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evaluating the influence of formulation variables
on the encapsulation efficacy, drug content and
particle size of PEO-PPO-PEO/Poly (DL-lactide-
co-caprolactone) nanoparticles as carriers for
SN-38
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Abstract

Background and aims. Hydrophobic substances are mainly encapsulated
into polymer nanocarriers in order to improve their solubility, enable their
administration, at the same time to empower targeted tissue or cell specific delivery
of the drug using the encapsulating vehicle as targeting and controlled release
platform. 7-Ethyl-10-hydroxycamptothecin (SN-38) is an active metabolite of
Irinotecan, showing 100-fold to 1000-fold higher effect than Irinotecan, but its
clinical use is limited because of its extreme hydrophobicity, as it is practically
insoluble in most physiologically compatible and pharmaceutically acceptable
solvents.

Method. In order to fully exploit the potential of the nanoprecipitation as a method
for preparation of Poly(DL-lactide-co-caprolactone)- poly(ethylene oxide) -
poly(propylene oxide) - poly(ethylene oxide) (P(DL)LCL/PEO-PPO-PEO)
nanoparticles and evaluate the influence of the polymer P(DL)LCL, stabilizing
agent PEO-PPO-PEO copolymer (Lutrol F127) and the drug concentration
(SN-38) upon drug entrapment efficiency, size and drug content, a D-optimal
experimental design for response surface using Design Expert Version 9.0.4.1.
software investigation was created and statistically analyzed.

Results. We have observed that at higher SN-38 concentration during the
preparation procedure (nanoprecipitation, solvent diffusion method), and due to
its extremely low water solubility, the drug will start to precipitate as unprotected
crystals at a faster pace compared to polymer aggregation, leading to extremely
low encapsulation efficacy and waste of the active compound. The most desirable
combination of factor settings are SN-38 = 0.5 mg, Polymer = 5 mg and F127 =
4%.

Conclusion. This investigation utilizes the design of experiment approach and
extends the primary understanding of impact of formulation development of
P(DL)LCL/PEO-PPO-PEO nanoparticles as carriers for SN-38.

Keywords: research design, nanocarriers, SN-38, P(DL)LCL nanoparticles,
hydrophobic and hydrophilic interactions, Irinotecan
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Introduction

Nanoparticles (NP), thanks to their ability to overcome
multiple biological barriers to provide a therapeutic level of
the drug at the site of action, have shown great potential to
improve existing therapies for certain diseases [1]. Today,
there are a number of examples of nanosystems for targeted
delivery of anticancer drugs into solid tumours that have
been registered for clinical use. Among the first are DOXIL
(today there are generic doxorubicin liposomal injections),
DAUNOXOME [2], whose potential in the treatment of
certain types of cancer has enormously increased interest
in the further development of nanoparticles and opened up
new fields of research and development not only for lipids
vesicular systems but also stimulated the appearance of one
through specialized particles with improved in vitro and
in vivo behavior such as: polymer micelles, dendrimers,
conjugate drug-polymer, polypeptide and polysaccharide
nanoparticles, lipid hybrids and other hybrid nanoparticles,
etc. The first polymeric micellar nanosystems for clinical
use such as Genexol-PM [methoxy-PEG-poly (D,L-lactide)
Taxol] were approved almost 20 years after the approval of
the first liposomal preparations for anticancer therapy [3].

The nanoparticle formulation process often involves
the use of organic solvents, high-speed homogenization,
sonication,  milling, emulsification,  crosslinking,
evaporation of organic solvents, centrifugation, filtration,
and lyophilisation [4]. During early development, at the lab
or small scale, it is useful to consider what approach may
be useful if the product were to be scaled up. Identification
of important process conditions is critical to achieve key
attributes and functions. These conditions may involve
the ratio of polymers, drugs, targeting moieties, the type
of organic solvent, and emulsifier/stabilizer/crosslinker,
the oil-to-water phase ratio, mixing, temperature, pressure,
and the pH [5,6]. Properly designed preparation process
is critical step to ensure that nanocarriers will behave
according to the designated use. Different methods such
as: emulsification/solvent evaporation, nanoprecipitation,
emulsification/solvent diffusion, salting out, dialysis,
polymerization, are used for the preparation of polymeric
nanoparticles and incorporating medicinal substances
therein [7].

