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This study explores the use of a statistical model to build a
design space for freeze-drying two formulations with ibuprofen. A 2 × 3 factorial experimental design was used to
evaluate independent variables (filling volume and annealing
time) and responses as residual moisture content, specific
surface area and reconstitution time. A statistical model
and response surface plots were generated to define the
i nteractions among the selected variables. The models constructed for both formulations suggest that 1 mL of filled
volume and no annealing should be used to achieve optimal
residual moisture content, specific surface area and recon
stitution time. The proposed models were validated with
additional experiments, in which the responses observed
were mainly in close agreement with the predicted ones.
Additionally, the established models demonstrate the reliability of the evaluation procedure in predicting the selected
responses.
Keywords: design space, response surface method, lyophilization, ibuprofen

Ibuprofen (IBP) is a weak acid, classified as a Class II (1) drug according to the biopharmaceutical classification system (BCS) (1). It is a member of the well-established nonsteroidal anti-inflammatory drugs (NSAIDs), and it is widely used for acute or chronic
pain relief. Due to its poor aqueous solubility (0.12 mg mL–1 at 25 °C) (2) and high dosing
(the maximum single dose for per os application is 800 mg) (3), it presents a great challenge
to formulate both solid and liquid dosage forms, including parenteral ones.
Various techniques for increasing the aqueous solubility of IBP in oral solid and liquid
formulations described in the literature were briefly reviewed in our previous research (4).
Each technique exhibits both advantages and disadvantages, and the choice depends on
drug characteristics, pharmaceutical dosage form, and route of application (5), which in
our case was freeze-dried powder for parenteral application. Our previous work already
demonstrated the development of a freeze-dried product with IBP with the capacity for
intravenous (i.v.) application by simple reconstitution with a predetermined quantity of
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water for injection (WFI), without any need for additional isotonization (4). Despite the fact
that the i.v. application shows benefits, a market research study still shows a lack of parenteral products containing IBP, which encouraged us to extended our previous work into
this study, that focuses on the optimization of the lyophilization process.
However, lyophilization is an expensive and complex technological process; hence its
optimization is at the focus of the pharmaceutical industry (6–8). With the publication of
the International Conference on Harmonization (ICH) Q9 guideline on quality risk mana
gement, the application of recent development approaches such as quality by design (QbD)
and process analytical technology (PAT) with the design of experiments (DoE) is becoming
an expectation not only from the regulatory standpoint but also from a quality perspective
(6, 9). Risk management tools and the choice among them depend on specific facts and
requirements of the formulation. Thus, for the implementation of QbD, an understanding
of both the product and the process is necessary (10, 11).
Studying the effects of formulation parameters on critical process parameters and
product quality attributes by trial and error or by changing one separate factor at a time
(COST) strategies is inefficient, mostly because the data from these experiments do not
make it possible to identify interaction effects among the variables. Therefore, a DoE metho
dology was applied (8). The COST approach also often does not lead to the optimum solution
within the space investigated, whereas DoE allows the determination of a design space
around the optimum settings within which the desired responses are guaranteed (8).
The objective of this study was to demonstrate how the response surface method
(RSM), one of the DoE methods, efficiently optimizes formulation and process variables
and identifies the desired combination within the design space for the freeze-dried product
with IBP. In addition, the levels of the design parameters at which responses reach optimum
were defined.
The increased number of publications with new approaches in QbD for the freezedrying process emphasizes the fact that the freeze-drying process is suitable for the appli
cation of QbD principles (6). However, most studies focus on process optimization of the
longest step in the freeze-drying process; namely, primary drying (12, 13).
Thus, gaining an understanding of the influence and interaction of formulation and
process parameters of freeze-dried IBP products could open new possibilities for developing
an appropriate control strategy. These parameters include filling volume and annealing
time on drug product quality responses such as residual moisture content (RMC), specific
surface area (SSA), and reconstitution time (RT), and defining the design space by QbD.
EXPERIMENTAL

