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ABSTRACT Encapsulation of proteins within lipid inverse bicontinuous cubic phases (Q2) has been widely studied for many
applications, such as protein crystallization or drug delivery of proteins for food and pharmaceutical purposes. However, the
use of the lipid sponge (L3) phase for encapsulation of proteins has not yet been well explored. Here, we have employed a lipid
system that forms highly swollen sponge phases to entrap aspartic protease (34 kDa), an enzyme used for food processing, e.g.,
to control the cheese-ripening process. Small-angle x-ray scattering showed that although the L3 phase was maintained at low
enzyme concentrations (%15 mg/mL), higher concentration induces a transition to more curved structures, i.e., transition from
L3 to inverse bicontinuous cubic (Q2) phase. The Raman spectroscopy data showed minor conformational changes assigned to
the lipid molecules that confirm the lipid-protein interactions. However, the peaks assigned to the protein showed that the struc-
ture was not significantly affected. This was consistent with the higher activity presented by the encapsulated aspartic protease
compared to the free enzyme stored at the same temperature. Finally, the encapsulation efficiency of aspartic protease in lipid
sponge-like nanoparticles was 81% as examined by size-exclusion chromatography. Based on these results, we discuss the
large potential of lipid sponge phases as carriers for proteins.
SIGNIFICANCE We show for the first time, to our knowledge, the use of highly swollen lipid sponge (L3) phase for highly
efficient (>80%) encapsulation of an active enzyme, aspartic protease, clearly their potential as enzyme carriers. Small-
angle x-ray scattering showed that although the L3 phase was maintained at low enzyme concentrations, higher
concentration induces a transition to more curved structures (i.e., transition from L3 to inverse bicontinuous cubic (Q2)
phase). The Raman spectroscopy data showed minor conformational changes assigned to the lipid molecules that confirm
the lipid-protein interactions. The encapsulated aspartic protease was found to maintain its high activity over a longer
period of time compared to the free enzyme stored at the same temperature.
INTRODUCTION

Lipid inverse bicontinuous cubic phases (Q2) have been
extensively investigated for protein crystallization (1–3),
as matrices for encapsulation and drug delivery of peptides
or proteins (4–9), and for biosensing (10,11). Protein
encapsulation is required to improve/maintain the protein
stability and thus, keep their function during storage for
longer time. In addition, it also allows better control of
the function and delivery of the protein. In general, lipid
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liquid crystals (LLCs) are able to entrap both hydrophilic
and hydrophobic biomolecules because of the amphiphilic
character of lipids. Inverse bicontinuous phases present
higher encapsulation efficiency compared to other LLCs
(9) because of their large water pores and their large
surface/volume ratio.

Sun et al. reported that both the topology of the meso-
phase and the water channel dimensions were affecting
the activity of the enzyme horseradish peroxidase
(�6 nm) (12,13). They found that the enzymatic activity
was limited when the protein size was larger than the pore
size but increased when expanding the water channels
(12). In another study, they compared three different LLCs
with the same pore size and conclude that the Q2 phase
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with space group Pn3m (Q224) showed improved horse-
radish peroxidase activity compared to the cubic phase
with Ia3d spacing group (Q230), followed by the inverse hex-
agonal phase (13). These results suggest that the Q224 is
more favorable for entrapment of proteins without disrupt-
ing the function but also that the water pores should prefer-
ably be larger than the protein size.

Because large pore size is highly relevant for protein
encapsulation, swollen bicontinuous phases are needed.
Recent studies by Tyler et al. (14) and Zabara et al. (15)
demonstrated that inverse bicontinuous cubic phases with
large water pore diameters can be achieved (24.9 and
22.6 nm, respectively). In both studies, the lipid formulation
was prepared using organic solvents. As we aim for applica-
tions within the food and pharmaceutical areas, it is desir-
able to avoid the use of organic solvents. There is also a
larger risk for conformational changes and loss of enzyme
activity if organic solvents are used in the formulation pro-
cess. Another type of inverse bicontinuous phase that can be
used for this purpose is the lipid sponge phase, L3. The L3

phase is a disordered Q2 phase that possesses a more flexible
structure, and thus, as demonstrated in this study, it can
accommodate larger biomolecules as well as larger concen-
trations of them.

We have previously reported (16) on a lipid system that
can form sponge phases with water channels up to 13 nm
of diameter at 25�C and without the use of organic sol-
vents. These findings imply that these phases could entrap
biomolecules up to 13 nm or even larger if they penetrate
into the lipid bilayer. This lipid system was composed of
diglycerolmonooleate (DGMO); a mixture of mono-, di-
and triglycerides called Capmul GMO-50 (GMO-50) in
which the main component is glycerol monoolein; and
polysorbate 80 (P80). These lipid sponge phases (and other
LLCs) can easily be fragmented in excess water to form
nanoparticles with sponge phase structure with the same
aqueous pore dimensions. The dispersions of sponge-like
nanoparticles (L3-NPs) are more fluid than the correspond-
ing viscous bulk phases. This makes them more suitable for
different applications that require continuous processing,
like dispensing or injection. Here, we report a study of
the inclusion of aspartic protease (EC 3.4.23.22) within
this lipid sponge phase matrix, both as a bulk phase and
as dispersions in excess water. Importantly, the L3-NPs
used here were prepared without the use of high-energy
processes (e.g., sonication) that might disrupt the protein
structure.

Aspartic protease (Asp) is a monomeric enzyme of
34 kDa (unit cell dimensions of 4.27 � 7.46 � 4.25 nm
(17)) that catalyzes the hydrolysis of peptide bonds. It is
used in cheese production because it acts as a milk clotting
enzyme and is also an important component of the cheese-
ripening process. The encapsulation of this protein has
been investigated to control enzyme activity to decrease
the ripening time and thus reduce cheese production costs.
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Aspartic protease encapsulation could provide good distri-
bution of the enzyme in the milk and prevent interaction
with milk caseins before the curd is formed. It has been
shown that free aspartic protease solutions added in the
milk before the curd is formed result in weak curd forma-
tion, i.e., low cheese yields. Addition of aspartic protease af-
ter the curd is formed lead to an inhomogeneous distribution
of the enzyme within the cheese product (18). Encapsulation
of microbial protease in liposomes was previously explored
by Kirby et al. (19), who demonstrated an encapsulation ef-
ficiency of 40%. Moreover, they showed that liposomes pro-
tected the enzyme from interacting with milk in early stages
and that most of the protease was found in the curd, resulting
in firmer cheeses.

In this work, we have investigated the used of lipid
sponge (and cubic) phases as matrices for aspartic protease
encapsulation to improve the enzyme storage stability. It has
been shown that these bicontinuous type of phases have
higher encapsulation efficiency compared to the liposomes
((20–22) and references therein). For this purpose, our study
focused on three aspects: 1) the changes in the lipid struc-
ture caused by aspartic protease, 2) the influence of the lipid
matrix on the structure and function of aspartic protease, and
3) the ability of lipid-sponge-like NPs to entrap aspartic pro-
tease in terms of encapsulation efficiency.