An additional issue for the manufacture of
nanoparticles is environmental safety. The handling
of dry materials in the nanometer size scale demands
special caution as airborne nanoparticles distribute as
aerosols. Lung deposition of such nanoparticles can lead to
pulmonary toxicities. During dosing solution preparation,
aerosolization of solutions needs to be avoided to prevent
unintended exposure. Some nanoparticles are capable
of penetrating the skin barrier, making dermal exposure
a potential risk so adequate protection of personnel is
essential [8,9]. In this respect, nanoparticles that are created
entirely within a liquid environment may have significantly
lower environmental impact, presumably no different from
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standard manufacturing of liquid pharmaceutical products.

Identifying the appropriate analytical tests to fully
characterize nanomedicines, whether physical, chemical or
biological, may be one of the more challenging aspects of
nanomedicine development both from a technical as well
as regulatory perspective [10].

While the standard analytical tests such as
quantification of active and inactive ingredients,
impurities, etc. in pharmaceutical products still apply,
various additional techniques are employed specifically
for the characterization of nanoparticle physicochemical
properties. These tests involve a broad range of methods,
including visualization of nanoparticles by microscopy
(atomic force microscopy (AFM), transmission electron
microscopy (TEM), and scanning electron microscopy
(SEM)); measurement of particle size and size distribution
with light scattering (static and dynamic), analytical
ultracentrifugation, capillary electrophoresis, and field
flow fractionation; analysis of surface charge or zeta
potential; and examination of surface chemistry by X-ray
photoelectron spectroscopy or Fourier transform infrared
spectroscopy (FTIR). The crystalline state of drugs
encapsulated in the nanoparticles can be assessed by X-ray
diffraction and differential scanning calorimetry (DSC)
[11].

Efficient homing after systemic delivery of
nanovehicles has been limited by various reasons, but one
of the most important factors is a short blood circulation
time of intravenously (i.v.) administered particles, due
to phagocytosis which is facilitated by the adsorption of
plasma proteins to NP surfaces [12,13].

Modification of the surface of NPs with a hydrophilic
layer is known to reduce opsonisation and enhance blood
circulation time of NP’s by providing “stealth effect”, i.e.,
making the NP invisible to immune cell recognition [14].

Over the past two decades, a number of studies
has been reported to characterize the role of hydrophilic
chain conformation (i.e., brush and mushroom or
train conformation) and its impact on protein corona
conformation [15-17].

Generally, polyethylene glycol (PEG), Poloxamer,
Poloxamine has been used widely in the development of
various i.v. formulations for delivery of various active
pharmaceutical ingredients, including peptides, proteins,
and genes. The coating effect is highly dependent on the
molecular weight (i.e. hydrophilic chain length at the
particle surface), as well as on the hydrophilic polymer
concentration, being the two parameters influencing
the chain density and conformation at the surface of the
particles [18,19].

Regarding the influence of the Mw, for example for
PEG, there is a general consensus that stealth properties can
be achieved by coating with a high density of PEG with Mw
ranging from 2K to 10K [20-24]. A study from C. Fang et
al., for passive targeting of stealth PEG poly(cyanoacrylate-
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co-n-hexadecyl) cyanoacrylate (PHDCA) nanoparticles,
showed that PEG surface modification of nanoparticles
was able to dramatically reduce protein absorption and that
the amount of protein adsorbed was directly dependent on
the molecular mass of the PEG [21]. 100 to 200 nm-sized
pegylated poly-lactic acid (PLA) nanoparticles showed 10-
40% protein absorption, and 10 kDa was found to be the
most efficient size of PEG in preventing protein absorption,
compared to PEG 2 kDa and PEG 5 kDa. Approximately
same results have been obtain in a study of a series of
nanoparticles in sizes 160 — 270 nm prepared from diblock
PEG-PLA copolymer, where the PEG Mw was varied from
2000 to 20 000, and it was found that a maximal reduction
in protein adsorption was found for a PEG Mw of 5000
[22-25].

Hydrophilic chain density is commonly described in
terms of the conformation that surface-bound hydrophilic
chains achieve, whereas there are two main conformations
such as “mushroom” or “brush” [26,27]. Mushroom
conformation is dictated by having low density hydrophilic
chain coverage, where the chains are not fully extended
away from the nanoparticle surface, resulting in a thin
hydrophilic layer. In the brush conformation, the chains are
extending away from the nanoparticle surface, resulting in
a thick layer [28].