Materials
Crystalline IBP was provided by Krka d.d, Slovenia. For lyophilized product preparation, an ingredient for pH adjustment (L-arginine, provided by Ajinomoto Omnichen n.v.),
isotonic agents (mannitol, provided by Roquette Italy s.p.a. and sodium chloride (NaCl),
provided by Salinen Austria AG), and co-solvent (tertiary butyl alcohol, provided by Sigma-Aldrich) were used.
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Preparation of freeze-dried powders
Solutions for freeze-drying were prepared according to the requirements for parenteral products with regard to tonicity and pH. Two formulations were prepared with different
isotonic agents: sodium chloride (NaCl) and mannitol. Both are commonly used but have
very different characteristics (i.e., solubility, crystallization behavior and polymorphism) (4).
The quantity of mannitol or NaCl was defined with respect to achieving osmolality criteria
in a range of 280–320 mOsmol kg–1 of the reconstituted powder, and the quantity of l-arginine
by pH criteria (following the optimal physiological pH of 7.4). IBP was dissolved in tertiary
butyl alcohol and further mixed with l-arginine and mannitol or NaCl, followed by filtration through a 0.22 µm filter. The concentration of IBP in the solution for freeze-drying was
12 mg mL–1. Afterward, 2 mL of prepared solution was placed in a 10 mL vial and lyophilized.
The batch size of each experiment was 100 vials of F1 or F2 solution, surrounded by vials
filled with water. A Minifast 10 (IMA Life Pharmaceutical Systems) with four shelves and a
capacity of 0.8 m2 was used to freeze-dry the samples. The freeze-drying cycle was performed at –45 °C for 3 h and then –30 °C and a pressure of 17.7 Pa for 12 h, followed by 5 h
at –10 °C and 4 h at 5 °C. Secondary drying was performed at 30 °C for 6 h at 17.7 Pa. Table I
shows the compositions of the experimental formulations.
Table I. Composition formula of F1 and F2

Ibuprofen
Mannitol

F1

F2

12 mg

12 mg

–

150 mg

27 mg

–

Tertiary butyl alcohol

156 mg

156 mg

l-arginine

10.4 mg

10 mg

up to 1 mL

up to 1 mL

Sodium chloride

WFI

Characterization of thermal behavior of lyophilized formulations
In order to define the temperature and pressure conditions for the lyophilization process, the characterization of formulation to be freeze-dried was performed and taken into
consideration. This involved in particular the glass transition temperature (Tg’) and collapse temperature (Tc) for an amorphous system or eutectic temperature (Teu) for a crystalline system. The methods most often applied for characterization of critical temperatures
for materials to be freeze-dried are differential scanning calorimetry (DSC), modulated
DSC, and freeze-dried microscopy (FDM).

Differential scanning calorimetry (DSC)
A Mettler Toledo DSC1 was used to study the thermal behavior of IBP and its changes
in F1 and F2 samples. Approximately 3 mg samples were weighed in standard aluminum
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pans and sealed with a perforated aluminum lid. An empty pan was used as a reference.
The samples were first cooled from 20 to –70 °C with a cooling rate of 10 K min–1 and an
isothermic hold at –70 °C for 30 min, and they were then heated from –70 °C to 40 °C at a
heating rate of 10 K min–1. A dynamic nitrogen atmosphere with a flow rate of 40 mL
min–1 was used during the experiment.

Freeze-drying microscopy (FDM)
The formulations were analyzed by a Lyostat FDM (Linksys 32) equipped with
Linkam software for image and data capture. An approximately 2 µL sample of each of the
solutions F1 and F2 were treated according to the temperature profile described below
(with and without annealing). Each solution was analyzed in duplicate. The results are
presented as an average.
For the procedure without annealing, the sample was cooled to –45 °C at a rate of 5 °C
min–1 and held at this temperature for 10 min before a vacuum of 1 Pa was applied.
For the procedure with annealing, the sample was cooled to –45 °C at a rate of 5 °C
min–1 and was then ramped to –30 °C at 5 °C min–1 and held for 10 min to anneal. The
sample was then cooled back to –45 °C at 5 °C min–1 for 10 min and afterward, a vacuum
of 1 Pa was applied.

Measurement of the reconstitution time (RT)
Each vial with lyophilized powder contained 12, 24, or 36 mg of IBP. In order to prepare the target IBP concentration for parenteral preparation (i.e., 4 mg mL–1), 3, 6, or 9 mL
of WFI was added to the finished product (14). Afterward, the vials were manually shaken
and the time until a clear solution, determined by the naked eye, was measured.

