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Abstract In the present work, a Box—Behnken 3* design
was applied to study inclusion complexes consisting of a
saturated triglyceride with twelve carbons in each of the
three side chains (TLG—trilaurylglyceride) and a-cyclo-
dextrin (a-CD) in different TLG:a-CD stoichiometries: 1:1
(TLG@1.2-CD), 1:2 (TLG@2.¢-CD) and 1:3 (TLG@3.
o-CD). Four intrinsic variables commonly used to set up
the heating protocol in the classical molecular-dynamics
(MD) simulation were monitored: the heating ramp (W),
the equilibrium time (E), the time step (S) and the dielectric
constant of the medium (C). Based on the obtained
responses, the most appropriate heating protocol and gen-
eral aspects concerning the MD simulation of the host—
guest supramolecular systems are discussed.
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Introduction

Studies addressing inclusion compounds involving cyclo-
dextrin (CD) are quite extensive. Since the fifties, when
Freudenberg, Cramer and Plieninger [1] obtained a patent
on such molecules, reports on the ability of CDs to form
inclusion compounds with several targets have been
described [2-8]. This property comes from the singular
truncated cone-shape structure of the CD (Fig. 1a), which
favors interactions with guest molecules, yielding host—
guest inclusion complexes. In general, the guest molecules
present hydrophobic characteristics that allow interaction
with the hydrophobic cavity of CD and confer a certain
stability to the inclusion compounds [2, 3, 9]. The impor-
tance of this process resides in the solubility of hydro-
phobic molecules that are insoluble in polar solvents and
become soluble when included in the CD cavity due to the
hydrophilic character of the external wall of the CD [10]
(see Fig. 1a).

A class of molecules that presents hydrophobic proper-
ties and a strong appeal in the search of renewable energy
sources is triglycerides (TGs) [11-17]. Studies involving
inclusion complex of these molecules with cyclodextrins
are scarce in the literature [11] and do not account for any
potential applications of these systems in the development
of biofuel-production technology. TGs have a structure
based on glycerol, in which the hydrogen atoms of the
alcoholic hydroxyls are substituted by carboxylate radicals
(R) derived from fatty acids [12, 18] (Fig. 1b). The main
sources of TG are animal fats and vegetable oils, the latter
being the basis for the world production of biofuels.

Classical molecular-dynamics (MD) simulations are an
important computational tool with several applications in
the study of the host—guest-type compounds involving CD
[19]. An important step towards the application of this
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methodology is optimization of the heating protocol, which
is an artificial procedure required to warm the system to the
simulation temperature (T = 298.15 K in the present work).
This temperature can play a primary role in the stability of
the equilibrium structures, mainly when non-covalently
bound complexes are considered. Therefore, the study of
the parameters defining the heating protocol is necessary to
optimize the MD simulation and to provide reliable phys-
ical parameters at the end of the MD production phase.
Four variables should be analyzed in the heating protocol:
the heating ramp (W), the equilibrium time (E), the time
step (S) and the dielectric constant of the medium (C) (see
Fig. 2). The variables W and E, illustrated in Fig. 2,
account for the heating intervals to which the system is
submitted in the MD simulation and the time at which the
system is left at a given temperature along the heating
process, respectively. The former also comprises the time
in which the temperature increases between two consecu-
tive levels. The S variable is a mathematical parameter
employed for the numeric integration of the equation of
motion. The C variable allows the study of the behavior of
a particular complex in distinct environments within the
continuum-model formalism.

10ps
x4 Rk
W=+1 50 ps
E=-1
25ps
E=0 W=0
E=+1
W=-1 -

time/ps

Fig. 2 Representative plot showing the distinct levels for the W and
E variables employed in the Box—Behnken design
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In the present work, we report on studies of MD simu-
lation for 25 different heating protocols carefully planned
using the Box—Behnken design [20]. Within our approach,
three systems have been chosen, comprising the inclusion
complexes formed by trilaurylglyceride (TLG, 12:0) and 1,
2 or 3 a-cyclodextrins, as depicted in Fig. 3. In addition,
the most appropriate simulation protocol and some general
aspects concerning theoretical MD investigations of host—
guest supramolecular systems are discussed.