Most of the studies show that the amount of
protein bound per particle is significantly decreased with
increasing hydrophilic surface density [29-31]. However,
in comparison to literature, there is a study reporting
protein rejection properties at much lower surface PEG
density [32]. In this study nanoparticles were incubated in
cell culture medium with the MH-S cells (a murine alveolar
macrophage cell line) containing proteins and measured
nanoparticle association with macrophages as a function
of PEG surface density and time. Both PEG mushroom
and PEG brush particles in the first 24 h exhibited nearly
identical macrophage association and similar long-
circulation profiles. In regard of this PEG mushroom and
PEG brush particles show similar behavior at early time
points (0.5 to 6 h) and were associated with MP-S cells
4-14 times less than non- PEGylated particles. But the
difference between behaviour of mushroom and brush
PEG conformations particles has been evident during the
investigation of the concentration of particles in blood
administered in mice, at longer times out up to 24 hours.

Despite widely accepted knowledge that PEG is
extending particle circulation in vivo, there are no general
standards for the surface density needed to accomplish
this goal. Also, the exact mechanisms how PEGylation
affects the systemic circulation time and how it enhances
bioefficacy are not clearly understood, and as a consequence
sometimes PEGylation may result in unexpected outcomes.
This has especially been a concern during the repeated
delivery of the PEGylated formulations for long-term
cancer treatment [33]. For example, the effect of prolonged
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circulation of an 1iv. injected PEGylated liposome
disappeared when the second dose was injected due to the
production of anti-PEGIgM, resulting in “accelerated blood
clearance (ABC)” phenomenon [34]. Literature shows that
the ABC phenomenon is not a universal one, i.e., it may/ or
may not be observed with all PEGylated formulations. For
example Professor Kiwada and his colleagues observed the
ABC phenomenon in the immunostimulatory 5-cytosine-
phosphate-guanine-3 (CpG) PEGylated lipoflex NP, and
demonstrated that the presences of specific CpG motifs are
responsible for production of anti-PEG IgM. Based on these
findings they suggest that PEGylated lipoplexes containing
non-CpG pDNA may achieve efficient gene expression
levels in solid tumor upon repeated injection [35].

In contrary, a study of professor Ishida and his
group did not show the ABC phenomenon in the PEGylated
cationic liposome formulation, and they observed that
two successive injections of liposomal doxorubicine
allowed enhanced accumulation and broader distribution
of subsequently injected (third dose) PEGylated liposomal
doxorubicine in solid tumor [36].

Beside PEG, most evaluated surface coatings
are amphiphilic block copolymers (poloxamers and
polaxamines) which adsorb strongly onto the surface of
hydrophobic core via their hydrophobic poly(propylene
oxide) (PPO) centerr block and leaves the hydrophilic poly
(ethylene oxide) (PEO) side-arms free to form hydrophyllic
corona, providing stability to the particle suspension by a
repulsion effect through a steric mechanism of stabilization
and increasing the ability of NP for mononuclear phagocyte
system (MPS) escape [37-44]. While low surface density
of PEO chains (surface is partially covered) leads to gaps
in PEO protective layer leading to free binding of opsonins
to nanoparticles - higher PEO surface chain density
results in the coverage of entire surface of nanoparticles,
decreased mobility of the PEO chains and thus increased
steric hindrance properties of the PEO layer. Actually, for
the optimal surface coverage PEO protective layer chains
should be in a slightly constricted configuration and at
high enough density to ensure that no gaps or spaces on
the particle surface are left uncovered. Further, literature
data show that the strength of polymer adsorption and the
resultant polymer conformation depend on the proportion
and the size of both the PPO and PEO segments, as well
as on forces that include the initial nanoparticle surface
charge, hydrogen bonding between the polyoxyethylene
ether groups and the constituent groups on the particle
surface, hydrophobic forces among the polymer chains
and polymer—solvent interactions [38]. Also, Li et al.
pointed that, for a given triblock polymer (Poloxamer and
Poloxamines) particle size showed significant influence
upon surface density and hydrophylic layer thicknesses.
Smaller particles were observed to adsorb fewer molecules
per unit area compared to larger particles [45]. Additionally,
for a particle of a given size, it is the size of the hydrophobic
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center block (PPO) of the surfactant, rather than the size
of its flanking tails that determines the surface density.
Further, it has been demonstrated that when these
prototype nanovehicles (Poloxamers and Poloxamine)
were administered IV into mice, rats and rabbits, the
systemic circulation have increased from 2 to 12 hours
(depending on the particle size, surface hydrophobicity,
copolymer type). There are many other examples that
shows same result, such as a biodistribution study of
polystyrene nanoparticles (Moghimi with colleagues)
that shows the significant impact of Poloxamine 908
in increasing the circulation time of NP, compare with
uncoated one. Same result has shown carbon nanotube
(CNT) and silicon dioxide (SiO2) nanoparticles coated
with Pluronics F127 [46].