Measurement of the residual moisture content (RMC)
Measurement of the RMC was performed using the Karl Fischer method (Ph. Eur.
2.5.12) (methanol, anhydrous, p.a.). The water content of methanol was determined. The
vial with the lyophilizate was weighed and afterward diluted with 3.0 mL of methanol. The
vial content was homogenized first by manual shaking, continuing in an ultrasound bath,
and finally centrifuged at 4,000 rpm for 10 min. One mL of the sample solution obtained was
withdrawn, and the water content was determined using the Karl Fisher method. The
RMC was determined on a single vial in duplicate.
The final water content in the IBP lyophilizate was calculated according to Eq. 1:

% of residual moisture content =

 c × msol B × msol 
100
×
−
100 − c  mext
mext 

(1)

where C is residual moisture content determined with the Karl Fisher method (%), B is
water content of methanol (%), msol is mass of the added methanol (g) and mext is the average
mass of IBP freeze-dried powder (g). Afterward, RMC was expressed in mg per vial, using
the result from Eq. 1 and individual cake mass.
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Measurement of specific surface area (SSA)
BET (Brunauer-Emmett-Teller) surface area analyses of materials by nitrogen multilayer adsorption were used (Micromeritics TriStar 3000 analyzer). Before the measurement, the samples were degassed at 60 °C for 1 h until the mass reached a constant value.

Experimental design
In order to optimize the freeze-drying process and the product itself to target specification, experiment results were analyzed and evaluated by Design Expert 10.0 and JMP 13
(SAS Institute Inc., Cary, NC, USA), using a 2 × 3 factorial design of the first variable (filling
volume) at high, middle, and low levels and the second variable (annealing time) at low
and high levels. To maintain all the advantages of the product, such as osmolality after
reconstitution with WFI, formulation variables such as API and excipient concentration,
and vial size were eliminated by using the same compositions and standard 10-mL vial.
A linear regression model was constructed and statistical evaluation of the model was
performed in the form of analysis of variance (ANOVA). The p-value, coefficient of determination (R 2), adjusted coefficient of determination (R 2adj), predicted coefficient of determination (R 2pred), and normalized root-mean-square error (NRMSE) were calculated. Six
runs of each formulation were performed.
Afterward, the validation of the predictive model was performed. RMC, SSA, and RT
were estimated according to the equations described in the section on validation of the
predictive model through new experiments. To obtain the theoretical values of RMC (Z1),
SSA (Z2), and RT (Z3), the exact values of the filling volume (X1) and annealing time (X2)
were substituted in the equations.
RESULTS AND DISCUSSION

Freeze-drying process development
The development of the freeze-drying process is based on representative and accurate
measurements of the critical process temperatures. First, to define Teu or Tg´, Tc, and Tmelting,
Table II. Critical temperatures of F1 and F2
F1

F2

DSC (Tonset)

–28 to –31

–28.5

FDM

–28

–28

Tg or Teu (°C)

DSC

–25

–27

Tc without annealing (°C)
Tc with annealing (°C)

FDM

Tmelting (°C)

FDM

Freezing temperature (°C)
’

–29

–26

–30

–34

–15

–12

DSC – differential scanning calorimetry, FDM – freeze-dried microscopy, Tc – collapse temperature, Teu – eutectic
temperature, Tg’ – glass transition temperature, Tm – melting temperature
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the prepared solution was characterized by DSC and FDM. The results are presented in
Table II.
The freezing step is a complex process and has been identified as a particularly important phase, which must be well defined, monitored, and controlled because it impacts
both the primary and secondary drying and therefore the quality of the finished product
(15). The freezing point was characterized by both – DSC and FDM. The freezing temperature of the F1 solution detected by DSC was between –28 and –31 °C, whereas measured
by FDM it was –28 °C. The freezing temperature values of the F2 solution detected by DSC
and FDM were practically the same (–28.5 °C vs. –28 °C). However, in order to ensure complete solidification of different filling volumes of solution (1–3 mL), the worst-case freezing
temperature was chosen (the minimum temperature of shelves); namely, –45 °C.
Teu for crystalline material and Tg´ for amorphous material together with Tc define the
maximum allowable value of product temperature (Tp) during primary drying. Tg’ or Teu
determined by DSC was –25 °C for F1, whereas for F2 it was –27 °C because Tc was determined by FDM and was higher for F2, but lower for F1. When Tp exceeds Tc which is normally a few degrees above Tg’ (16), collapse may occur, and collapse may also occur when
Tp exceeds Tg’ and results in viscous flow and loss of the established microstructure. Based
on these results, Tg’ (–25 °C) and Tc (–29 °C) of F1 are in disagreement with the literature
data, which states that Tc is usually about 2 °C higher than Tg’ (17). Because DSC analyses
are performed under more static conditions and represent a more conservative limiting
temperature (18) and FDM is based on a subjective evaluation of the onset collapse (19), the
shelf temperature (Ts) for primary drying was set at –30 °C. Because Tp was lower than Tc,
structure loss behavior was avoided (18, 20).
According to the results presented in Table II, it is evident that, despite different compositions, the measured temperatures of F1 and F2 differed only slightly, and therefore the
process parameters presented in Table III were set the same for both formulations.
Lyophilization involves three complex process phases; namely, freezing, primary drying, and secondary drying. They are highly correlated. A typical hold step determined as
the annealing phase was performed above Tg‘ for complete crystallization of bulking
Table III. Process parameters of freeze-drying cycle for F1 and F2
Temp (°C)