Structural changes in the lipid sponge phase by addition
of aspartic protease and glycerol were investigated by
small-angle x-ray scattering (SAXS) and Raman spectros-
copy. The influence of glycerol was important here
because the enzyme used for food processing is initially
preserved in 50% glycerol solution. Raman spectroscopy
gave insight into structural alterations of the protein as
well as into the lipid interactions once the protein is
included in the lipid matrix. Finally, the function of
encapsulated aspartic protease was analyzed by using
the milk clotting activity test and the encapsulation effi-
ciency by separation of the free enzyme from the encap-
sulated enzyme using size-exclusion chromatography
(SEC).
MATERIALS AND METHODS

Materials

Amixture of glycerides denoted as Capmul GMO-50 (lot no. 100616-8) was

provided by Abitec (Janesville, WI). Its composition was 54.7% monoglyc-

erides, 15–35% diglycerides and 2–10% triglycerides with the following

fatty acid composition: 84.6% oleic (C18:1), 6.8% linoleic, 0.8% linolenic,

and 6.2% saturated acids. DGMO with 88% of diglycerol monoester and

4.9% free glycerol and polyglycerols was received fromDanisco A/S (Brab-

rand, Denmark). The main fatty acid component was oleic acid, constituting

90.7%, followedby linoleic (4.2%), saturated (2.9%), eicosenoic (1.2%), and

linolenic (0.8%). Polyoxyethylene (20) sorbitan monooleate (P80) was sup-

plied by Croda (Chocques, France). Milli-Q purified water (H2O, 18 MU $

cm) was used for all experiments and heavy water (D2O; Sigma-Aldrich,

St. Louis,MO)was employed aswell for Ramanmeasurements. The aspartic

protease solution (Thermolase 625; https://www.chr-hansen.com/en/

https://www.chr-hansen.com/en/food-cultures-and-enzymes/cheese/cards/product-cards/thermolase
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food-cultures-and-enzymes/cheese/cards/product-cards/thermolase) was

kindly provided by Chr. Hansen A/S, Hoersholm, Denmark. All the other

chemicals were of analytical grade and were used as received.
Sample preparation

Aspartic protease solution

Two different enzyme samples were used in this study: the original solution,

Thermolase, which contains around 50% glycerol; and freeze-dried aspartic

protease (Asp). The latter was obtained by dialyzing Thermolase against an

aqueous buffer to remove the glycerol preservative as well as control the elec-

trolytes present in the solution. Removal of glycerol was performed using a

dialysis bagwithMWCO6–8 kDa (Spectra/Por1).The drymembranewasfirst

soaked in milli-Q water and 10 mMEDTA at room temperature for 30 min to

remove thepreservative andheavymetals.Themembranewas then rinsed thor-

oughly with milli-Q water. The dialysis bag (around 50 cm) was filled with

100–150mLof Thermolase, and dialysis was carried out against 10mMphos-

phate buffer at pH 7 during 4 days at 4�C, with two to three changes of outside
buffer per day. During this process, the dialysis bagwas placed in a cylinder of

2L thatwasfilledwith buffer. The conductivity of the buffer after hours of dial-

ysis was monitored until it was the same as the original buffer. The dialyzed

solution was freeze-dried (DW6-85 Heto-Holten Lab Equipment, Allerd,

Denmark) to obtain a powder that was solubilized into water or heavy water

before its use. Different concentrations of aspartic protease were prepared

(10, 25, 50, 75, and 100mg/mL).The concentrationwas checkedbymeasuring

the absorbance at 280 nm and/or using the bicinchoninic acid assay (23).

Lipid-enzyme/glycerol bulk phases

First, two lipid stock solutions were prepared by mixing DGMO, melted

GMO-50, and P80 at appropriate amounts. The first one was prepared with a

DGMO/GMO-50 ratio of 40:60, whereas the second one was 55:45. The

lipid/P80 ratiowas always kept at 70:30. The stock solutions were left in a rol-

ler mixer for 24 h to homogenize. Then, the lipidþ P80 blend wasmixedwith

different amounts of an aqueous solution (55–70 wt %). These samples were

then mixed in a roller mixer for 24–72 h until they were completely homoge-

neous. High-viscosity samples were also centrifuged at 371 � g, after which

the vials were turned upside down and then again centrifuged. The centrifuga-

tion process with changing orientation of vials every second time was then

repeated several times to ensure proper mixing. This process was repeated

every day until equilibration was reached and the samples appeared homoge-

nous. Sampleswere left to equilibrate for at least 1weekbeforebeing analyzed.

The aqueous solution was composed by mixtures of water/heavy water

with Thermolase solution, glycerol, or Asp. Samples with Thermolase

were composed of different Thermolase solution/water ratios (80:20,

50:50, and 20:80) to obtain the desired protein concentrations, for which

the final protein concentration varied from 3 to 15 mg/mL depending on

aqueous phase content. For the ‘‘blank,’’ this aqueous solution was

composed of the corresponding 50% glycerol solution/water ratios

(80:20, 50:50, and 20:80). In the case of freeze-dried Asp, enzyme solutions

at different protein concentrations (10, 25, 50, and 100 mg/mL) were em-

ployed, and only formulations at 40:60 wt % lipid þ P80/aqueous solution

were investigated. Because only samples with 60 wt % of aqueous phases

were studied, the final Asp concentration was 6, 15, 30, and 60 mg/mL.

Nanoparticle dispersions

Lipid sponge NPs without enzyme were prepared as a control sample by

adding drop by drop 4 wt % of the lipid stock solution to a vial with 96

wt % of water. In the case of nanoparticle dispersions with included aspartic

protease, 10 wt % of lipid-Asp bulk phase (with 15 mg/mL Asp) was added

to a vial with 90 wt % of water. The vials were sealed, vigorously shaken by

hand, and mixed horizontally in an orbital shaker for 24 h at 300 rpm. The

final lipid þ P80 amount for both samples was equivalent (4 wt %), and the

final aspartic protease concentration was �1.5 mg/mL.
SAXS

Samples with Thermolase and glycerol were analyzed at the I911-4 SAXS

beamline at MAX-Lab (Lund University, Sweden). The scattered intensity

was recordedat three temperatures (25, 35, and455 0.1�C)with awavelength
of 0.91 Å�1 on a Pilatus 1 M 165 mm CCD detector (Paul Scherrer Institute,

Villigen, Switzerland). Samples were mounted between Kapton windows in

a steel sample holder and were measured for 60 s at a sample-to-detector dis-

tance of 1913 mm. The two-dimensional (2D) SAXS patterns were analyzed

using the Fit2D software. The detector position of the diffraction pattern

from silver behenate was used to calibrate the sample-to-detector distance.

Samplewith Asp were measured using the SAXSLab Ganesha 300XL in-

strument (SAXSLAB ApS, Skovlunde, Denmark). The instrument was

equippedwith a 2D300KPilatus detector fromDectris (Baden, Switzerland)

and a GeniX 3D x-ray source (Xenocs, Sassenage, France). The x-ray

wavelength was 1.54 Å�1, and the data was collected in the q range of

0.12�7.6 nm�1. Samples were sealed at room temperature between two

thinmicawindows in ametallic block. Themeasuring timewas 30minwhile

the samples were kept at 255 0.2�C by means of water circulating through

the sample holder from an external recirculating water bath. The 2D scat-

tering pattern was radially averaged using SAXSGui software to obtain I(q).
Raman measurements

Vibrational spectroscopy measurements of aspartic protease encapsulated

in a lipid matrix were carried out using a Fourier transform Raman

(FT-Raman) spectrometer MultiRAM (Bruker Optik, Ettlingen, Germany)

equipped with a liquid-nitrogen-cooled Ge diode detector. The excitation

radiation of the Nd:YAG laser (1064 nm) was adjusted to 200 mW. A

gold-plated 90� angle mirror objective (focal length 33 mm) was used for

sample irradiation and collection of the light scattered by the sample.

The diameter of the laser spot at the sample was 100 mm. Spectral resolution

was set to 4 cm�1, and the aperture was 4 mm. All the spectra were

collected by averaging 24,000 sample scans.