Although there is significant improvement in
managing in vivo particle behavior by hydrophilic
coating, still remains the lack of general standards in term
of what surface density and conformation is needed to
extend particle circulation in vivo, and this comes due to
a deficiency of methods for efficient hydrophilic corona
evaluation.

Also, while the formation of the protein corona
in real biological conditions is a process that cannot be
controlled and completely prevent by hydrophilic corona
formation, it is of utmost importance to evaluate the
influence of the qualitative and quantitative composition
of the proteins on NP in vivo behavior, in order to build a
rational approach in the formulation of so called “stealth
nanoparticles” that would provide long circulation,
efficient homing, minor side effects and targeted release
of active substances.

Taking into account the above, and in order to
contribute to solving the problems of drug hydrophobicity,
in this investigation will be designed P(DL)LCL/
PEO-PPO-PEO polymer system whereas anticancer
agent 7-Ethyl-10-Hydroxycamptothecin (SN-38) was
incorporated, and all significant variables (polymer,
SN-38 and stabilizing agent concentration) will be
statistically analyzed and optimized as well. Therefore
D-optimal design investigation was created to fully
evaluate the factors influencing the particle size (PS),
efficacy of encapsulation (EE) and drug content (DC), as
well as to define the design space towards higher drug
loading, efficacy of encapsulation and appropriate particle
size. Analyses were performed in Design-Expert 9.0.4.1,
produced by Stat-Ease, Inc.

Methods

Poly(DL-lactide-co-caprolactone)copolymer
(LA:CL 10:90, Mw 77799 Da) was purchased from Akina,
Inc. USA. 7-Ethyl-10-hydroxycamptothecin was obtained
from Xi‘AnGuanyu Bio-tech Co., China. Poly(ethylene
oxide) - poly(propylene oxide) - poly(ethylene oxide)
copolymer (Lutrol F127) was kindly donated by BASF,
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Germany. All other materials were used as received.

The P(DL)LCL nanoparticles were prepared
using the nanoprecipitation method. Polymer and SN-
38 were dissolved in 5ml tetrahydrofuran (THF). The
organic solution was then added drop wise into the 50
ml aqueous phase containing the hydrophilic surfactant
Lutrol F127 under continuous stirring at a speed of 6500
rpm / min using magnetic stirrer. THF was removed from
nanodispersion overnight under continues stirring and
afterwards the nanodispersion was filtered through 0.45um
regenerated cellulose membrane filters (MiniSart RC 15,
Sartorius, Germany) and concentrated to volume of 2mL
using ultrafiltration tubes with a pore size of 1000KDa
(Vivaspin 20 1000KDa, Sartorius, Germany) in a centrifuge
at 3500rpm and 4°C (Centurion Scientific, UK).

Hydrodynamic diameter (Rh) of the nanoparticles
was determined by dynamic light scattering at an angle
of 173° using Zetasizer Nano ZS (Malvern Instruments,
UK). Drug content and efficacy of encapsulation were
calculated using the following equations:

DC Amount of active substance in NP

100
Total amount of polymer x

_ Amount of active substance in NP

EE =
Total amount of active substance

x100 [47].

D-optimal response surface design was used to
evaluate the influence of formulation variables (polymer,
drug and stabilizing agent concentration), their second order
and quadratic interactions upon particle size, efficacy of
encapsulation and drug content. To optimize the formulation
variables (polymer, SN-38 and F-127) with respect to
optimal P(DL)LCL/PEO-PPO-PEO nanoformulation (high
drug content, high efficacy encapsulation and smaller
particle size), design of experiments (DOE) and data
analysis was carried out with the help of statistical software
Design-Expert (Version 9.0.4.1). Summary of factors are
presented in table I. D-optimal design matrix with all values
and obtained results is presented in table II.

Prior to analyzing the dataset, the evaluation tool
was used to confirm that all required model terms (main
effects A, B and C, two-factor interactions (2FI) AB,
AC and BC and three-factor interaction ABC) could all
be estimated. A three level factorial design was used to
achieve all possible combinations of input variable that
are able to optimize the response within the region of 3-D
space. The R-Squared value for each response was used to
indicate the proportion of variance in the response that has
been explained by the model (0-1 scale). A value close to 1
suggests that the model has captured most of the variability
observed in the experimental results.
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Table I. Summary of factors.