Hold (min)

Loading

10

Freezing

–45

55

180

–21

96

180

Annealing

a

Pressure (Pa)

Freezing

–45

24

180

Primary drying

–30

60

720

17.7

Primary drying

–10

60

300

17.7

Primary drying

5

120

240

17.7

30

120

360

17.7

Secondary drying
a

Ramp (min)

Annealing was alternatively implemented.
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agents (19) and was implemented as the variable process factor in the freeze-drying cycle.
After ice nuclei were formed and the formulation was completely frozen, the shelf tempe
rature was raised several degrees above Tg’, but still below the temperature of ice melting,
which is in agreement with literature data (21, 22). The temperature chosen for the annealing
process was –21 °C, which is still above Tg’ and at the same time below the melting tempe
rature (–15 °C and –12 °C) of both formulations. The temperature of annealing was held for
3 hours and then cooled back to the initial freezing temperature.

Design of the experiment
Critical formulation and process parameters. – For this study, the main question was
whether it is possible to estimate the effect of main independent variables and build quality
into the freeze-drying process by relying on previous studies and by using DoE. The first
step was the identification of the formulation and process parameters affecting the quality
of the freeze-drying process and final quality attributes. An extensive list of variables,
generally critical for a freeze-drying process was already given in a published review (8).
Because it was not feasible to include all of these variables in a risk assessment, selection
of the parameters was performed based on previous investigations (16, 23).
Filling volume was already described as a variable that can influence the duration of
ice nucleation and, consequently, the freezing and primary drying process (8). Arshad et
al. (23) also studied freezing characteristics at different fill factors and observed an influence of fill height on the onset of freezing time and consequently altered heat flow during
primary drying (23). However, the influence of filling volume on quality attributes of finished
products such as RMC, SSA, and RT, was not yet evaluated.
The second independent variable was chosen among the processing parameters.
Thermal treatment or annealing, which has a great influence on the size and dispersion of
ice crystals, was applied and evaluated.
The rationale for annealing is based on glass transition-associated mobility, which
increases dramatically above Tg’ and can influence the final product’s solid-state (8).
Annealing not only reduces heterogeneity in the drying rate caused by variation in ice
nucleation but can also result in an increased primary drying rate by as much as a factor
of 3.5 due to increased pore diameters (15, 22, 24). The annealing process can also prevent
the formation of a skin layer on the top of the cake, thus increasing the sublimation rate
(15) and consequently higher porosity and lower residual moisture. On the other hand,
previous studies have shown that the annealing step, due to the formation of pore geo
metries, suppressed the sublimation and desorption rates (23, 25), resulting in the product’s
reduced SSA, which may lead to higher RMC or require longer secondary drying (22, 26).
Based on contradictory data in the literature, the effects of the annealing process on
responses (namely, the quality attributes of the finished product) were evaluated.
Experimental design analyses and evaluations. – In order to optimize the freeze-drying
process and the product itself to the target specification, experimental results were analyzed and evaluated with RSM, using a 2 × 3 factorial design. Six experiments were conducted for each formulation (F1 and F2).
The filling volume of the prepared solution (X1) at levels of 1, 2, or 3 mL and the
annealing process time (X2) at levels of 0 or 180 min were selected as independent variables.
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Table IV. Independent variables, their levels and responses of the factorial design
Independent variables