Theoretical methodology

The MD runs were carried out employing the AMBER*
[21, 22] force field as implemented in the MacroModel®
package [23]. The cutoff radii for van der Waals and
coulombic electrostatic interactions were 8 and 20 10\,
respectively. All C-H and O-H bond lengths were fixed
using the SHAKE algorithm [24]. The solvent effect was
accounted for within the generalized Born (GB/SA) for-
malism [25], which is a dielectric-continuum approach.
The molecular models were built considering the inclusion
process through the tail side of the o-CD cavity (narrower
rim), with the initial distance between the primary hydro-
xyl groups of «-CD and the carbonyl groups of the TG
being approximately 7.5-8.0 A. The heating protocols were
defined according to the values of the four basic variables
shown in Table 1. The multivariate study was carried out
with the aid of the Box—Behnken design for four variables
and three levels, i.e., 3%, labeled as high (41), medium (0)
and low (—1). The choice of the values for these variables
was based on MD-simulation studies for CD associations
[26] and its inclusion compounds [27]. The length of the
production phase for all performed simulations, namely 25
assays, was 5,000 ps at a constant temperature of
298.15 K. The response monitored is referred to as the time
factor (TF%) and is defined as the ratio of the time in
which one CD unit leaves the TLG chain, the desinclusion
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Fig. 3 Initial structures of the
inclusion compounds studied:
al:l1 TLG@1.0-CD, b 1:2
TLG@2.0-CD and ¢ 1:3
TLG@3.0-CD

(a)

instant (Zgesinc), and the total length of the MD simulation
including warming and production phases (¢, via Eq. 1:

TF% = [ 100% (1)
Trotal

The use of the TF% factor, the ratio between specific
intervals, allows the comparison between distinct MD
simulations, bearing in mind that distinct warming
protocols imply in distinct total lengths (#,,1). Therefore,
the desinclusion process is presented in percentile terms to
provide equivalent analyses of all assays. The identification
of the exact instant of desinclusion, called the dethreading
time, was based on the analysis of topological parameters

— —
established by the vectors |u| and |D| given in Fig. 4 and
Eq. 2, where Q is the angle between the oxygen ether atom
Ol, the last carbon of the TG chain and the oxygen ether
atom O2.

Tl =11 -core(5) )

Fundamentally, the desinclusion time is identified by a
sudden increase in the norm of the vector between the
center of the CDs shallow, truncated cone and the last
carbon atom of the corresponding TLG chain. When the Q
angle tends to zero (which corresponds to desinclusion),

the value of W tends to infinity because the cotangent
becomes very large. This feature is also illustrated in Fig. 4
for a specific assay. According to the performed MD
simulations, the desinclusion process occurs when the

value of W is larger than 10 A. The desinclusion is
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Fig. 4 Norm of 7 evaluated along a MD simulation. The instant of
desinclusion is illustrated for assay 3

verified when m is at least twice the value of this limit,
which prevents “artificial desinclusion events” involving
the oscillation of the position of the CD along the TLG
chain.

As previously stated, to define an appropriate protocol
that maximizes TF%, a multivariate statistical analysis
must be performed. In a system involving four significant
independent variables, the mathematical relationship of the
response to these variables can be approximated by a
quadratic (second-degree) polynomial equation. Within our
approach, in which the variables are W, E, S, C and the
estimated response TF%, Eq. 3 can be used, in which f, is

Table 1 Levels of the independent variables applied for the Box—Behnken design

Level Heating ramp Equilibrium Time step (S) in fs Dielectric
(W) in K* time (E) in ps constant (C)

—1 24.4 100 1.0 1

0 36.6 250 1.5 40.5

+1 48.9 400 2.0 80

? The values represent the average of difference along each distinct heating step as: 5/25/50/75/100/125/150/175/200/225/250/275/298.15,
average of difference: 24.4 K (—1), 5/20/35/50/100/150/200/250/298.15, average of difference: 36.6 K (—0.004) and 5/50/100/150/200/250/
298.15, average of difference: 48.9 K (1). The value in parenthesis represents the coded variable
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a constant, 1, f,, f3, and 34 are linear coefficients, f1,,
P13, Pia, Po3, Posa, and f34 are interaction coefficients
between the four factors and f1, 22, f33, and [544 are the
quadratic coefficients.