Design Summary

SN-38 mg Numerlc Contlnuous
B Polymer mg Numeric  Continuous
C F127 % Numeric ~ Continuous

Table II. D-optimal design matrix with all values and obtained results.

EERET N
A: SN 38 mg B: Polvmer mg
1
2
7 3 1 7.5
12 4 1 7.5
2 5 1.5 5
6 6 0.75 7.5
5 7 1 6.25
9 8 1 6.25
8 9 0.75 6.25
14 10 1.5 5
13 11 0.5 5
16 12 1.5 10
1 13 0.5 5
11 14 1.25 7.5
10 15 1 7.5
15 16 0.5 10
17 17 1.5 7.5

The Adjusted R-Square value adjusts the R-Squared
value by considering the number of terms in the model (too
many model terms can lead to extremely precise predictions
for the current dataset, but a less useful predictive model).
The Adjusted R-Squared value will always be less than the
R-Squared value, and if the difference is greater than 0.2 then
this is generally considered to indicate that too many model
terms have been fitted. The Predicted R-Squared value
provides a “cross-validated” measure of how predictive
the model was. Each observation is iteratively excluded
from the dataset, the model is re-fitted and the excluded
point was predicted. A large difference between Predicted
R-Squared and the other R-Squared metrics has indicated a
problem with the responses (as explained later, the responses
DC and EE were better fitted after applying a square root
transformation). The Residuals vs Predicted chart has been
used to identify any potential outliers, which will fall outside
the red warning limits. The Box-Cox Plot obtained from the
establish model has been used to objectively identify the
influence of formulation variables among responses such
drug content, efficacy of encapsulation and particles size.

Results
The analysis of variance (ANOVA) indicated the
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1.5 -1.000=0.5 1.000=1.5 1.01471 0390018

10 -1.000=5 1.000=10 7.27941 1.83474

4 -1.000=1 1.000=4 241176 1.12132

Factor 3 C: Response 1 Response 2

F127 % EE % DC % PS nm

10.64 0.532 188
3.04 0.456 195
1.75 21.2 2.83 159
3.25 33.9 4.52 160
1 242 0.726 189
1.75 16.93 1.7 190
1.75 12.34 1.97 181
2.5 17.52 2.8 187
2.5 56.76 6.76 136
4 4.283 1.28 204
4 82.52 8.252 143
4 92.06 13.8 293
1 14.33 1.433 177
2.5 12.67 2.112 209
2.5 15.35 2.05 170
4 74.43 3.7 154
2.5 19.1 3.82 187

main variables influencing the responses such us: drug
content, the efficacy of encapsulation and the particle size.
Also, ANOVA pointed that drug*polymer concentration,
drug*stabilizing agent concentration, polymer*stabilizing
agent concentration interactions, as well as drug
concentration*drug concentration quadratic interaction,
influenced these responses (Table III).

Efficacy of encapsulation (EE) with square root
transformation

Prior to analysis, the square root of all response
values was calculated (as per recommendation on Box-Cox
plot) and the model was fitted to these transformed values.
All model graphs are presented on the back-transformed
scale.

ANOVA (Table III) confirms that, as with the non-
transformed data, all main effects have an effect on EE.
The transformation has resulted in all main effects being
statistically significant at the S5Smg level of polymer P(DL)
LCL. The 2FIs AB and BC were statistically significant,
suggesting that the effect of SN-38 depends on the setting
of polymer P(DL)LCL and vice versa. Similarly, polymer
P(DL)LCL and F127 have a dependent relationship. There
appears to be no statistical evidence that SN-38 and F127
interact with one another.
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Table I1I. Analysis of variance and descriptive statistics for response EE, DC and PS.

Sum of Squares p-value Prob>F

Source
Model 9294 919 15482 7 7 7 1328 131 221178 1631 11.68 5 0.0002 0.0007 0.0145
A-SN-38 1632 004 662062 1 1 1 1632 0.04 6620.62 20.04 035 1498 0.0015 0.5662 0.0038
B-Polymer 492 0051 206573 1 1 1 492 0.051 206573 604 045 4.67 00363 05185 0.0589
C-F127 4878 514 15647 1 1 1 4878 5.14 15647 59.93 4568 0.35<0.0001 <0.0001  0.5665
AB 1062 203 54362 1 1 1 1062 203 54362 13.05 1801 123 0.0056 0.0022 0.2961
AC 071 0.023 430198 1 1 1 071 0023 430198 087 02 973 03754 06629 0.0123
BC 682 066 88998 1 1 1 682 066 88998 838 584 201 00177 0.0388 0.1896
ABC 661 131 86113 1 1 1 661 131 861.13 812 11.68 195 00191 0.0077 0.1962
Residual 733 101 397742 9 9 9 081 0.1 44194