Frequencies and intensities of the bands were determined by fitting

experimental contour with Gaussian-Lorentzian form components using

GRAMS/AI 8.0 (Thermo Fisher Scientific, Waltham, MA) software.
Relative milk clotting activity test

Aspartic protease activity test was based on the relative milk clotting activ-

ity test (24). The procedure involves adding 200 mL of diluted rennet

enzyme (either the reference or the sample) to a tube with 10 mL of recon-

stituted skim milk at pH 6.5 and 32�C that is continuously rotating at a spe-

cific angle in a water bath. The milk clotting time (T) is recorded as the time

from the addition of the enzyme (either reference standard or sample) until

the formation of small visible flakes appears in the milk. The total milk clot-

ting activity (strength) can then be extracted, and it is expressed as interna-

tional milk clotting units (IMCUs) per mL or mg:

Strength ðIMCU=ml or gÞ
¼ SStandard � TStandard � DSample

DStandard � TSample

;
(1)

where SStandard is the strength of the reference standards, T is the milk clot-

ting time in seconds, and D is the dilution factor. Liquid calf rennet solution

with initial activity of 100 IMCUs/mL was used as reference standard for

these experiments. To obtain reliable results, the difference in milk clotting

time between the reference standard and the sample should be below 50 s.

The reference standard was diluted to 3 IMCUs/mL, and the unknown sam-

ple was diluted, taking into account the protein concentration and the initial

concentration and strength of the Thermolase solution (�625 IMCUs/mL).

After each dilution step, samples were mixed with a vortex. The dilution
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media (84 mM acetate buffer at pH 5.5) was used for these dilutions, and the

analysis was carried out in triplicate for each sample (24). The samples

analyzed consisted of free enzyme solution kept at 4�C and room temper-

ature, encapsulated Asp in bulk and in lipid nanoparticles (also kept at

room temperature). The initial free enzyme solution concentration was

the same for all the samples, i.e., had the sample Asp concentration. The

activity test was performed over time (day 0, 3, and 6), where the starting

point was 1 week after sample preparation because of equilibration of LLC

phases. Several identical bulk phase samples with equivalent composition

were prepared. Each sample was only used once for each time point

when measuring the change in activity with time to avoid structural changes

due to removal of sample for the activity test.
SEC

SEC was performed in an Äkta pure instrument (General Electric Healthcare

Life Sciences, Chicago, IL) with an ultraviolet monitor that records the absor-

bance at 280 nm. The column Superose 6 increase (General Electric Health-

care), with a column volume of 24 mL, was employed for these experiments.

A 100 mM phosphate buffer at pH 7 and with 100 mMNaCl, filtered through

0.2 mm pore size filter paper, was used as eluent. The flow rate of the system

was set to 0.5 mL/min, and the sample volume was 100 mL.

The evaluation of the data was performed by estimating the area under

the curve (AUC) of the main peaks as well as the peak position and shape.

The lipid nanoparticle peak and the free Asp peak were considered sepa-

rately. The AUC was estimated by first defining a baseline by selecting a

few anchor points and then fitting a cubic function to them. This baseline

was then subtracted from the chromatogram. In the case of encapsulated

Asp, the unloaded L3-NPs curve was subtracted from the sample chromato-

gram before baseline correction to evaluate the protein peak (Fig. S1). This

step was very important to accurately determine the area under the free

enzyme peak, as the lipid nanoparticles left a higher background than the

original. To find the AUC of the main Asp peak, the peaks observed be-

tween 16 and 24 mL were fitted with a bi-Gaussian function and then

each of them were integrated to obtain the area (Fig. S2). For the nanopar-

ticle’s peak, the AUC was then found by integrating the peak, which also

included part of the tail (Fig. S1).

Dynamic light scattering (DLS) and cryogenic transmission electron

microscopy (cryo-TEM) experimental methods can be found in the

Supporting Materials and Methods.
RESULTS AND DISCUSSION

Influence of aspartic protease on the lipid sponge
phase structure

We have previously reported that the DGMO/GMO-50/P80/
water system (16) could form sponge phases with large cell
dimensions, whichmakes this systempromising for encapsu-
lation of proteins. The lipid sponge phase is a more flexible
structure compared to other LLC phases and hence facilitates
the accommodation of macromolecules within the bicontin-
uous structure. In this section, we discuss the results from the
investigated inclusion of aspartic protease into this lipid
sponge phase. We have first studied the influence of aspartic
protease on the lipid sponge phase structure because chang-
ing the LLC phase might also alter the cell dimensions and
thus the capacity for this system to entrap large biomolecules.
Two aspartic protease solutions were here examined: Ther-
molase solution, which is an aspartic protease solution with
50% glycerol, and freeze-dried ‘‘pure’’ aspartic protease
832 Biophysical Journal 117, 829–843, September 3, 2019
dispersed inwater. Because the initial solution of Thermolase
contains large amounts of glycerol, the effect of glycerol on
the lipid structure was investigated as well.

Effect of Thermolase (and glycerol)

Lipid/P80 mixtures that included Thermolase (aspartic prote-
ase formulated in 50% glycerol) and glycerol were investi-
gated to understand how these mixtures affect the lipid
phase behavior. L3 phaseswithwater pores of 9 nmindiameter
are formed at 25�C in the neat lipidDGMO/GMO-50/P80/wa-
ter system, at DGMO/GMO-50 of 40:60, when the lipid/P80
was 70:30 and the water content 60 wt % water (16). There-
fore, this composition was chosen as a starting point to inves-
tigate the structural changes caused by aspartic protease and/
or glycerol. The aqueous phase was composed of mixtures
of water with Thermolase formulation or glycerol. Four
different hydrationswere studied (55–70wt%aqueous phase)
at three different temperatures (25, 35, and45�C). In this study,
we used amixed lipid system to obtain the desired phase. If the
system is at true equilibrium, the lipids should be molecularly
mixed for a sample in the one-phase region. It is indeed true
that the use of solvent can speed up the time needed to reach
equilibrium. In our case, the high concentration of the surfac-
tant, Tween 80, is likely to help mix the lipids. During the
course of this study, we prepared many different samples of
the same compositions on various occasions, and we always
attained the same structure in the samples. This indicated
that we are at or close to the equilibrium.

Fig. 1 shows the phase diagrams obtained from the SAXS
data. The first things that can be noticed are the differences
between the samples with Thermolase formulation and only
glycerol aqueous solution. Bulk phases with Thermolase
mainly form inverse bicontinuous cubic phases with space
group Pn3m for all the formulations and temperatures inves-
tigated. This phase was characterized by the presence of at
least five Bragg peaks following the ratio O2, O3, O4, O6,
O8, and/or O9 (Fig. S3). In addition, samples at 25�C
were very viscous and did not present birefringence when
observed between crossed polarized light. However, most
of the samples contained water in excess (Fig. 1 a), even
if the excess was minute at the two lowest water contents.

In contrast, the glycerol bulk phases formed mostly
sponge phases at low glycerol content. At the highest glyc-
erol concentration studied, inverse bicontinuous phases with
Pn3m and Im3m spacing group were observed at 25 and
35�C, whereas at 45�C, the L3 phase was predominant.
This is quite interesting because structures with higher nega-
tive curvature are usually formed with increasing tempera-
ture. This behavior could be related to the hydration effect
of glycerol, as will be discussed later. The Im3m space
group was identified by the observed six Bragg reflections
(O2, O4, O6, O10, O12, and O14). The L3 phase scattering
curves features two diffuse peaks characteristic of this phase
(Fig. S3; (16,25–27)). The sponge phase sample appears
isotropic when observed between cross-polarizers but is



a b FIGURE 1 Phase diagrams of bulk phases with

40:60 DGMO/GMO-50 ratio and (a) Thermolase

(aspartic protease þ glycerol) and (b) glycerol.

The phase diagrams were constructed as a func-

tion of aqueous solution content, aspartic protease,

or glycerol final concentration and temperature as

indicated on the graphs. Inverse bicontinuous

cubic phase with space group Pn3m (Q224) are

depicted as filled squares and the co-existence

between Pn3m (Q224) and Im3m (Q229) as crosses.

