 nm),
and POPC (from 490 to 467 nm) liposomes (Figure 8).

(A)
—_ HSA (0-50 uM)
=
S -~
=]
2 <
& )
g wv
= 8
=
=
420 490 560 420 490 560
Wavelength (nm) Wavelength (nm)
D
HSA (0-50 uM) (D) HSA (0-50 uM)
-
=
— <
s N—
= %\
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72] -
5 =
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420 490 560 420 490 560
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Figure 8. The steady state emission spectra of PRODAN in different liposomes as a function of
HSA concentration. (A) DPPC, (B) DMPC, (C) DOPC and (D) POPC. The dashed graph
represents emission spectra of PRODAN in native HSA which is normalized with respect to

highest concentration of HSA in liposomes.
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508 There are two reasons that may be accounted for the observed quenching in liposomes. The first
509 one is the penetration of HSA into liposomes and the second is the release of PRODAN
510 molecules from liposome and subsequent migration to hydrophobic core of the HSA. Sabin and
511  co-workers''"® reported that the forces which are involved in the interaction between liposomes
512 and HSA are of electrostatic and hydrophobic in nature. Primarily HSA interacts with the
513  liposome through electrostatic interaction to form HSA liposome complex and destabilize the
514  packing of lipid within bilayer and the order of acyl chain is reduced. The zeta potential (&) was
515  used to monitor the electrostatic interaction between liposomes and HSA.''® It was found that &
516  decreases exponentially with the protein concentration. The strong dependence of & was reported
517  as a patent evidence that the attractive electrostatic contribution has a major role in the formation
518 of liposome-HSA complex. A similar type of electrostatic interaction has been invoked by
519  Charbonneau and co-workers.'” Sabin and co-workers''® also reported the protein penetration
520 inside the liposome. DSC measurement by them reveal that pretransition temperature of DMPC
521  liposomes decreases by more than one degree at the same time the enthalpy change (AH)
522  increases. A similar type of results were reported by Gatlantai and co-workers.' " The effect of
523  HSA over DMPC and DPPC liposomes indicates that protein penetrates into hydrophobic bilayer
524  affecting the packing of the hydrocarbon tails of lipids. Therefore, there is contribution of
525  hydrophobic forces in formation of liposome HSA-complexes. The contribution comes from
526 interaction between the lipid tails and parts of HSA that penetrate into the lipid bilayer. The
527 decrease in the interfacial tension indicates that protein molecules intercalate between the
528  hydrophobic tails of the lipid. This intercalation causes the leakage in the interfacial region
529  which facilitates the migration of the probe molecules from liposome to either aqueous phase or
530  hydrophobic pocket of HSA. Notably, upon addition of HSA to PRODAN impregnated
531 liposomes, the emission maxima are shifted towards the emission maximum of native HSA
532  (Figure 8). This observation led to the conclusion that PRODAN molecules being released from
533  the liposome are trapped in the hydrophobic pocket of HSA.

534  We compared the extent of quenching from Figure 9 in different liposomes by plotting @, /¢ as a

535 function of concentration of HSA. Since we cannot calculate the local concentration of HSA, so;
536  we did not estimate Stern-Volmer quenching constant from this plot. It is observed from Figure 9

537 that among the un-conjugated lipids, quenching is higher in DPPC liposome compared to that in
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DMPC liposomes. On the other hand in case of conjugated lipids, the quenching is little higher in
POPC liposomes compared to that in DOPC liposomes. The extent of quenching depends upon
the extent of perturbation of lipid bilayer by HSA. The significant difference in quenching in
DPPC and DMPC liposomes and little difference in DOPC and POPC liposomes may be
explained by considering the structural differences of different lipids, phase transition

temperature and prehydration level.

DPPC
*  DMPC
144 POPC
v DOPC

20 40 60
[HSA] (uM)

Figure 9. ¢,/¢ Plot as a function of concentration of HSA (0-50 uM) in different liposomes.

In the present study, all the four lipids are zwitterionic and they possess similar head groups but
differ in their acyl chains. While DPPC and DMPC contain saturated acyl chain with different
chain length, POPC and DOPC contain unsaturated acyl chain with different number of carbon
atoms. As the length of hydrophobic acyl chain is the measure of hydrophobicity and it is already
reported that saturated fatty acids bind with greater affinity to albumins due to increase in
hydrophobic interaction,” in that sense the order of quenching follows the right trend. DPPC has
higher phase transition temperature than DMPC. The liposomes with lower phase transition
temperature remains more hydrated as compared to liposome with higher phase transition
temperature. Therefore DPPC is less hydrated as compared to DMPC. So; higher quenching is
observed in DPPC as compared to DMPC. Among POPC and DOPC bilayers, POPC is
monounsaturated while DOPC is bi-unsaturated with CH=CH in cis position. The unsaturated
fatty acids with a cis double bond, faces little steric restriction on binding to various sites on
protein.*® Therefore perturbation of lipid bilayer by HSA will be more pronounced in POPC
bilayers as compared to DOPC bilayers. Along with this phase transition temperature of POPC is
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565  higher than DOPC. The DOPC bilayers will remain in a more prehydrated state as compared to
566  POPC. Thus lower quenching is observed in DOPC as compared to POPC.