F1

F2

Responses

Run

Filling
volume (mL)
(X1)

Annealing
time (min)
(X2)

Residual
Specific surface
Reconstitution
moisture content
area (m2 g–1)
time (s) (Z3)
(Z2)
(mg) per vial (Z1)

1

1

0

0.51

16.3

2

2

2

0

1.05

14.7

19

3

3

0

1.16

13.0

22

4

1

180

0.65

5.8

7

5

2

180

1.02

7.1

20

6

3

180

1.31

6.2

25

1

1

0

1.19

16.8

5

2

2

0

1.89

8.4

6

3

3

0

3.1

6.8

11

4

1

180

1.19

8.8

9

5

2

180

1.62

7.3

10

6

3

180

2.42

3.3

15

RMC (Z1), SSA (Z2), and RT (Z3), singled out by many studies as critical characteristics (13,
15, 16, 23), were used as responses (Table IV).
Although the acceptance criterion of responses was not defined, it is obvious that
lower RMC, higher SSA, and lower RT are desired, which is in agreement with the literature data (16). In addition, the objective for RMC would be below 2 % (m/m), and preferably
less than 1 % (m/m) (26, 28).
Different filling volumes (1, 2, or 3 mL) were chosen due to the IBP doses needed for
the application (14), whereas the levels for annealing time were defined according to suggested times in the literature (23, 26, 29). With regard to process efficiency, the aim of this
study was also to determine the shortest freeze-drying process possible, which was evaluated through a comparison between product temperature and shelf temperature, a Pirani
gauge sensor-Capacitance manometer (CM) differential and the temperature of the condenser. However, the product quality characteristics above were prioritized.
Freshly prepared lyophilized powders were subjected to further characterization.
Combinations of variables and the results of responses are presented in Table IV.
Furthermore, because this study sought to investigate the effects of independent variables and their optimization, a linear regression model was constructed and statistical
evaluation of the model was performed using ANOVA. The results showed that the models
used to fit the responses variables were significant (p < 0.05) and adequate to represent the
relationship between the response and the independent variables. Additionally, model
fitting was evaluated with R 2adj and NRMSE followed by cross-validation using R 2pred. The
results are presented in Table V.
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0.9216

0.8693

0.6261

11.65

R2

R 2adj

R 2pred

NRMSE

0.9384

0.8124

12.14

R 2adj

pred

2

NRMSE

R

0.9631

R2

0.3263

0.0095

p-value

Specific surface p-value
area (Z2)

Residual
moisture
content (Z1)

Filling
volume
(X1)

0.0031

1

Annealing time
(X2)

0.9845

3.01

9.74

0.8585
Adjusted and predicted R 2 are in
reasonable agreement (the difference is 0.6846
less than 0.2).

0.9151

0.0176
Only the main effect of X2 was
identified as active. However, the main
effect of X1 was also included in the
model because the effect of X1 on the
response was our research question
and the model would otherwise be
underfitted. The p-value of the model is
below 0.05, at 0.0071.

0.0526

Adjusted and predicted R 2 are in
reasonable agreement (the difference is
less than 0.2).

A model with only a main effect with
square root transformation is used.
Furthermore, transformation can be
justified with more normal distribution
of residuals. Although the influence of
X2 is at the limit of significance, both
parameters were evaluated, because
otherwise the model would be
underfitted.

Adjusted and predicted R 2 are in
reasonable agreement (the difference is
less than 0.2.). If transformation were
not implemented, the difference would
be more than 0.2.

Without transformation, the p-value is
0.0166, whereas with inverse square
root transformation the value is much
lower, 0.0019. In addition, the Box- Cox
lambda value (–0.5) also indicates a
need for transformation. Furthermore,
transformation can be justified with
more normal distribution of residuals.

0.0009

0.0982

Linear model

F2 main effects and comment
Filling Annealvolume ing time
(X2)
(X1)

0.9742
Adjusted and predicted R 2 are not in
reasonable agreement (the difference is 0.9146
more than 0.2).

Only the main effect of X1 was
identified as active. However, the main
effect of X2 was also included in the
model because the effect of X2 on the
response was our research question.
The p-value of the model is below 0.05,
at 0.022.