L3 phase is shown as solid circles and multiple

phase region as crosses. Water excess area is indi-

cated in gray. Lines were drawn to visually

guide the eye and do not represent absolute phase

boundaries.
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less viscous than the cubic phases. As observed from Fig. 1
b, most of the samples at 25�C contain excess water except
at low glycerol concentrations and low water content.

From Fig. S3, it should also be noted that the q-values
shift toward higher values as the Thermolase or glycerol
concentration is increased. This was a general trend
observed by all the formulations and indicates a reduction
of the repeat distances with more Thermolase or glycerol.
Fig. S4 reflects this behavior very well because the lattice
parameters are smaller for the highest concentrations. These
results suggest that both aspartic protease and glycerol alter
the LLC structure, probably by partition to a larger extend
into the lipid bilayer. As a result, bulk phases with Thermo-
lase, which contains both aspartic protease and glycerol,
present a larger change in phase behavior compared to
bulk phases with only glycerol aqueous solution. This could
be explained because 1) glycerol is a less polar solvent and
2) aspartic protease is an amphiphilic molecule, which facil-
itates their location within the lipid bilayer, as indicated by
the decrease in lattice parameter.

The unit cell dimensions for these bulk phases at 40:60
DGMO/GMO-50 were compared to the ones with only wa-
ter as the aqueous phase (16). At this lipid composition, the
sponge phase in 60 wt % water presented a d-spacing of
12.5 nm (q z 0.5 nm�1), and no excess water could be
observed by visual inspection. Most of the samples investi-
gated here, especially at medium and high glycerol and pro-
tein concentrations, showed the first Bragg peak at higher
q-values than without glycerol. The smaller d-spacing, and
hence a reduction in the cell dimensions, means a decrease
in the water pore dimensions. Consequently, visual observa-
tion shows water excess of most of the samples at room tem-
perature (see Fig. 1), that is, glycerol induces a dehydration
of the liquid crystalline phases. Richardson et al. (28) sug-
gested that glycerol prevents dehydration of lipid cubic
phases by replacing the water from the water channels
with a water-glycerol mixture. As a result, lipid phases
with less negative curvature were formed. Their study was
performed by using thin lipid films of phytantriol/glycerol
and monoolein/glycerol mixtures, in which the hydration
was changed by changing the relative humidity (water va-
por). In our experiment, we have a more complex lipid
mixture (DGMO/GMO-50/P80/glycerol) in bulk, and the
hydration came from excess aqueous solvent (liquid). These
differences may explain why we did not see any hydration
effect, even at glycerol concentrations larger than the ones
studied by Richardson et al. (28).

Another important aspect here is that we do see a change
in lattice parameter as function of glycerol content, indi-
cating that glycerol is strongly interacting with the bilayer
or embedded into it. This emphasizes the differences be-
tween the lipid system studied here and the one investigated
by Richardson et al. (28), in which they did not see a signif-
icant change at concentrations up to 40 wt % glycerol. How-
ever, the hydration effect observed by Richardson et al.
could explain why there is a decrease in negative curvature
when increasing temperature at large glycerol concentra-
tions. Nevertheless, as a general trend, the lattice parameter
decreased with increment of temperature as expected.

Phase behavior changes induced by Thermolase and glyc-
erol were also observed at the DGMO/GMO-50 ratio of 55/
45 and 55–70 wt % aqueous content, but at these composi-
tions, mostly lamellar (La) phases are formed (16). Fig. S5 a
shows that L3 phases are formed at medium and highest
Thermolase concentration, whereas L3 coexists with La at
the lowest concentration. In the case of glycerol bulk phases
(Fig. S5 b), La and L3 mixtures are most predominant,
except at the highest glycerol content at which L3 phases
are formed. This confirms that both protein and glycerol
have an impact on the LLC structure and promote the forma-
tion of more curved structures.

In the samples subject for further studies, glycerol was
removed from the formulation to be able to reveal the effect
of the enzyme alone on the lipid phase behavior. Further-
more, we also expected that the less swollen structures in
presence of glycerol would make more difficult the inclu-
sion of proteins.

Effect of freeze-dried aspartic protease

Formulations with freeze-dried aspartic protease were
examined to understand better the influence of this enzyme
on the lipid sponge phase structure. This also allowed us to
Biophysical Journal 117, 829–843, September 3, 2019 833
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load the lipid LLCs with higher enzyme concentration, not
possible with the Thermolase formulation. Here, we focused
only on bulk phases with 40:60 DGMO/GMO-50 ratio (al-
ways in the presence of P80) and 60 wt % of aqueous
solution, i.e., with dialyzed and freeze-dried aspartic prote-
ase dissolved in water.

Fig. 2 a showsSAXScurves of these bulk phases as function
of aspartic protease final concentration. All the samples are in
H2O, except the gray scattering curve at 30 mg/mL that is re-
corded for the corresponding sample in D2O and is almost
identical to curve for similar sample in H2O. At low enzyme
concentrations (0–15 mg/mL), two diffuse broad peaks are
observed, which are characteristic of the L3 phase. The first
peak corresponds to cell-cell dimensions, whereas the second
one is related to bilayer distances or correlation length
(16,25–27). Inverse bicontinuous cubic phase with space
group Pn3m was formed at high aspartic protease concentra-
tions (30–60 mg/mL), as apparent from at least four Bragg re-
flections at spacing ratios of O2, O3, (O4), O6, and O8. In
addition, a peak was observed at q ¼ 1.7 nm�1 for both com-
positions. This peak could be related to the enzyme size, as the
d-spacing (¼ 2p/q) estimated was 3.7 nm, and it was more
visible at the highest protein concentration (60 mg/mL). This
q-position could also be assigned to the Bragg reflection O18
or O16 (30 and 60 mg/mL, respectively) of the Pn3m space
group. However, because the peak position does not change
with the enzymeconcentration like theotherBragg reflections,
we believe it is not related to the LLC structure. Another
composition of the same mixture but with a 50:50 DGMO/
GMO-50 ratiowas also analyzedbySAXSat different aspartic
protease concentrations (Fig. S6). At these compositions,
coexistence of lamellar and sponge phase was observed.
Furthermore, the peak at q ¼ 1.7 nm�1 was also present at
30 and 45 mg/mL of aspartic protease, suggesting that this
peak comes from the protein and not from another LLC phase.

To check that the size of the enzyme could correspond to
the peak observed at q¼ 1.7 nm�1, DLS of free aspartic pro-
tease in solution was performed. The hydrodynamic radius
of aspartic protease was determined to be 3.1 and 3.0 nm
a b
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in 10 mM phosphate buffer and water, respectively
(Fig. S7). Therefore, the peak detected at q ¼ 1.7 nm�1

most likely comes from the enzyme, although the enzyme
seems to be slightly bigger (3.7 nm) when encapsulated.
This might be due to associated lipids or a more extended
protein conformation.

Fig. 2 a shows the scattering peaks shift toward higher
q-values with more aspartic protease on the lipid matrix.
This suggests a decrease in pore dimensions. Using the
SAXS data, it was possible to estimate the water channel
diameter of the sponge and bicontinuous cubic phase with
the Pn3m spacing group (Fig. 2 b). First, the cubic phase
water channel radius (rcub) was estimated, and then the L3

water channel radius (rL3), as described in the Supporting
Materials and Methods.

Fig. 2 b shows the water channel diameter (Dw ¼ 2r) ob-
tained for bulk phases with freeze-dried aspartic protease.
As the enzyme concentration increases, the water pore size
is decreased. This indicates that there is an increase in curva-
ture, and thus, the LLC structures eventually changes from
inverse bicontinuous sponge to cubic phase. As observed in
the case of Thermolase, these results suggest that the aspartic
protease is embedded within the lipid bilayer or attached to it
in such a way that it affects the LLC structure and reduce the
unit cell dimensions. Therefore, it seems that there might
strong enzyme-lipid attraction, most probably governed by
hydrophobic interaction. This makes aspartic protease disrupt
the flexibility of the lipid bilayer until it changes the curvature
at high concentrations.