TF% =Py + p1W + B,E + B5S + B,C
+ B1oWE + B13WS + B, WC + B53ES + B, EC
+ B34SC + By W? + BprE? + B33S” + By, C?
3)

Equation 3 gives information about the effects of the
individual variables and the interactions between them.
The fitting of Eq. 3 was performed through the standard
minimum-squares method and the critical values for the
variables (maximum value of the response) were identified
according to the literature [28, 29].

Results and discussion

The MD simulation performed with different heating pro-
tocols resulted, as expected, in distinct TF% values. For the
complexes TLG@2.¢-CD and TLG@3.¢-CD, more than
one TF% value was calculated for each assay, corre-
sponding to distinct desinclusion events. However, because
our main goal is to find a suitable heating protocol that
maintains the integrity of the whole complex, only the first
TF% deserves attention. Thus, the processes analyzed in
the present study are given below:

TLG@1.¢-CD — TLG + o-CD
TLG@2.¢-CD — TLG@1.¢-CD + o-CD
TLG@3.¢-CD — TLG@2.0-CD + o-CD

All data concerning the tested protocols (coded and real
values) and the responses are described in Table 2. The
values in brackets correspond to assays in which
the original host—guest system has been preserved along
the heating protocol and, therefore, is found as an inclusion
compound in the production period (5,000 ps for all
simulations). According to the data in Table 2, most of
the tested assays do not preserve the original host—guest
structure up to the production phase, which is attested by a
considerably small number of values reported in brackets.
It is noticeable that most of the simulations result in
desinclusion during the warming phase or the very
beginning of the production period (data less than 10% in
brackets have mean dethreading before 500 ps). It is also
worth noting that the complexes constituted by two or three
o-CD molecules are less stable than those with only one
host molecule. The TF% values for the former are lower
than 50% regardless of the heating protocol used. In Fig. 5,
we plotted the TF% against the protocol number as quoted
in Table 2. The relative heating time (heating time/total
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time) is also shown as a black continuous line. We note that
the TF% responses closely follow the length of the heating
phase, which means that the longer and slower the warming
process, the larger the TF%. Nonetheless, there are some
exceptions in Fig. 5 for which the TF% response is much
larger than the relative heating time. These are more
pronounced and frequent for a 1:1 stoichiometry, for
which the assays 5, 6, 9 and 10 showed TF% > 80% and
the assays 18, 19, 22 and 24 presented 50% < TF% < 60%.
These assays should contain information concerning the best
warming protocol.

The first step towards determining the best heating
protocol is the calculation of the intrinsic effects of the four
individual variables and the interactions between them,
namely, the coefficients of Eq. 3. The obtained values of
Bi, Bii and B;; are included in Table 3 and may give insight
into the role of the variables in the final response in the MD
simulations. In addition to the actual coefficients, the nor-
malized values are also presented in parentheses in
Table 3. These values are obtained from the fitting con-
sidering the coded variables, i.e., —1, 0 and +1, and
directly reflect the weight of each independent variable in
the final response. The normalized effects point to synergic
(positive value) or antagonistic (negative value) contribu-
tions to the stability of the inclusion complexes. From these
numbers, we note that the coefficients of the variables W
(heating ramp) and E (equilibrium time) do not change
significantly throughout the series of compounds analyzed,
with the weight of E for TF% being slightly larger (~+20)
than that of W (~—12). The sign analysis is also inter-
esting and means that heating ramps with greater numbers
of short temperature steps (W = —1) and larger equilibrium
intervals (E = 41) improve the stability of the inclusion
system (see Fig. 2). This result is somewhat expected once
the potential energy change becomes subtle over the heating
process. The dielectric constant of the medium (C) also plays
arole to the response, mainly for the TLG@ 1.0-CD complex
(—48.2). Interestingly, we observed that the weight of C
decreases for complexes with two and three host molecules,
as shown in Table 3 and Fig. 6a—c, which represents the E—-
C response surface (the most important variable according to
Table 3). The interaction between the variables (cross-terms
in Table 3) provides new information about the heating-
protocol analysis, i.e., the possible synergistic or antago-
nistic relationship between the analyzed variables. In gen-
eral, the effects are not very significant except for the
variables WS and EC, whose values are larger than 10 for the
TLG@1.x-CD process. In this case, both variables present a
synergic effect for the stability of the complex, i.e., WS and
EC > 0. For the other complexes, the crossed effects are less
than 5 and are thus not discussed here. The effects of the
quadratic variables (Wz, Ez, S?and Cz) are more pronounced
and might be related to the weight of the variables in the rate
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Table 2 Assays performed according to the 3* Box—Behnken design used to optimize the heating protocol of the MD simulation of TLG@n.