Linear model

F1 main effects and comment

Table V. ANOVA statistical testing of linear regression model, for F1 and F2 (training set)
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90

0.8942

0.8236

0.6324

24.29

R²

R²adj

R pred

NRMSE

²

0.0159

p-value
0.4097

0.9256

0.0187

6.97

0.8759
Adjusted and predicted R 2 are in
reasonable agreement (the difference is 0.7312
less than 0.2).

Only the main effect of X1 was
identified as active. However, the main
effect of X2 was also included in the
model because the effect of X2 on the
response was our research question.
The p-value of model is below 0.05, at
0.0344.

0.0288

Adjusted and predicted R 2 are in
reasonable agreement (the difference is
less than 0.2).

A model with square root transformation is used, which can be justified with
more normal distribution of residuals.
The p-value of the model is 0.0203.

a

0.94

R

pred

1.50

0.91
0.9146

0

a

1.85

1.5

2

1.70

120

2

1.34

18.22

1.19

90

1.3

0.95

1

0.78

32.09

0.6261

0

0.57

R 2preda

120

2

1.5

0.62

NRMSE

Responses

12.47

7.46

12.31

15.21

8.86

11.09

Predicted

9.4

16.8

17

17.2

8.4

8.8

Experimental

Specific surface area (m2
g–1) (Z2)

0.6846

31.80

0.8124

17.12

NRMSE

5.87

9.73

6.34

9.58

16.33

6.33

Predicted

8

30

10

7

16

7

Experimental

Reconstitution time
(s) (Z3)

Values of the training set, already presented in Table V. NRMSE – normalized root-mean-square error, R 2pred – predicted coefficient of determination

F2

F1

90

1

Residual moisture content
Annealing
Filling
per vial (mg) (Z1)
volume (mL) time (min)
Experimen(X2)
(X1)
Predicted
tal

Independent variables

Table VI. Comparison of model predictions to experimental results of testing set

0.7208

47.53

0.6324

9.80

NRMSE

NRMSE – normalized root-mean-square error, R 2 – coefficient of determination, R 2adj – adjusted coefficient of variation, R 2pred – predicted coefficient of determination