It should be noted that at 15 mg/mL, the sponge phases
sample showed a minute amount of water excess in the
bottom of the vial. This indicated that at this composition,
the LLC phase could not take up more enzyme solution.
When further increasing the protein concentration to
30 mg/mL, a change in structure to a cubic phase was
observed. However, the water channel dimensions remain
quite similar for 15 and 30 mg/mL samples, as shown in
Fig. 2 b. This could support the fact that aspartic protease
is penetrating into the lipid bilayer and stiffening it.
FIGURE 2 (a) Scattering pattern of bulk phases

with included freeze-dried aspartic protease as

a function of the final enzyme concentration

(0–60 mg/mL). All samples were prepared with

DGMO/GMO-50 ratio of 40:60, 70:30 lipid/P80,

and 60 wt % of aqueous phase. The scattering

pattern of the sample containing 30 mg/mL of as-

partic protease in D2O instead of H2O is depicted

as a gray line. (b) Water pores diameter (Dw) of

sponge phase (circles) and Pn3m bicontinuous

cubic phase (squares) as a function of aspartic pro-

tease final concentration are shown. All samples

were prepared with DGMO/GMO-50 ratio of

40:60, 70:30 lipid/P80, and 60 wt % of aqueous

phase.



Aspartic Protease in Nonlamellar LLC
Comparing these results with the ones obtained with
Thermolase (formulation with glycerol) shows that using as-
partic protease alone, it is more favorable as relatively
swollen L3 phases are formed, which could include up to
15 mg/mL of enzyme. A phase transition was also observed
when horse heart cytochrome c was entrapped into phytan-
triol LLC phase (6). The authors reported that the
protein perturbed the inverse bicontinuous cubic structures
(Q224 and Q230) transforming into a cubic phase with
Im3m space group (Q229). In addition, they observed a
decrease in unit cell dimensions with increasing protein con-
centration, as in this study. This behavior was also observed
in other lipid systems (9,29), although the opposite effect
has also been reported (8,29,30). Therefore, the phase
behavior is highly dependent on the lipid system investi-
gated but also the protein entrapped within it.
FIGURE 3 FT-Raman spectra of lipid liquid crystal (LLC)-protein

composition in H2O (A) and D2O (B). The spectrum of aspartic protease

(60 mg/mL) incorporated in the LLC phase (a), and the lipid matrix refer-

ence spectrum without enzyme (b) was used to construct a difference

spectra (c). The difference spectra were calculated by taking into account

the intensity of the 1654 cm�1 peak. The excitation wavelength was

1064 nm, and 24,000 scans were summed to construct the spectra.
Aspartic protease-lipid molecular interactions

Raman spectroscopy was employed to gain further insight
into the lipid-protein interactions. For this purpose, the
bulk LLC phase discussed above was prepared from Asp so-
lution with a concentration of 100 mg/mL to give a final
sample concentration of 60 mg/mL. The Raman spectra
were analyzed and compared to the ones obtained for free
Asp at 100 mg/mL. It is noteworthy that these high amounts
of enzyme were necessary to be able to detect aspartic
protease, and thus, the LLC phase with the highest aspartic
protease concentration was chosen for these experiments.
In addition, the Raman spectra of the bulk phase with
100 mg/mL Asp were also compared to the lipid LLC
with 60 wt % water without the enzyme. As mentioned pre-
viously, at this lipidþ P80/water composition, L3 phases are
formed, but when 100 mg/mL of Asp is included in the
aqueous solution, a phase transition to an inverse bicontinu-
ous cubic phase (Q2) occurs. This aspect should be kept in
mind during the analyses and interpretation of these data.
However, as we showed in a previous study (31), very minor
differences were observed between L3 and Q2 phase with the
Ia3d spacing group. These differences are not noticeable in
the difference spectra in Fig. 3, and thus, the structure of the
carrier is not affected.
Effect on aspartic protease structure and
interactions of the LLC environment

Aspartic protease consists of 330 amino acids, which
include 20 phenylalanine (Phe), 13 tyrosine (Tyr), 5 trypto-
phan (Trp), and 1 histidine (His) residues. The protein sec-
ondary structure is reported to be formed by 10% helical and
45% b-sheets (32,33).

Fig. 3 compares the Raman spectra of the LLC phase with
and without aspartic protease in H2O and D2O. Table 1
shows the assignments of protein vibrational bands, which
were based on the literature and our previous Raman studies
on biomolecules (6,7,34–46). The intensities of protein-
related Raman bands were low, and therefore, the difference
spectrum (multiplied by 5) is shown to highlight the differ-
ences. The presence of Phe residues can be clearly recog-
nized from the high-frequency ¼C-H stretching band of
aromatic residues near 3060 cm�1 and the ring breathing
vibrational mode at 1003 cm�1. This suggests that aspartic
protease is found within the lipid matrix studied here. How-
ever, further analysis should be performed to confirm this.
For this purpose, the spectra obtained from preparations
with heavy water were further investigated because they
do not suffer from laser beam absorption by the second over-
tone present in H2O preparations. Such absorption may
result in heating of the sample and decrease in the signal/
noise ratio.

FT-Raman spectra of aspartic protease in D2O solution
and included in the LLC phase are presented in Fig. 4.
The neat lipid phase spectrum was subtracted from the
spectra of the enzyme in the LLC to emphasize the enzyme
spectra and be able to more easily compare it to the free
enzyme. Fig. 4 a depicts the difference spectrum, which
shows a broad dip near 1200 cm�1 due to deformation
d(DOD) vibration of D2O molecules. The characteristic
bands of aromatic amino acid residues were found for Phe
(621, 1003, 1031, 1585 1606, and 3060 cm�1), Tyr (642,
828, 848, 1208, 1263, and 1615 cm�1), and Trp (757, 873,
Biophysical Journal 117, 829–843, September 3, 2019 835



TABLE 1 Positions and Tentative Assignments of the Raman

Vibrational Modes of Free Aspartic Protease and the Same

Protein Incorporated in Liquid Crystalline Lipid Matrix in H2O

and D2O

H2O D2O

AssignmentProtein in LLC Protein Protein in LLC Protein

621 621 621 621 Phe F6b

643 642 642 642 Tyr

760 758 757 Trp W18

827 827 828 828 Tyr Y1 FR

851 852 848 850 Tyr Y1 FR

876 875 874 873 Trp W17

935 936 n(N-Ca-C)

1003 1004 1003 1003 Phe F12

1032 1032 1032 1031 Phe F18a

1057 1057 1058 n(C�C)

1082 1080 1083 n(C�C)

1119 1126 1126 n(C�C), n(C�N)

1150 1158 n(C�C), n(C�N)

1206 1207 1208 Phe F7a, Tyr

1271 1269 1263 1263 Tyr

1302 1296

1342 1339 1341 1337 Trp FR W7

1359 1366 1359 Trp FR W7

1401

1459 1459 1453 1461 d(CH2,CH3)

1554 1553 1553 1555 Trp W3

1583 1586 1587 1585 Phe F8b

1605 1604 1606 1606 Phe F8a

1616 1615 1615 Tyr Y8a

1668 1667 1669 1665 amide-I

2892 2887 2871 2887 n(CH2)

2910 2901

2944 2939 2939 2938 nas(CH3)

2983 2971 2979 2978 nas(CH3)

3059 3062 3060 3061 n(¼C�H) aromatic

d, deformation; n, stretching; FR, Fermi resonance.