o-CD inclusion complexes

Essay Total time (ps) W (K) E (ps) S (fs) C 1st TF% 1:1 1st TF% 1:2 1st TF% 1:3
1 5,660 489 (+1) 100 (—1) 1.5 (0) 36 (—0.114) 15.0 [3.8] 7.9 9.8

2 6,320 24.4 (—1) 100 (—1) 1.5 (0) 36 (—0.114) 18.6 19.3 16.5

3 7,550 48.9 (+1) 400 (+1) 1.5 (0) 36 (—0.114) 28.4 28.2 28.6

4 10,100 244 (—1) 400 (+1) 1.5 (0) 36 (—0.114) 46.3 40.5 42.8

5 7,000 36.6 (4-0.004) 200 (—0.333) 1.0 (—1) 1(-1) 82.4 [75.3] 31.1 [3.5] 25.2

6 7,000 36.6 (4-0.004) 200 (—0.333) 2.0 (+1) 1(-1) 100 [100] 29.7 [1.6] 25.3

7 7,000 36.6 (4-0.004) 200 (—0.333) 1.0 (1) 80 (+1) 37.6 [12.7] 24.8 279

8 7,000 36.6 (4-0.004) 200 (—0.333) 2.0 (+D) 80 (+1) 25.2 25.2 25.1

9 6,500 489 (+1) 200 (—0.333) 1.5 (0) 1 (=1 100 [100] 21.9 21.4

10 8,000 244 (-1 200 (—0.333) 1.5 (0) 1(—1) 100 [100] 31.6 355

11 6,500 489 (+1) 200 (—0.333) 1.5 (0) 80 (+1) 21.1 19.6 19.6

12 8,000 244 (—1) 200 (—0.333) 1.5 (0) 80 (+1) 28.9 333 34.5

13 5,880 36.6 (+0.004) 100 (—1) 1.0 (—1) 36 (—0.114) 30.9 [18.7] 16.8 [2.1] 14.5

14 8,400 36.6 (4-0.004) 400 (+1) 1.0 (—1) 36 (—0.114) 41.7 [2.1] 30.5 333

15 5,880 36.6 (4-0.004) 100 (—1) 2.0 (+D) 36 (—0.114) 28.0 [15.4] 21.1 [7.2] 15.3 [0.3]
16 8,400 36.6 (4+0.004) 400 (+1) 2.0 (+1) 36 (—0.114) 35.8 35.0 31.2

17 6,500 244 (-1 200 (—0.333) 1.0 (—1) 36 (—0.114) 24.3 [1.6] 19.4 24.0 [1.3]
18 8,000 244 (-1 200 (—0.333) 1.0 (—1) 36 (—0.114) 56.2 [29.9] 33.0 32.7

19 6,500 489 (+1) 200 (—0.333) 2.0 (+1) 36 (—0.114) 49.5 [34.3] 17.5 19.2

20 8,000 244 (—-1) 200 (—0.333) 2.0 (+1) 36 (—0.114) 37.6 31.5 34.8

21 5,880 36.6 (4-0.004) 100 (—1) 1.5 (0) 1(-1) 34.9 [23.4] 25.0 [11.8] 12.8

22 8,400 36.6 (4-0.004) 400 (+1) 1.5 (0) 1(-1) 65.0 [41.3] 45.7 [8.8] 36.2

23 5,880 36.6 (4-0.004) 100 (—1) 1.5 (0) 80 (+1) 12.2 16.7 [2.1] 11.7

24 8,400 36.6 (4+0.004) 400 (+1) 1.5 (0) 80 (+1) 49.2 [14.6] 33.9 35.8

25 7,000 36.6 (4+0.004) 200 (—0.333) 1.5 (0) 36 (—0.114) 27.0 35.1 [9.1] 25.8

The data for W, E, S and C factors correspond to the actual values employed in the Box—Behnken formalism. In parentheses the coded values are