Cor-Total 10027 1021 194599 16 16 16

R-Squared  0.9269 0.9008 0.7956

Adj

R—équared 0.8701 0.8237 0.6366

el 0.8045 03021 -3.1219

R-Square

The three-factor interaction ABC is statistically
significant. This indicates the 2FI AB depends on the setting
of factor C, and/or that AC depends on B, and/or that BC
depends on A.

The most statistically important effects on EE
has been identified by looking for those with the smallest
p-values (indicating greatest statistical significance): main
effects F127 and SN-38, plus 2FI AB. The F-value for F127
was approximately 3 times greater than the next-largest

Residuals vs. Predicted

Lassds
Cumprt =08

BQ)(-COX Plet for PQWEI’ Transforms

effect (F=59.93), and approximately 60 times larger than the
estimate of background noise.

The Adjusted R-Squared value is less than the
R-Squared value, and in this case, the difference of ~0.05
gives no cause for concern. After applying the Square Root
transformation to this response, the Predicted R-Squared
value is now in close agreement to the other R-Squared
values, indicating a much more predictive model.

Predicted vs. Actual

CLwdd
Tt ﬁ’.‘l -T2 1 :
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Figure 1. Response with square root transformation for efficacy of encapsulation a) Residuals vs Predicted chart, b) Box-Cox plot, ¢)

Predicted vs Actual chart.
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The Residuals vs Predicted chart for response EE,
shows that there was one potential outlier in this case,
run 9 (standard order 8). This particular run has not been
well predicted by the model. For response EE, the Box
Cox plot has confirmed that the currently applied square
root transformation provides the best model fit. This plot
provides a visual indication of how well the fitted model is
able to predict the observed experimental results (a perfect
model would result in all points appearing on the line).
In this case the model appears to give reasonably good
predictions, with the possible exception of run 9 (colored
green). The graph shows that the actual value was 7.5,
whereas the model predicted an expected value of 5.5, as
presented at figure 1.

EE (%)

E L}
£
&
i
A SN-38 (mg)
a)
EE (%)
E -
£
&
[:]

A SM-3B (mg)

)

B: Polimer (mg)

B: Polimer {mg)

When F127=1% (low setting), the contour plot
reveals little. All EE values are less than ~15%. Increasing
F127 to 2% shows an increase in EE. At this setting, the
highest results are at SN-38=0.5 mg and polymer P(DL)
LCL=5mg. Predicted EE is approximately 30%.When
F127=3%, the EE response increases further. The optimal
setting here is at SN-38=0.5 mg and polymer=5 mg.
Predicted EE is just over 50%. The optimal values for EE
appear to be at F127=4%, SN-38=1.5 mg and polymer
P(DL)LCL=10 mg (all values at highest settings): predicted
EE is approximately 90%. Alternatively, predicted EE of
just over 85% can be achieved with F127=4%, SN-38=0.5
mg and Polymer P(DL)LCL =5 mg. All these are presented
in figures 2 and 3.

EE (%)

as a7 1 1 1 1

A SN-38 (mg)
b)
EE (%)

A SN-38 (mg)

4

Figure 2. Response Contour Plot for efficacy of encapsulation with square root transformation at different concentration levels of Lutrol

F127: a) 1%, b) 2%, ¢) 3%, d) 4%.
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EE (%)

B: Polimer (mg)

EE (%)
EE (%)

<)

\

" // B: Poimer (mg)

4)

Figure 3. Response 3D Surface Plot for efficacy of encapsulation with square root transformation at different concentration levels of

Lutrol F127: a) 1%, b) 2.%, ¢) 3%, d) 4%.

Drugcontent (DC) withsquare root transformation

Prior to analysis, the square root of all response values
is calculated (as per recommendation on Box-Cox plot) and
the model is fitted to these transformed values. All model
graphs are presented on the back-transformed scale. ANOVA
(Table III) shows that, of the main effects, only F127 has a
statistically significant effect on DC.

Two-factor interactions AB and BC are statistically
significant. There appears to be no statistical evidence that
SN-38 and F127 interact with one another.