Reconstitution
time (Z3)
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Despite the fact that a limited number of experiments were performed, models for
both of the formulations, presented in Table V, can be used to navigate the design space
for RMC, SSA, and RT. All the models were constructed including both main effects,
indicating that there are no active secondorder effects (interaction or square effects). Additionally, when the transformation of the model can be justified (9), it has been used
(Table V).
The regression model of RMC showed the value of R² for F1 is 0.9216, which means
that the calculated model was able to explain 92.16 % of the total variation in the results,
whereas for F2 it is 0.9845. The results indicate that the models used to fit the response
variable were significant for both formulations, with p = 0.022 for F1 and 0.0019 for F2,
showing adequacy for presenting the relationship between the response and the independent variables. Despite the fact that the annealing time (X2) has no effect on the RMC
(p = 1) for F1 and no significant effect (p = 0.0982) for F2, its evaluation was still included
in statistical testing because the main goal of this study was the evaluation of both variables.
Furthermore, with the inclusion of the X2 effect, the models for both formulations were
still significant. According to literature data, R 2 should be expressed in a more advanced
version, presented as R 2adj (30, 31), which compares the explanatory power of regression
models that contain different numbers of predictors. R 2adj is 0.8693 for F1, indicating that
13.07 % of the total variations are not explained by the model, whereas for F2 the percentage
is much lower; that is, 2.58 % (R 2adj = 0.9742). The complementary coefficient is R 2pred, which
is 0.6261 for F1 and 0.9146 for F2, and it indicates how well a regression model predicts
responses for new observations. R 2adj and R 2pred are always lower than R 2, and their key
benefit is that they do not increase in an overfitting condition, in contrast to an incorrectly
high value of R 2, which leads to a decreased ability to predict (30, 31). An additional
parameter for evaluation of the model, considered as a percentage error, NRMSE, was
calculated. Whereas the rootmeansquare error (RMSE) measures the standard deviation
of the residuals and is expressed in the same units of measure as the response variables,
NRMSE is its coefficient of variation, expressed as a percentage. The NRMSE of F1 for
RMC is 11.65, whereas for F2 it is 3.01 and it correlates with R 2adj, indicating high precision
and no systematic errors. Based on the evaluation of the training set, it can be concluded
that the F2 model for RMC fits the data better than F1; however, both of the models show
reasonably good fit.
The chosen model for SSA of F1 yielded R 2 of 0.9631, whereas for F2, where square
root transformation was implemented, it was 0.9151. The significance of the model was
evaluated with a p-value, which is lower than 0.05 for both formulations (Table V). Due to
the evaluation of the main effects of both variables on the chosen responses, X1 and X2
were included, despite the fact that the filling volume’s effect is not significant in F1, nor
is the time of annealing in F2. A comparison of NRMSE and R 2adj of F1 and F2 shows that
the parameters do not correlate, which is additionally explained in the following validation of the predictive models through additional experiments.
When evaluating the fit of the training set, both models fit the data relatively well.
However, the model for formulation F1 has higher R 2pred, which indicates less overfitting.
RT was evaluated by a linear model for F1 and square root transformation for F2.
Both models are significant and can be used for further studies (p = 0.0344 for F1 and
0.0203 for F2). However, the effect of annealing time in F1 is not significant. In order to
evaluate both variables, the main effect of X2 was included. Evaluation parameters indicate
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Fig. 1. 3D response surfaces for RMC, SSA, and RT of F1 and F2 formulation. RMC – residual moisture
content, RT – reconstitution time, SSA – specific surface area.
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a better fit of the model for formulation F2 because R 2adj is higher and NRMSE is lower,
indicating that the model for F2 has a lower deviation of residuals.
Finally, ANOVA results show that filling volume has a greater effect than annealing
time on all three responses in both formulations, except on SSA of F1. The reason could
be in analytical error, vial-to-v ial variation, a limited number of trials or the composition
formula, because NaCl, which is present in F1, is not a bulking agent, meaning that the
effect of filling volume on SSA could be minimized. Contrary to the effect of filling volume,
increased annealing time slightly increased RMC, but decreased SSA and RT, which
could be explained by increased resistance of the dried layer and primary drying time
(27). Even though the effect of annealing time proved to be significant (p < 0.05) for only
one response in each formulation, the p-values are generally lower for formulation F2,
showing that, like filling volume, annealing time has a greater influence on responses in
formulation F2.
Moreover, our results show a good correlation between responses because samples
with lower RMC have higher SSA and consequently shorter RT, which is in good agreement with literature data (16).
The relationship between independent and dependent variables was also graphically presented by the 3D response surface (13) generated by the model, shown in Fig. 1.
Fig. 1 shows the influence of filling volume (X1) and annealing time (X2) on RMC
(Z1), SSA (Z2), and RT (Z3) of F1 and F2. For formulations F1 and F2, increasing the filling
volume from 1 to 3 mL increases RMC and RT, whereas the effect decreases on SSA for
F2 and is not significant for F1 (p > 0.05). On the other hand, increasing the annealing
time from 0 to 180 min for formulation F1 significantly influences only the SSA, which
decreases, whereas the effect on RT and on RMC is not significant. The 3D response surface for F2 shows that increasing the annealing time from 0 to 180 min significantly influences only RT, which increases, whereas the effect on SSA is limited (p ≈ 0.05) and on
RMC it is not significant (p > 0.05).
It was shown that the highest SSA and the lowest RT were achieved when using
1 mL of filling volume and no annealing process. However, the lowest RMC is at 1 mL
filling volume, with or without the annealing process, because there is no significant
effect of X2 on Z1 (p > 0.05).
The aim of this study was confirmed. The conditions that yielded minimum RMC,
minimum RT, and maximum SSA were determined. Moreover, the goal with the direction of variables, which represents the closeness of a response to its ideal value, called
desirability, was defined. The more closely the response approaches the ideal intervals or
ideal values, the closer to 1 the desirability is (32). The software generated desirability for
both formulations, which was above 0.89, with the optimum filling volume of 1 mL and
time of annealing 0 min. Interestingly, influences are similar in both formulations, d
 espite
different compositions. The optimal combination is also supported by the duration of
primary drying, which was not drastically affected by any of the variables studied.
Validation of the predictive model through new experiments. – To confirm the selected
models, their prediction was validated using three additional experimental runs by
varying the two independent variables within the first set levels. RMC, SSA, and RT were
estimated in accordance with Eqs. 2, 3, and 4 for F1 and with Eqs. 5, 6, and 7 for F2.
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F1
=
Z1 0.28833 + 0.32750 × X1 − 1.07017 × 10−18 × X 2
=
Z 2 16.31667 − 0.73500 × X1 − 0.049926 × X 2 		
Z3 =
−4.6667 + 9.50000 × X1 + 0.016667 × X 2 		