shown

The values in brackets correspond to TF% evaluated for the production time only (=5,000 ps for all MD simulations). These values are available
only for the essays in which the complex survives up to the production phase

of change of TF%. Carefully looking at Table 3, we see that
C? and E? are significant for TLG@1.0-CD and E? is sig-
nificant for TLG@2.4-CD and TLG@3.¢-CD. These results
can be visualized in Fig. 6. For the 1:1 complex, the surface
resembles a paraboloid, and for the 1:2 and 1:3 complexes
the dependence of TF% on C variable is small and almost
linear, indicating that the dielectric constant of the medium
plays a primary role in the integrity of the TLG@1.0¢-CD
inclusion complex, whereas the variable E is more important
for the other forms.

A better interpretation of these models can be achieved
after the evaluation of the critical values. The critical
values for the variables are found by solving the system of
equations comprising the following conditions:

OTF% OTF% 0oTF% OTF%
oW 9E oS  oC

0 (4)

The results obtained are the optimized conditions and
can be analyzed in terms of the response hypersurface. In

our approach, the mathematical treatment has been carried
out to determine the values that increase the response,
TF%. The optimized MD-simulation conditions are
reported in Table 4. As expected, the data in Table 4 are
quite distinct for different stoichiometries but maintain the
trend shown in Table 2 and Fig. 5. It is noticeable that,
even when determining the optimal parameters for host—
guest systems comprising more than one o-CD molecule,
the predicted TF% value is lower than 50%. Therefore, for
the TLG@2.¢-CD and TLG@3.4-CD original systems, the
dethreading occurs mostly during the heating phase, as
clearly represented in Fig. 5. This feature, assuming the use
of an appropriate force field, gives rise to a hypothesis to
the fundamental question concerning MD simulations for
host—guest complexes: are the studied systems unstable or
does the desinclusion takes place because of an inadequate
simulation heating protocol? Based on the first-TF% values
(Table 2) and the predicted data included in Table 4 for the
TLG@2.¢-CD and TLG@3.0-CD systems, it can be stated
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Fig. 5 Observed time factor (TF%) for the 25 assays analyzed. The
relative heating time (heating time/total time) is also represented as a
continuous black line

that such complexes are actually not stable within the
approximations of the model.

Another intriguing aspect is related to the dielectric
constant of the medium, which is the parameter that
describes the solvent effect within the dielectric formalism.
According to the data in Table 4, the optimal condition for
TLG@1.¢-CD and TLG@2.0-CD implies a dielectric
constant equal to 1 (vacuum). Experimentally, host—guest
complexes involving hydrophobic guests and CD are stable
in aqueous media, and, therefore, a favorable condition

should correspond to a dielectric constant near 80. In fact,
the actual process is driven by the entropic contribution
associated to the desolvation of the solute upon inclusion,
which increases the solvent disorder around the substrate
and, therefore, the entropy of the whole inclusion process.
This effect, called the hydrophobic effect, cannot be
accounted for by continuum solvation models [3]. None-
theless, this apparent contradiction, which is a result of the
theoretical approach used to include the solvent, does not
invalidate the findings and conclusions drawn from the
present study.