The three-factor interaction ABC is statistically
significant. This indicates the 2FI AB depends on the setting
of factor C, and/or that AC depends on B, and/or that BC
depends on A.

The most statistically important effects on DC
has been identified by looking for those with the smallest
p-values: main effect F127 and 2FI AB.

Looking at the F-Values (a.k.a Signal / Noise ratio)
shows that the effect of F127 is over 2 times greater than the

next-largest effect (F=45.68), and that it is almost 50 times
greater than the estimated background noise.

The Adjusted R-Squared value is less than the
R-Squared value, and in this case, the difference of <0.1
gives no cause for concern.

A large difference between Predicted R-Squared
and the_other R-Squared metrics indicate a problem with
this response (as explained later, this is likely to be heavily
influenced by outlying values).

The Residuals vs Predicted chart for response DC
shows that there appears to be one potential outlier, run
9. For response DC, the Box-Cox Plot has confirmed that
the currently applied Square Root transformation provides
the best model fit. This plot provides a visual indication of
how well the fitted model is able to predict the observed
experimental results (a perfect model would result in all
points appearing on the line). In this case the model appears
to give reasonably good predictions, with the possible
exception of run 9 (colored green), as presented in figure 4.
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Residuals vs. Predicted

Box-Cox Plot for Power Transforms
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Figure 4. Response with square root transformation for drug content a) Residuals vs Predicted chart, b) Box-Cox plot, ¢) Predicted vs
Actual chart.
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Figure 5. Response Contour Plot for drug content with square root transformation at different concentration levels of Lutrol F127:
a) 1%, b) 2.%, ¢) 3%, d) 4%.
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Figure 6. Response 3D Surface Plot for drug content with square root transformation at different concentration levels of Lutrol F127: a)

1%, b) 2.%, ¢) 3%, d) 4%.

When F127=1% (low setting), the contour plot
reveals little. All DC values are less than 2%. Increasing
F127 to 2% shows an increase in DC. At this setting, the
highest results are either with both SN-38 and Polymer
P(DL)LCL at their lowest settings or with both SN-38
and Polymer P(DL)LCL at their highest settings. When
F127=3%, the DC response increases further. The optimal
setting here is at SN-38=1.5 mg and Polymer P(DL)LCL
=10 mg. Predicted DC is just over 7%. The optimal values
for DC appear to be at F127=4%, SN-38=1.5 mg and
Polymer P(DL)LCL =10 mg (all values at highest settings):
predicted DC is approximately 14%, as presented in figures
5 and 6.

492

Particle size (PS)

ANOVA (Table IIT) shows that, of the main effects,
only SN-38 has a statistically significant effect on size.
However, polymer P(DL)LCL has a p-value of 0.0589 so
although not statistically significant at the 5 mg, it clearly
has an important effect.

Two-factor interactions AC is statistically significant
(p=0.0123), suggesting that the effect of SN-38 depends on
the setting of F127 (and vice versa). There appears to be
no statistical evidence for interactions between SN-38 and
Polymer P(DL)LCL or Polymer P(DL)LCL and F127. The
three-factor interaction ABC is not statistically significant
(p=0.1962).
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Figure 7. Response for particle size a) Residuals vs Predicted chart, b) Box-Cox plot, ¢) Predicted vs Actual chart.
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The most statistically important effects on size
can be identified by looking for those with the smallest
p-values: main effect SN-38 and 2FI AC.

Looking at the F-Values (a.k.a Signal / Noise ratio)
shows that the effect of SN-38 is approximately 15 times
greater than the estimated background noise.

The Adjusted R-Squared value is less than the
R-Squared value, and in this case, the difference of <0.2
gives little cause for concern.

A large difference between Predicted R-Squared and
the other R-Squared metrics indicates that this model may
not give as good predictions as we’d ideally like.

The Residuals vs Predicted chart for response
PS (Figure 7) shows that there appear to be no potential
outliers. For response size, the Box-Cox Plot has identified
no transformation that would provide a better model fit.
This plot provides a visual indication of how well the fitted
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model is able to predict the observed experimental results
(a perfect model would result in all points appearing on
the line). In this case the model appears to give reasonably
good predictions on average, although observations appear
to be systematically under- /over-predicted.