(2)
(3)
(4)

F2
1
= 1.04866 − 015565
.
× X1 + 2.46562 × 10−4 × X 2
Z1

(5)

=
Z 2 4.52207 − 0.66025 × X1 − 3.92558 × 10−3 × X 2

(6)

=
Z3 1.69062 + 0.48839 × X1 + 3.76496 × 10−3 × X 2

(7)

A comparison of the predicted values and actual values in Table VI shows that the
models constructed are mainly able to predict the response in question with relative accuracy,
especially considering factors affecting the process and experimental errors (vial-to-vial
variation, outliers, and analytical error) (33). However, some outliers within additional
experiments are still present in some models, which is expected because the model was
constructed with limited data points.
Based on the results presented in Tables V and VI, it follows that models for RMC are
acceptable for both the F1 and F2 formulations. Furthermore, the value of NRMSE for the
testing and training set and graphs of actual versus predicted values presented in Fig. 2
confirm higher R 2adj for F2 in the training set and show that the model for F2 has a better
fit. Additionally, R 2pred of the training set is in good agreement with NRMSE of the testing
set, confirming that the F2 model is more capable of predicting responses within the chosen
design space. The results in Table VI and graphs in Fig. 2 confirm the defined model for
SSA for both formulations. Moreover, NRMSE and comparison between NRMSE of the
training and testing sets yielded a better model for F1 formulation, which could not be
concluded during the evaluation of the training set. Of particular interest, R 2pred of the
model for RT does not correlate with the NRMSE values of the testing set, which further
proves the importance of the additional validation experiments and the larger test set. The
NRMSE of F1 is even lower for the testing set than for the training set, showing that the
right effects and their coefficients are included in the model, which predicts the response
well. Regarding the models for RT, the results presented in Tables V and VI show that the
models are acceptable for both formulations. The values of NRMSE for the testing and
training sets and graphs presented in Fig. 2 show that the model for F1 has a better fit than
for F2, which could not be concluded only with data from the training set. A comparison
of the model predictions and actual (experimental) values presented in Fig. 2 proves a successful validation of the models. The optimum filling volume of 1 mL and process without
annealing were generated, respectively. The model predicted RMC of 0.62 mg (1.26 %,
m/m), SSA 15.58 m2 g–1, and RT of 4.8 s for F1, whereas experimental values were 0.51 mg
(1.04 %, m/m), 16.3 m2 g–1, and 2 s, respectively. The model prediction for F2 was 1.256 mg
(0.73 %, m/m) of RMC, 14.991 m2 g–1 of SSA, and 4.792 s of RT, whereas the experimental
values were 1.19 mg (0.69 %, m/m), 16.8 m2 g–1, and 5 s, respectively. All three quality attributes match the standard requirements for freeze-dried products; that is, higher SSA, less
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than 2 % of RMC, and lower RT. The values are in good agreement and, for these reasons,
we strongly believe this approach will yield good predictions. However, we should always
bear in mind that models are only approximations to the response, indicating the direction
for increasing or decreasing their values.

Fig. 2. Actual vs. predicted values for F1 (left column) and F2 (right column); (• = training set, * = test
set). NRMSE – normalized root-mean-square error, R² – coefficient of determination.
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CONCLUSIONS

A study of an optimization of the lyophilisation process using a DoE approach with
the response surface method was established. The results of this study recommend keeping
the filling volume at 1 mL in order to minimize RMC and to avoid the annealing process
to maintain a higher SSA of a freeze-dried product. Moreover, the experimental results
agreed well with the predictive results and confirmed the high applicability of the tools
for future experiments. Such investigation helps in understanding the influence of formulation and process parameters on selected product quality attributes, resulting in an optimized
freeze-drying process and a product with constant high quality.
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