FIGURE 4 Comparison of FT-Raman spectra of (a) aspartic protease

incorporated into the LLC phase, in which the lipid phase spectrum was

subtracted, and (b) isolated protein in D2O. The excitation wavelength

was 1064 nm, and 24,000 scans were co-added.
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1337, 1359, and 1555 cm�1) in heavy water. In addition,
deformation motion of methyl d(CH3) and methylene
d(CH2) groups were observed at 1453�1461 cm�1, and
the band near 936 cm�1 was assigned to the backbone N-
Ca-C stretch of a-helix structure. The vibrational mode of
the amide-I band appears near 1669 cm�1 and will be
analyzed later in more detail. All of these features indicate
that aspartic protease is found within the lipid Q2 structure.
Further details on the Raman band assignments can be
found in Table 1.

Several features in the Raman spectra prove the presence
of the aspartic protease within the investigated lipid system.
The corresponding intensity ratio I1720/I1740 drops from 1.90
to 1.05, indicating a reduced number of carbonyls partici-
pating in hydrogen bonding with heavy water. The amide-
I spectral band exhibits a minute increase in weakly
hydrogen-bonded secondary structure elements when the
protein is entrapped. In addition, the spectral marker W3
of the Trp indole ring rotation is found to shift by
1.7 cm�1 to lower wavenumbers (Fig. 5). In conclusion,
the lipid-protein interaction induces small spectral changes
836 Biophysical Journal 117, 829–843, September 3, 2019
with introduction of aspartic protease into the quaternary
DGMO/GMO-50/P80/D2O system, which reflects only
slight structural rearrangements at a molecular level in
both main constituents. Even so, these minor alterations
cause rather drastic changes in the self-assembly of the
lipids, as demonstrated by SAXS. Specific Raman marker
bands were used to provide structural information on partic-
ular sites of the protein (39,41,42). Aspartic protease con-
tains 13 Tyr residues at the following positions: 17, 59,
89, 100, 173, 179, 189, 195, 212, 236, 245, 261, and 287.
Raman spectroscopy is able to provide important informa-
tion on the hydrogen-bonding interaction of the phenolic
OH group present in the Tyr residue (36,38,41). The Tyr
side chain exhibits an intense doublet at 830/850 cm�1,
associated with the Fermi resonance between the ring
breathing mode Y1 and overtone of an out-of-plane defor-
mation vibration (Y16a) (36). The intensity ratio of the
Tyr Fermi doublet I850/I830 (Fig. S8 a) is an indicator for
the hydrogen bond state of the tyrosine phenoxyl groups
(36,39). The ratio is found to be at 1.30 for protein in heavy
water, and it drastically decreases down to 0.74 upon the
protein insertion into the LLC phase. The decrease of the
I850/I830 ratio indicates elevated proton donor strength of
tyrosine residues upon encapsulation into the LLC matrix.

The most interesting spectral region is related to the
secondary-structure-sensitive amide-I vibrational mode.
This band primarily corresponds to C¼O stretching vibra-
tion (83%), with some contribution from out-of-phase C-N
stretching, C-C-N deformation, and N-H in-plane bending
vibrations (37). One can see that the position of the main
peak of amide-I mode coincides for both the spectra



FIGURE 5 Comparison of FT-Raman spectra of (a) LLC-incorporated

aspartic protease (lipid phase is subtracted) and (b) isolated protein in

D2O. The difference spectrum is also included (c). The wavenumber axis

is limited (1500–1750 cm�1). Spectral intensity was normalized according

to the Phe ring vibration at 1003 cm�1. The excitation wavelength was

1064 nm, and 24,000 scans were co-added. The bands are decomposed

into fundamental Gaussian-Lorentzian shape constituents.

FIGURE 6 FT-Raman data of (a) LLC, (b) LLC with incorporated pro-

tein aspartic protease, and (c) isolated protein in D2O. Spectra are limited

to carbonyl stretching y(C¼O) region. The bands are decomposed into

Gaussian-Lorentzian shape constituents.
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(Fig. 5). However, the difference spectrum shows slight
increase in intensity of high-frequency component near
1680 cm�1 for protein incorporated into the Q2 phase.
This can be explained as a slight increase in
weakly hydrogen-bonded disordered parts of the second-
ary structure (39,41). However, in general, Raman spectra
show that the secondary structure of protein in the Q2

phase remains very similar to that observed in solution
phase.

The band near 1553�1555 cm�1 is related with W3 mode
of Trp residues. The aspartic protease contains five Trp res-
idues. TheW3mode is associated mainly with the stretching
vibration of the C2¼C3 bond of the aromatic ring (Fig. S8
b) and provides information on the changes of torsional
angle about the C2¼C3-Cb-Ca moiety (42). Its frequency
is sensitive to the torsion angle c (7,41), in accordance
with the following relation (42):

nðW3Þ ¼ 1542þ 6:7
�
cos3

��c2;1
�� þ 1

�1:2
: (3)
The entrapment of protein into the Q2 phase results in red
shift of W3 mode by 1.7 cm�1, indicating conformational
changes of aromatic Trp rings in the LLC phase, as high
as an average rotation of �5�. This might be an effect of
the more apolar environment in the lipid matrix.
Effect on the LLC structure by the presence of
aspartic protease

The difference spectra of the protein within the lipid Q2

phase in Fig. 4 a also shows some lipid features. Encapsula-
tion of protein in LLC causes the intensity drop of methy-
lene stretching motion of lipid molecules, visible as a
sharp dip at 2849 cm�1. The frequency of this feature corre-
sponds to vibration of highly ordered alkyl chain segments
(47), which is related to the highly organized lipid inverse
bicontinuous structure in which aspartic protease is entrap-
ped. However, the reduction in intensity indicates the pres-
ence of less ordered hydrocarbon chains, probably due to
aspartic protease being embedded into or interacting
strongly with the lipid bilayer and disrupting these organiza-
tion at a molecular level.

The protein-induced changes in the structure of lipid
matrix was further probed by analyzing the C¼O stretching
vibration region (Fig. 6). To eliminate the influence of wa-
ter-bending mode d(HOH) near 1640 cm�1, the Raman
spectra were recorded in D2O solvent. The broad C¼O
stretching band of lipid matrix was fitted by mixed
Gaussian-Lorentzian form components. The position of
carbonyl stretching vibration is prone to shift to lower
Biophysical Journal 117, 829–843, September 3, 2019 837
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wavenumbers when a hydrogen bond is formed (43). As one
can see from the Gaussian-Lorentzian y(C¼O) band fit of
the lipid matrix alone (Fig. 6 a), the lower energy species
are predominant, and the intensity ratio I1720/I1740 is equal
to 1.90. Incorporation of protein perturbs the lipid matrix,
which reduces the number of water-bound carbonyls and de-
creases the ratio to 1.05. In a previous study, similar
lowering of the ratio from 2.4 to 2.0 and to 1.0 was observed
for transition between sponge (60 wt % D2O) to inverse
bicontinuous cubic phases with spacing group Ia3d (40 wt
% D2O), and to lamellar (10 wt % D2O) phases of the
same lipid composition LLC (31). Similar spectral changes
were observed in H2O solvent (Fig. S9). Thus, loading of
LLCs with protein affects the packing of lipid molecules,
leading to rearrangements on the supramolecular scale.
This agrees quite well with the SAXS data, as at this compo-
sition, the addition of aspartic protease induces phase tran-
sition from sponge to cubic phase. It is worth noting that
protein is featureless in 1700�1770 cm�1 region (Fig. 6
c), and thus, it does not impair the spectral component anal-
ysis of LLC matrix. Unfortunately, other spectral regions
contain contributions from both the lipid matrix and protein
molecules, and hence, further analysis of LLC response to
addition of protein is limited.