Another important feature for the stability of the com-
plexes is related to the intrinsic structure of the guest. The
saturated triglycerides are quite flexible molecules and tend
to fold in gas phase at room temperature. This behavior is the
same as that observed for poly(ethylene oxide) (PEO),
which presents a folded form over a considerable tempera-
ture range and distinct solvents (C = 5 and C = 80) [25].
When the inclusion of these molecules takes place, the CD
cavity forces the polymeric chain to acquire a partially linear
arrangement, which should increase the potential energy,
destabilizing the inclusion complex. In our recent study on
carotenoids@ -CD inclusion complexes (unpublished
results), a good direct relationship was established between
the unfolding degree (the distance between the extremities)
and the stabilization energy. For the TLG@2.0-CD and
TLG@3.¢-CD complexes studied here, the unfolding effect
is expected to be more pronounced than for the 1:1 complex
(TLG@1.2-CD), which might be related to the smaller
values of TF% found for the formers. Actually, in our

Table 3 Mathematical coefficients obtained through the standard minimum-squares method for the three desinclusion processes investigated

Theoretical TLG@1.2-CD - TLG + o-CD TLG@2.¢-CD — TLG@1.¢-CD + ¢-CD TLG@3.0-CD —» TLG@2.¢-CD + a-CD
coefficients®

Bo 267.629 (28.7) —80.8736 (38.7) 1.488 (30.1)
BUW ~6.2206 (—10.2) 2.6425 (—12.6) —0.6121 (—13.1)
Bo/E 0.4021 (22.2) 0.236 (17.6) 0.2588 (21.3)
Bs/S —174.0633 (—1.36) 56.1389 (1.06) 11.4184 (—1.53)
B4/C —1.6296 (—438.2) 0.1145 (—5.89) 0.0478 (—0.19)
P12/WE —0.002 (—7.49) —7.09E—05 (—0.28) —0.0008 (—2.84)
P13/WS 1.7867 (21.9) —0.0195 (—-0.22) —0.2838 (—3.47)
B1/WC —0.0037 (—3.41) ~0.002 (—1.94) ~0.0007 (—0.68)
Ba3/ES ~0.0208 (—3.14) 0.0081 (1.22) ~0.0082 (—1.23)
P24/EC 0.0012 (14.1) —0.0002 (—2.93) 3.78E—05 (0.45)
P34/SC —0.3726 (—14.7) 0.0179 (0.71) —0.0379 (—1.50)
Br/W? 0.0516 (15.4) —0.0414 (—12.5) 0.0099 (2.87)
BanlE? —0.0005 (—24.3) —0.0004 (—15.9) —0.0003 (—13.4)
B33/S? 42.5457 (21.3) ~19.0392 (—9.52) 0.341 (0.17)
BaafC? 0.0175 (54.6) ~0.001 (—3.16) 0.0003 (0.89)

The values in parenthesis represent the normalized effect of the coded variables

* The corresponding variable is included after slash. See Eq. 3
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Fig. 6 Response surface for the first desinclusion processes of
TLG@n.o-CD (n = 1, 2 and 3). Only the most important variables
(E and C) are considered

approach, both effects have to be considered, i.e., the effect
of the medium (represented by C) and the guest flexibility
(not included in the present model). Therefore, based on the
results obtained and the previous analysis, the subsequent
discussion focus on the system originally possessing one o-
CD (1:1) for which a stable complex is predicted for some
heating protocols.

To understand and discuss the considerable amount of
information obtained concerning the TF% values for the
host—guest systems studied, focusing on the TLG@1.0¢-CD
complex, two new MD simulations were performed. One
simulation comprised the optimized conditions reported in
Table 4, and the other comprised a set of conditions in

which the C parameter corresponds to 80 (water). The
latter condition has been evaluated by a random search for
W, E and S variables performed to identify an acceptable
theoretical response. In this search, the mathematical
coefficients evaluated for the actual values (not coded)
reported in Table 3 were employed. An acceptable
response corresponds to a predicted TF% for which no
desinclusion is expected along the heating phase. There-
fore, the random search was performed to identify the
higher theoretical TF% for which C = 80. The data
obtained from both simulations and those concerning the
assays 5, 6, 9 and 10 are reported in Table 5. As expected,
for both tested conditions (optimized and acceptable), no
desinclusion was identified along the heating protocol, as
indicated by the values in brackets (TF% > 0). The TF%
evaluated for the test with C = 80 is considerably small. In
this simulation, the TLG@1.¢-CD system was detected
after the heating protocol but for a considerably small time
in the production period. These results suggest that vacuum
conditions (C = 1) produce more stable inclusion com-
plexes at the end of the MD simulations, which is also
attested by the analysis of the C value for the assays 5, 6 9
and 10 described in Table 5. In addition, we must realize
that continuum models do not actually represent the solvent
effect.