When F127=1% (low setting), the contour plot
reveals little. All size values are less than 190 nm.
Increasing F127 to 2% shows a decrease in size (Figure 8
and 9). At this setting, the lowest results are with both SN-
38 and polymer P(DL)LCL at their lowest settings where
predicted Size is just below 160 nm. When F127=3%, the
Size response decreases further. The optimal setting here
is again at low SN-38 and low polymer. Predicted size is
approximately 145 nm. The optimal values for drug content
appear to be at F127=4%, SN-38=0.5mg and polymer=5
mg and predicted size is approximately 130 nm.

A SN (mg)
f+ 4]

Figure 9. Response 3D Surface Plot for particle size with at different concentration levels of Lutrol F127 a) 1%, b) 2.%, ¢) 3%, d) 4%.

MEDICINE AND PHARMACY REPORTS Vol. 94 / No. 4/ 2021: 483 - 497



Original Research

Numerical Optimization

Using the models constructed in the previous
analysis steps, optimal factor settings have been identified
and gave the desired performance. The optimization criteria
were defined as follows:

EE Maximize
DC Maximize
Size Minimize (<200 nm)

Table IV. Desirable solutions.

As presented in the results, the models for EE and
DC use the models fitted to the transformed data (Square
Root transform in both cases).

Multiple solutions were found; the 15 most
desirable are shown at table IV. The most desirable
solution is shown visually via Design-Expert’s “Ramps”
report, at figure 10.

Constraints

Lower LO“ er Uppel -

A: SN-38 is in range

B: Polymer is in range 5 10 1 1 3

C: F127 is in range 1 4 1 1 3
EE maximize 2.42 92.06 1 1 3
DC maximize 0.456 13.8 1 1 3
Size maximize 136 200 1 1 3
(Number | SN-38 | Polymer [ F127 | EE [ DC | Size _[Desirability
1 87.533 9.38 131.431 0.86
2 0.5 5.02 4 87.476 9.353 131.49 0.858
3 0.5 5.047 4 87.398 9.317 131.571 0.857
4 0.5 5 3.986 87.083 9.334 131.606 0.857
5 0.5 5.089 4 87.281 9.263 131.694 0.855
6 0.507 5 4 86.619 9.304 131.844 0.854
7 0.5 5.11 4 87.221 9.235 131.757 0.854
8 0.5 5.155 4 87.093 9.176 131.89 0.851
9 0.518 5 4 85.166 9.185 132.504 0.845
10 0.5 5 3.93 85.278 9.148 132.316 0.844
11 0.5 5.324 4 86.614 8.955 132.393 0.843
12 0.521 5 3.998 84.568 9.134 132.773 0.842
13 0.5 5.002 3.915 84.773 9.095 132.519 0.841
14 0.5 5.362 4 86.509 8.907 132.503 0.841
15 0.53 5 4 83.464 9.045 133.286 0.835

1 -

0.5 15

ASN-38=05

CF127=4

0.456 138

DC =9.37998
Figure 10. Optimized solution via Design-Expert’s.
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This shows that, according to the response goals
specified above, the most desirable combination of factor
settings is SN-38=0.5 mg, Polymer=5mg and F127=4%.
These results predicted values of approximately EE=88%,
DC=9.4% and Size=131 nm.

Discussion and conclusion

The successful scale-up and manufacturing of a
nanomedicine present unique challenges in pharmaceutical
development. Since most nanoparticles are complex
multicomponent products with specific arrangement of
components, a full understanding of the components
and their interactions is essential to defining the key
characteristics of the product, such as drug content,
encapsulation efficacy and particles size, respectively.
Identifying these characteristics early in development
in turn, greatly helps define larger scale manufacturing
in order to establish critical process steps and analytical
criteria that ensure reproducibility of the product.

Nanoprecipitation might be a very limiting process
for efficacious incorporation of extremely hydrophobic
substances SN-38 into a hydrophobic core P(DL)LCL
with passive drug loading mechanisms. Statistical analysis
confirmed that drug content was mostly influenced by
the amount of F-127. Also, due to very low solubility of
SN-38, there is a limit (or small range around the limit)
concentration of the drug substance into the medium
for nanoprecipitation that will provide -efficacious
encapsulation. The limit concentration is highly dependent
upon the stabilizing agent concentration, as F-127 actually
helps the solubilisation of the drug during the process
of nanoprecipitation. Having in mind the mentioned
influence of the formulation factors and their interactions
upon nanoparticles properties, we used the experimental
design and found the optimal conditions to assemble PEO-
PPO-PEO/P(DL)LCL particles as carriers of SN-38, with
loading capacity 9.4%, encapsulation efficacy 88% and size
131 nm.
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