567 In this context the lifetime data may be helpful to unravel the dynamics of PRODAN inside the
568 liposome. We already mentioned that the fluorescence decay of PRODAN in aqueous buffer
569  solution is adequately fitted to a bi-exponential function with time constant 0.60 ns (74%) and
570 1.80 ns (26%). The lifetime of PRODAN is significantly enhanced when encapsulated in
571  liposomes. This is already discussed in the previous section. Table S;A (in the supporting
572  information) reveals that PRODAN exhibits a tri-exponential decay with time components of
573  0.62 ns (15%), 2.73 ns (31%) and 6.57 ns (54%) in DPPC liposomes. We already assigned that
574  the picosecond component corresponds to the PRODAN molecules in the aqueous phase, 2.73 ns
575  component is attributed to the PRODAN molecules loosely bound in the interfacial region and
576  third component i.e. 6.57 ns component perhaps comes from those PRODAN molecules which
577 are strongly held inside the liposome. Addition of HSA to PRODAN impregnated DPPC
578  liposomes causes quenching in the lifetime components of PRODAN (Figure 10). After addition
579 of 2 uM HSA, the decays became bi-exponential and at 50 uM HSA the decay is comprised of
580 the components of 1.48 (40%) and 4.60 ns (60%). The significant quenching in the longer
581  component (from 6.48 ns to 4.60 ns) implies the penetration of HSA into liposome. The striking
582  observation is that the lifetime components of PRODAN in presence of 50 uM HSA in DPPC
583  liposomes (1.48 and 4.60 ns) are very similar to that in pure HSA (1.49 ns and 4.0 ns, Table S;)
584  which indicates that PRODAN molecules upon interaction with HSA are released from liposome
585 and migrate to the hydrophobic pocket of HSA. Had the PRODAN molecules migrated to
586  aqueous phase, we would have obtained a picosecond component. We already mentioned that a
587  shift is observed in the steady state emission spectra of PRODAN upon addition of HSA which
588 indicates that PRODAN is migrating to the hydrophobic pocket of HSA. Thus this fact is
589  supported by the lifetime data.

590
591
592

593
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Figure 10. (A) Time resolved decays of PRODAN at different concentration of HSA in DPPC
liposome. (B) Longer component of PRODAN in liposomes at different concentration of HSA.

However, a different result is obtained in DMPC-HSA system. It is revealed that unlike in DPPC
system, DMPC offers only little decrement in lifetime components in presence of HSA. Addition
of HSA causes a little quenching in the longer component from 4.55 to 4.10 ns while the shorter
component decreases from 2.2 ns to 1 ns. The little quenching in the longer component indicates
that, HSA has a less penetration in DMPC liposomes. The less penetration stems from the fact
that DMPC because of its low phase transition temperature (23° C) remains nearly in liquid
crystalline phase at room temperature and is much more hydrated than DPPC. As the
hydrophobic interaction is responsible for the penetration of HSA into liposomes, therefore, HSA
prefers DPPC over DMPC as former is more dehydrated hence is more hydrophobic compared to
the latter. Although one should expect that DMPC is loosely packed and thus eases HSA to
penetrate inside the liposome. However, higher quenching of the longer component in DPPC
liposomes made it clear that hydrophobic interaction dominates over the other factors. On the
other hand significant decrement in the shorter time component in DMPC liposomes indicates
that HSA destabilize the interfacial region leaving the liposome core intact. Therefore, from the
above results, we may conclude that the changes in the shorter component takes place when HSA
destabilizes the interfacial region and the change in longer component in liposomes takes place
when HSA affects the core of the liposomes due to penetration by hydrophobic interaction.!'™”

The latter process depends on prehydration level of liposomes.
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620  The above finding is again supported by the time resolved data in conjugated liposomes (Table
621  S;B in the supporting information). In case of DOPC and POPC liposomes, we observe that the
622  lifetime of PRODAN is single exponential with a component around 3.49 ns and 3.77 ns
623  respectively. Addition of HSA results in quenching and time resolved decay becomes bi-
624  exponential. Surprisingly we observe a marginal increment in the longer component in POPC
625  (from 3.77 to 3.90 ns) and DOPC liposomes (3.40 to 3.77 ns). The observation in these two
626  liposomes clearly indicates the HSA does not penetrate in these two liposomes. On the other
627  hand appearance of picosecond component (0.86 to 0.95 ns) and increment in its amplitude up to
628  35-40% in both the liposomes indicates the leakage of PRODAN molecules and confirms the
629  fact that HSA destabilize the interfacial region of these liposome and core of the interfacial
630  region remains intact. It is noteworthy that in case of DPPC liposome similar kind of changes in
631  the population of shorter and longer components was observed. Therefore, it may unambiguously
632  be concluded that the leakage of PRODAN molecules takes place due to destabilization of

633 interfacial region of liposomes.