The Pareto chart of standardized effects (data not
shown) attests that C and E are the most significant vari-
ables for the TLG@1.¢-CD system. As discussed, C = 1
corresponds to the best choice in the present work, and the
best choice for E corresponds to a value close to 200 ps.
The comparison with the assays 5 and 6 indicates that S =
2 fs give rise to a better TF%, which is the same value for
the optimized conditions. This result is interesting because
a greater time step (S) will speed up a MD simulation with
a predefined total length, decreasing the computational cost
of the theoretical investigation. Finally, W being the less
significant variable as attested by the Pareto chart and by
comparison with the 9 and 10 assays, the choice of W =
48.9 K, suggested by the optimized parameters, seems to
be an acceptable condition.

Conclusions

In the present work, a Box—Behnken 3* design was applied
to optimize the main intrinsic variables controlling the
heating phase of the molecular-dynamics (MD) simulation.
The lifetime (TF%) of the inclusion complexes formed by
a-cyclodextrin (o-CD) and trilaurylgliceride (TLG) was
monitored and used as the response in the statistical anal-
ysis. The independent variables included in the model were
the heating ramp (W), equilibrium time (E), time step (S)
and the dielectric constant of the medium (C) in three
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Table 4 Optimized variables of the heating protocol for the MD simulation of the TLG@n.o-CD inclusion complexes

MD variables TLG@1.0-CD — TLG + «-CD?*

TLG@2.0-CD —» TLG@1.4-CD + o-CD"

TLG@3.0-CD —» TLG@2.0-CD + a-CD¢

W (K) 48.9 313
E (ps) 242 348
S (fs) 2 1.5
C 1 1

Predicted TF% >100 44.4

244
394
1
80

44.8

The Fy, values are larger than the reference value of 2.92 at « = 0.05 [30]

* R*=0.904; Freg = 6.56
> R? = 0.956; Freg = 13.2
¢ R? = 0.994; Freg = 337

Table 5 Independent variables and the corresponding responses for the best assays (5, 6, 9 and 10) and optimal conditions for C = 1 and

C =280
Quantities TLG@1.0-CD — TLG + o-CD
Optmized conditions Acceptable conditions Essay 5 Essay 6 Essay 9 Essay 10
W (K) 48.9 244 36.6 36.6 48.9 244
E (ps) 242 400 200 200 200 200
S (fs) 2 1 1.0 2 1.5 1.5
C 1 80 1 1 1 1
Length 6,702 ps 10,100 ps 7,000 ps 7,000 ps 6,500 8,000
TF% 84.3 [79.0] 51.8 [2.6] 82.4 [75.3] 100 [100] 100 [100] 100 [100]

The results are for TLG@1.¢-CD only

The values in brackets correspond to TF% evaluated for the production time only (5,000 ps)

levels coded as —1, 0 and +1. By analyzing the weight of
the variables for the observed responses, we found that the
dielectric constant (C) plays a primary role in the inclusion
complex stability, with its effect being more pronounced
for a 1:1 stoichiometry. In the case of the TLG@1.0-CD
complex, the optimized variables used in the heating pro-
tocol were W =489 K, E =200 ps, S=2fs and C = 1,
which led to TF% > 80%. For the other complexes, namely
TLG@2.¢-CD and TLG@3.4-CD, the lifetime (or time
factor) was lower than 50% even when optimal values for
the variables are used, suggesting that these systems are not
at all stable. The main molecular reason for this instability
may be the flexibility of the guest molecule, which is
normally found in a folded form in the absence of the CD
host. When included, the CD tends to force the guest
structure to be linear and the potential energy then
increases substantially, leading to the dethreading of the
host—guest inclusion compound. It is expected that for less
flexible molecules, such as unsaturated triglycerides, the
inclusion complexes should be slightly more stable, and the
optimal heating protocols established in the present study
will be very useful for MD simulations. Furthermore, the
optimized conditions (with exception of C) can probably be
extended to simulations with an explicit solvent for which

@ Springer

multivariate analysis would be certainly prohibitive due to
the computational costs.
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