Spectroscopic data suggest only small structural changes
for both lipids and protein when the aspartic protease is
introduced in the LLC. Firstly, for the lipid ensemble, the
aliphatic chain methylene symmetric stretching motion
ns(CH2) associated with clusters of well-ordered chains is
reduced in intensity. This indicates that the protein is intro-
duced or attached somehow into the lipid bilayer in such a
way that, to a certain degree, it disrupts the acyl chain orga-
nization at the molecular level. In addition, changes in the
band shape near 1735 cm�1 suggest reordering of solvent
molecules next to the carbonyl groups. This implies that
the protein hampers direct contact between C¼O and
D2O. Both increase of acyl chain disorder and dehydration
in the headgroup region in the presence of aspartic protease
is expected to increase the curvature of the LLC structure
and thus explains the observed phase transition from L3 to
Q2 phase.
FIGURE 7 Activity of free Asp (black squares), Asp entrapped in L3

bulk phase (dark gray solid circles), and in L3-NPs (light gray triangles)

as a function of time. Note that day 0 is 1 week after the free enzyme solu-

tion and bulk phase samples were prepared because bulk phases require

some equilibration time. L3 NPs were prepared from a bulk phase a day

before the first measurement. All samples were stored at room temperature.
Influence of the lipid matrix in aspartic protease
activity

The milk clotting activity test was performed to measure the
activity of the entrapped Asp compared to the free enzyme,
i.e., to assess the retention of the enzyme function by the
encapsulation. For this purpose, four different types of sam-
ples were analyzed: free Asp solution kept at 4�C and at
room temperature and encapsulated Asp in bulk phase and
in lipid nanoparticles, both kept at room temperature. The
milk clotting strength of each sample was estimated by
comparing the clotting time to a reference standard, as
described in the experimental section. Then, the activity
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strength of samples kept at room temperature (free enzyme,
entrapped in L3 bulk phase or L3-NPs) was divided by the
activity strength of the free Asp stored at 4�C to evaluate
the activity retention according to Eq. 4:

Activity ð%Þ ¼ Activity sample

Activity free Asp at 4�C
� 100: (4)
Equation 4 assumes that the free enzyme stored at 4�C
maintained 100% of its activity. Here, we note that Asp pre-
served the activity during storage at 4�C to the same extent
as the Thermolase formulation (data not shown). Fig. 7 re-
veals that encapsulated Asp is more active than the free
enzyme stored at the same temperature conditions (25�C)
after 1 week of equilibration time. Although the free
aspartic protease is losing the activity over time (before
equilibration, it was 100%), L3 bulk phases protect the
enzyme from degradation as observed by the nearly constant
activity value. It is worth mentioning that the bulk phases
are dispersed in the buffer to the desired enzyme concentra-
tion and this sample is then used for the activity test carried.

In the case of aspartic protease included in L3-NPs, there
is an initial drop of activity, which then is maintained and
also presents a higher value than the free enzyme. There-
fore, these data indicate that the lipid vehicle preserves
the enzyme catalytic function because the free enzyme
kept at the same temperature showed lower activity. These
data support the conclusion from Raman spectroscopy that
the protein structure is not significantly affected by the
entrapment process, and hence, its active side is intact.



TABLE 2 Size and Size Distribution of 0.5 wt % of L3-NPs with

and without Encapsulated Aspartic Protease

Parameter L3-NPs with Asp L3-NPs

Diameter (nm) 154.5 5 0.5 168.5 5 0.5

Polydispersity 0.12 5 0.03 0.15 5 0.02

Aspartic Protease in Nonlamellar LLC
It is noteworthy that aspartic protease is not totally pro-
tected by the lipid matrix, as more than 50% of the activity
strength was lost. This reduction could be mainly attrib-
uted to fact that the substrate (milk casein) is larger than
the pore size of the L3 phases and hence could not enter
into the LLC phase. Milk casein micelles are reported to
be polydisperse spherical particles with an average diam-
eter of 200 nm, although the size might vary from 50 to
600 nm ((48) and reference therein). Because the water
pore diameter of the L3 phase with Asp was �8 nm
(Fig. 2 b), only casein monomers can enter the pores. In
addition, the aspartic protease found on the lipid particle
surface or released into solution would be participating
in clotting the milk. An interesting point here is that the
milk clotting time was highly affected by the dilution of
sample used, which was adjusted to obtain a time closer
to the reference standard (<50 s). This could support the
fact that the milk clotting strength observed is coming
from free aspartic protease or the enzyme found in lipid-
aqueous interfaces. What is clear, however, is that even
if the active enzyme is mostly free, the lipid matrix some-
how protects it. This is probably due to protein-lipid inter-
actions, verified by Raman spectroscopy, that stabilize the
protein structure. As a result, aspartic protease does not
lose its active conformation due to unfolding. These re-
sults are in line with van’t Hag et al. (30) or Sun et al.
(12), who demonstrated that the enzyme activity was re-
tained after encapsulation within lipid inverse bicontinu-
ous cubic phases.

Further investigation should be carried out to confirm that
the loss in activity after encapsulation (compared to the free
enzyme stored at 4�C) is due to the substrate (casein) not be-
ing able to enter the sponge phase pores. One of the possi-
bilities could be to tune the environmental conditions
(temperature, pH, ionic strength) so that the lipid L3 matrix
is fragmented or changed in structure and then release the
aspartic protease when necessary. This would actually be
of great interest because the lipid L3 phase could confer pro-
tection when the formulation is added to milk and then
release the enzyme in later stages of the cheese processing
to form curd.
L3-NPs with encapsulated aspartic protease

DLS and cryo-TEM were employed to analyze the particle
size and confirm the L3 structure of nanoparticles with
entrapped Asp. As can be seen from Table 2, the particle
size and polydispersity are quite similar with and without
the presence of Asp. The main difference in size here might
arise from small variations in composition of DGMO/GMO-
50/P80. To confirm that the sponge structure was still ob-
tained when Asp was encapsulated in agreement with the
bulk phase, a representative cryo-TEM image is shown in
Fig. S10. Nanoparticles with a well-formed inner sponge
phase structure were detected with coexistence of some par-
ticle where the structure was less developed. Small-angle
neutron scattering confirmed that the main structure was
the sponge phase, as the two broad peaks of this phase
were clearly observed (data not shown).
Free versus entrapped aspartic protease

SEC coupled to an ultraviolet detector was employed to
separate the free aspartic protease from the encapsulated
one but also to evaluate interactions between the lipid and
proteins. In addition, the freeze-dried aspartic protease
was compared to the Thermolase formulation to confirm
that the protein structure was not considerably affected by
the dialysis and freeze-drying process.

Fig. S11 shows the comparison between Thermolase and
dialyzed þ freeze-dried aspartic protease. The main peak,
which corresponds to the aspartic protease monomer, is
shifted from 18.62 mL for Thermolase to 18.38 mL for
Asp at the same protein concentration. This indicates that
Asp presents a larger size or slight aggregation, which could
be caused by the sample preparation process or differences
in terms of the buffer conditions that affects the interaction
in the size-exclusion column material. What is important
here is that the enzyme is still active, and it is not signifi-
cantly affected by the sample preparation process.

A mixture of unloaded L3-NPs and free Asp was also
investigated by SEC to check for possible protein-lipid in-
teractions that would affect the results of entrapped Asp.
Additionally, this sample was compared to the SEC results
obtained for each component separately to find the elution
volume at which the L3-NPs and Asp appear (Fig. 8). L3-
NPs were eluted just after the void volume (�7.2 mL),
and the peak maximum was at 8.18 mL. In contrast,
0.75 mg/mL of Asp was eluted at 18.41 mL, which is quite
close to the value reported for 1.5 mg/mL. This indicates
that the NPs and the aspartic protease can be well separated
by SEC using this column.