634  We carried out time resolved anisotropy measurements to probe interaction of liposomes with
635 HSA. The anisotropy decays are shown in Figure 11 and the results are summarized in Table 1.
636 PRODAN exhibits a single exponential decay with a time constant of 0.170 ns at 520 nm in
637  aqueous buffer solution at pH 7.40. In liposomes and liposomes-HSA complex the anisotropy
638  was measured at 450 nm. PRODAN exhibits bi-exponential anisotropy decays consisting of a
639  picosecond and a nanosecond component in all liposomes. The fast components (¢s) are around
640  0.47 (44%), 0.50 (45%), 0.40 (32%) and 0.416 ns (37%) in DPPC, DMPC, DOPC and POPC
641  liposomes respectively. On the other hand the slow components (dsow) are 2.77 (56%), 2.93
642  (55%), 2.25 (68%), and 2.20 ns (63%) in DPPC, DMPC, DOPC and POPC liposomes
643  respectively. It is revealed that addition of HSA to PRODAN loaded liposomes causes a
644  significant increment in Qgiow. Thus in presence 15 uM HSA, ¢gow were found to be 3.5 (60%),
645 3.90 ns (56%), 3.75 (40%), 3.60 (53%) in DPPC, DMPC, DOPC and POPC liposomes
646  respectively. Since liposomes and liposomes-HSA complex are big in the size, the motion of
647  liposome and liposome-HSA is too slow to impact on the overall rotational relaxation of
648 PRODAN. The increment in ¢y may be due to the fact that the interfacial region of liposome

649  becomes compact due to electrostatic interaction between liposomes and HSA. It is revealed
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from above mentioned result that the increment in ¢gow in DPPC and DMPC liposomes is less
compared to that in DOPC and POPC liposomes. The higher increment in ¢gw in DOPC and
POPC liposomes may be attributed to the fact that the interfacial region of DOPC and POPC
becomes more compact due to adsorption of HSA. The other explanation is that possibly lipid
packing order of DPPC and DMPC are much more affected by higher penetration of HSA in
these liposomes as compared to that in DOPC and POPC liposomes. This prevents the increment
in ¢gow in DPPC and DMPC liposomes. A similar conclusion was drawn in the discussion of
quenching in the time resolved data. Interestingly, we observed a decrement in the population of
dsiow in case of DOPC and POPC liposomes. However, we do not observe any increment in the
population of slower component (Bsiow). Since these two liposomes are soft in the interfacial
region, there is possibility that these two liposomes can accommodate more number of HSA
molecules which causes a significant leakage. Moreover, HSA penetrates deeper in DPPC and

DMPC liposomes, so; for these liposomes PRODAN can migrate to hydrophobic pocket of HSA.

o 0uM o 5uM
5uM 15 uM
15 .M

(A) ®  PRODAN in buffer 0.4 (B) 0uM
|
i
!
1

Time (ns) Time (ns)

Figure 11. Fluorescence anisotropy decays of PRODAN at different concentration of HSA (A)
DMPC liposomes (B) DOPC liposomes.
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675 Table 1. Rotational relaxation parameters of PRODAN in different liposomes and liposome-

676  HSA complex at Aey = 450 nm”

677
System Brust(%)  Paow(%)  @rae(ns)  Qgow(ns) M
PRQDAN in Buffer 1 0.17 i 0.29
solution, pH 7.4
DPPC 0.44 0.56 0.47 2.77 0.32
DPPC + 5 uM HSA 0.40 0.60 0.60 3.20 0.32
DPPC + 15 uM HSA 0.40 0.60 0.57 3.50 0.33
DMPC 0.45 0.55 0.50 2.93 0.35
DMPC +5 uM HSA 0.42 0.58 0.39 3.46 0.35
DMPC + 15 uM HSA 0.45 0.55 0.37 3.90 0.33
DOPC 0.32 0.68 0.40 2.25 0.31
DOPC + 5 uM HSA 0.42 0.58 0.62 3.51 0.32
DOPC + 15 uM HSA 0.60 0.40 0.57 3.75 0.31
POPC 0.37 0.63 0.42 2.20 0.32
POPC + 5 uM HSA 0.39 0.61 0.45 2.99 0.33
POPC + 15 uM HSA 0.46 0.54 0.40 3.60 0.33

678

679  # The estimated error in the measurement is around 5%.
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Conclusion. The present study reveals a clear understanding of how HSA interacts with
liposomes of saturated and unsaturated lipids having different phase transition temperature. The
CD measurement indicates that HSA is stabilized upon interaction with liposomes. Steady state
and time resolved fluorescence analysis reveal that HSA alters the packing order of liposome
through penetration and releases the encapsulated probe molecules from liposome, which
simultaneously migrates in the hydrophobic pocket of HSA. The penetration is apparently caused
by hydrophobic interaction between liposomes and HSA. The extent of penetration depends on
the prehydration level of liposomes. The liposomes of saturated lipids (DPPC and DMPC)
having higher phase transition temperature are less prehydrated at room temperature and hence
have stronger affinity towards HSA than that of liposomes of unsaturated lipids. The penetration

caused by hydrophobic interaction is revealed also in anisotropy measurement.
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