The AUC as well as the position of the peaks and their
shape were here considered to compare these three data
sets. Fig. 8 shows that when the L3-NPs and free aspartic
protease are mixed, the peaks are shifted toward lower vol-
umes, which indicates that both the nanoparticles and the
free Asp are eluted earlier than if they were alone, hence
suggesting a slightly larger size. This is also shown in
Table 3, in which the peak position and AUC values
obtained for the three different samples are indicated.

Another feature that can be noticed from Fig. 8 is the
change in shape of both peaks, especially for the free
Biophysical Journal 117, 829–843, September 3, 2019 839



FIGURE 8 SEC results illustrated as absorbance at 280 nm as a function

of elution volume of 20 mg/mL unloaded lipid nanoparticles (NPs) (black),

0.75 mg/mL aspartic protease (light gray), and a mixture of both previous

samples (dark gray) in which the concentration of lipid NPs and enzyme

was the same as the separated components. Embedded graph shows a

magnification of the 16–24 mL region.
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enzyme. The main peak of aspartic protease is lower and
wider than the free enzyme alone, although the AUC is quite
similar. This could suggest that some free lipids interact
with aspartic protease and might even attach to the enzyme
forming larger objects. In contrast, the L3-NP peak is better
defined because the peak is narrower and has a shorter tail.
The peak corresponding to the NPs also appears at a slightly
lower volume, suggesting that they are slightly larger. This
might be an effect of aspartic protease being attached to the
L3-NP surface. This is supported by Raman spectroscopy
that revealed the presence of lipid-aspartic protease
interactions.

Once the peak position of each separate component was
defined, we proceeded to analyze the encapsulated Asp
(i.e., 1.5 mg/mL of aspartic protease included in lipid
sponge phase NPs). The same sample was analyzed during
TABLE 3 Peak Position, i.e. Elution Volume, and AUC

Obtained for the Lipid NPs and Free Asp Peaks as a Result of

SEC Unloaded Lipid Nanoparticles, 0.75 mg/ml Aspartic

Protease, and a Mixture of the Two

Sample

L3-NPs Aspartic Protease

Peak

Maximum

(mL)

AUC

(mAU $ mL)

Peak

Maximum

(mL)

AUC

(mAU $ mL)

0.75 mg/mL

free Asp

– – 18.41 9.15

20 mg/mL unloaded

L3-NPs

8.18 300.05 – –

Mixture of free Asp

and unloaded L3-NPs

7.94 265.73 18.16 10.80
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three consecutive days to trace changes over time (e.g., to
observe if the protein is released from the L3-NPs). In addi-
tion, a 5-month-old sample was analyzed, although it was
from a different batch. Figs. 9 and S12 display the SEC re-
sults for this sample compared to the unloaded L3-NPs
and free Asp at the same lipid or protein composition
(1.5 mg/mL).

Encapsulated Asp samples present a larger absorbance
value compared to the L3-NPs alone. These higher absor-
bance values are probably due to the scattering of the NPs
but also from the aspartic protease absorbance
because the sample with only lipid NPs has much
lower values. Table 4 also summarizes these results in
terms of AUC, where the AUCEnc.Asp > AUCL3-NPs. How-
ever, it is quite difficult to assess how much Asp is entrap-
ped within the lipid NPs just by looking at this peak,
especially because there are some differences between
the three experiments of encapsulated Asp probably
because of the polydispersity of these NPs, as shown
from the DLS data.

The Asp peak was then analyzed to determine how much
enzyme is entrapped. The inserted graph in Fig. 9 shows that
the free aspartic protease was much lower in the encapsu-
lated Asp samples compared to the completely free enzyme.
By subtracting the lipid nanoparticle background, it was
possible to estimate the AUC of the peak (as described in
the experimental section). The AUC for the completely
free enzyme was 17.88 mAU$mL, whereas the averaged
AUC for the encapsulated Asp was 3.43 mAU$mL. Because
the aspartic protease concentration was the same for all the
FIGURE 9 Size-exclusion chromatography (SEC) results of 40 mg/mL

of L3-NPs without enzyme (black) and encapsulated Asp analyzed in three

consecutive days (dark gray, dashed dark gray, and light gray). An

embedded plot includes a magnification of the 16–24 mL region of the

same samples after subtraction of the unloaded L3-NPs curve and also of

the free Asp at the same concentration (1.5 mg/mL), shown as a dashed

black line. Encapsulated enzyme samples contain the same lipid amount

as the control sample.



TABLE 4 Peak Position, i.e. Elution Volume, and AUC

Obtained for the Lipid NPs and Free Asp Peaks as a Result of

SEC for L3-NPs Without Enzyme and Encapsulated Asp

Analysed During Three Consecutive Days

Sample

L3-NPs Aspartic Protease

Peak

Maximum

(mL)

AUC

(mAU $ mL)

Peak

Maximum

(mL)

AUC

(mAU $ mL)

1.5 mg/mL free Asp – – 18.38 17.88

40 mg/mL unloaded

L3-NPs

8.03 603.63 – –

Encapsulated

Asp - day 1

8.09 808.39 18.35 3.14

Encapsulated

Asp - day 2

8.03 1063.06 18.21 3.95

Encapsulated

Asp - day 3

7.90 989.70 18.40 3.21

Encapsulated

Asp - 5

months old

7.74 827.86 – –

Aspartic Protease in Nonlamellar LLC
samples, it is possible to estimate how much enzyme is
encapsulated by the equation:

Encapsulation efficiency ð%Þ

¼
��

AUCFree Asp � AUCEnc: Asp

�
AUCFree Asp

� 100

�
¼ 81 % ;

(5)

where AUCEnc. Asp and AUCFree Asp are the AUC of the free
aspartic protease peak in the encapsulated aspartic protease

sample and in the completely free aspartic protease, respec-
tively. These findings indicate that 815 3% of aspartic pro-
tease is entrapped or strongly bound to the surface of
L3-NPs. This therefore agrees with the increase in absor-
bance for the NP’s peak and confirms that aspartic protease
is included in the lipid NPs.

Similar results were obtained for a sample with encapsu-
lated Asp that was stored for 5 months (Fig. S12). In this
case, however, the aspartic protease peak was not visible,
suggesting that 100% of the added enzyme is entrapped
within this lipid matrix. This suggests that there are signif-
icant protein-lipid attractive interactions as previously dis-
cussed. As a result, Asp diffuses into the L3 structure of
the NPs because it is a bicontinuous system connected to
the bulk solvent in a similar way as for bicontinuous cubic
phases (49–51). However, in this case, the enzyme is
strongly attached to the lipid bilayer, probably because
of hydrophobic interactions. This could explain why an
increase in Asp concentration causes a change in lipid struc-
ture curvature as observed by SAXS.
CONCLUSIONS

In this work, we have shown that lipid sponge bulk phases
and NPs have large potential as immobilization matrices
for proteins. For this purpose, we have investigated the
entrapment of aspartic protease (34 kDa), an enzyme
commonly used during the cheese-ripening process, to
improve its stability and encapsulation efficiency. The
results indicate that the enzyme is embedded into the lipid
matrix because it causes structural changes at high concen-
trations and interacts with the lipid as demonstrated by
SAXS and Raman spectroscopy.

Here, we have also shown that the encapsulation process
does not affect the aspartic protease structure. This was
demonstrated by Raman spectroscopy, in which only minor
structural changes were observed at a molecular level. In
addition, both L3 bulk phases and L3-NPs with included
enzyme presented higher activity than the free enzyme
stored at the same temperature. Finally, SEC revealed that
81% of aspartic protease was entrapped within the
L3-NPs, which makes this lipid system promising as a
carrier for large biomolecules like proteins.
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