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Abstract
Purpose The industrial applications of lipases are hampered by their sensitive nature to processing and storage conditions. In this
context, this study presents a simple statistical modeling approach using Nano SprayDryer BÜCHI B-90 as an ideal technique for
the production of stable lipase nano-powder (LNP).
Methods In this study, factorial design is employed to optimize the spray drying process for Mucor racemosus lipase enzyme.
Different variables were investigated such as adjuvant type (dextrin, mannitol, and lactose), concentration (2%, 4%, 8%), nozzle
diameter, and inlet temperature (80 °C, 100 °C, 120 °C). Additionally, the physicochemical properties of LNP including particle
size, residual enzyme activity, powder yield, morphology, and moisture content are investigated.
Results Results indicate a significant effect of additive type on product yield value and particle size. LNP exhibited a broad range
of physical characteristics (enzyme residual activity 80.5–100%, particle size 210–1313 nm, and yield value 24–99%) and 98.4%
residual activity after storage for 2 months at 5 °C. Scanning electron microscopy (SEM) images have shown a variation in the
morphology of LNP with a remarkable flower-like structure in presence of lactose. The measured pronounced lipase stability is
accredited to high local lipase concentration, adjuvant stabilizing effect, and favorable lipase conformation at the nano-scale-solid
state.
Conclusion Based on the results presented, a robust approach for the production of a maximally viable spray-dried LNP in solid
form can be employed for extended biotherapeutic and biotechnological applications of lipase.

Keywords Nano-spray drying optimization . Factorial design . Flower-like lactose . Lipase enzyme stabilization . Nano dry
powder . Pharmaceutical biocatalyst . Carbohydrate carrier
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Introduction

Lipases (triacylglycerol hydrolase EC 3.1.1.3) are ubiquitous
enzymes of high physiological significance and impressive
industrial potentials. Lipases exhibit a unique catalytic perfor-
mance that place them as one of the most extensively used
biocatalysts in nano-biotechnology. Lipases are also consid-
ered the most important group of biocatalysts designed for
biotechnological and biomedical applications. In addition, li-
pases’ high catalytic efficiency, specificity, and the ability to
accelerate specific chemical reactionswithout the formation of
undesirable by-products are aspects that have escalated the use
of these biocatalysts in different industrial sectors [1, 2]. They
are found to be successful in catalyzing numerous processes
relevant to food, pharmaceutical, biomedical, cosmetic, deter-
gent, medical diagnostics, dairy, food, paper industries, and
bioremediation [2–4].Microbial lipases’ higher stability under
processing conditions is highly valuable for biotechnological
applications [5, 6]. Lipase enzyme used in this study was
previously purified and characterized from the genus Mucor
sp. by our research group, obtaining high specific activity of
15,217 units/mg protein, and optimal pH and temperature
were 5.0 and 40 °C, respectively. The purified lipase enzyme
is stable up to 70 °C [4].

However, the biopharmaceutical and industrial applica-
tions of enzymes are unfortunately hampered by their intrinsic
instability. Hence, the major challenge for the industrial appli-
cation of enzymes is the preservation of their operational sta-
bility and activity under processing conditions and during
storage [6]. Strategies for improving enzymes and protein sta-
bility include stabilizer addition, immobilization, chemical
modification, and bioconjugation and nano- or micro-
particle technology [6–9]. Drying strategies are often used to
produce a stable solid form of enzymes and proteins that are
suitable for biopharmaceuticals. Enzymes in solid dosage
forms are more stable against shear-related denaturation and
precipitation during manufacturing processes and storage [10,
11]. The most commonly used methodologies to manufacture
enzyme solid forms include freeze drying and lyophilization.
Freeze drying process applies freezing and dehydration stress-
es to the proteins which may lead to the modification of pro-
tein structure [11, 12]. On the other hand, lyophilization is a
batch process that is costly and time consuming. In addition, it
would require a secondary procedure to break down the pro-
duced mass into particles. This procedure would considerably
affect particles’ characteristics such as size, size distribution,
and morphology and reduce the process yield [10, 12, 13].

In view of the ever-growing interest in biopharmaceuticals
and in order to keep pace with the fast-growing demand for
micro- and nano-particles with explicit features and character-
istics, there is a persistent demand to find alternatives to con-
ventionally used freeze drying and lyophilization techniques.
In this context, nano-spray drying was presented as a tempting

alternative for particle engineering. Nano-spray drying mainly
encompasses a three-step one-unit operation approach includ-
ing atomization of feed solution or dispersion, dehydration
into a stream of drying gas using established set of processing
variables, and finally powder collection from the electrostatic
particle collector. Spray drying offers major advantages over
other particle engineering techniques where parameters such
as physicochemical stability, particle size, morphology, and
solubility can be controlled in only one distinct step [14, 15].
Moreover, it is a continuous process that preserves and pro-
tects the enzyme conformation due to fast solvent removal.
Whereas, the residence time of the sprayed enzyme droplet
after atomization is very short due to large surface area of the
aerosols, usually in the range of 0.2–30 s. Thereafter, the
spray-dried enzyme powder would be stable with substantial
enzyme activity and yield value [16]. Furthermore, the Nano
Spray Dryer B-90 (BÜCHI Labortechnik AG, Flawil,
Switzerland) has the advantage of spray drying sample vol-
umes as small as 1 ml. This is advantageous for research work
as it eliminates the need to spray dry large volume of samples.
Nonetheless, the spray drying of pure enzyme-containing so-
lutions leads to substantial worries about damage of enzyme
structure and inactivation. Proteins are subjected to various
types of stress during the spray drying process including ther-
mal, shear, dehydration, and interfacial stresses. Enzymatic
activity loss during the spray drying procedure denotes the
loss of a valuable enzyme and a reduction in the quality of
the final product [10, 13]. Hence, several measures are usually
taken to avoid this inactivation and preserve structural integ-
rity of enzymes such as the alteration of process conditions
and the addition of different additives to sample liquid feed-
stock prior to spray drying. Typically, a stabilizing carrier/
adjuvant such as carbohydrates, amino acids, and surfactants
is usually added to the feed solution prior to spray drying to
avoid the denaturation and loss of activity and improve prod-
uct yield [16–18]. In addition, researchers are continuously
seeking efficient, safe, and inexpensive carriers that exhibit
higher retention of bioactive compounds and that can be used
in a small quantity, which is typically expected for the phar-
maceutical industry. Nano-spray drying technology offers fu-
turistic promises for biopharmaceuticals considering its wide
scope of applications and versatility. In addition, the growing
interest in developing continuous industrial processes has
made such technologies standout for formulation processing
of pharmaceuticals and biopharmaceuticals. Hence, the ongo-
ing research in this field is progressively widening with novel
prospects for spray drying and more understanding and ex-
ploitation for optimization. Reported studies for spray drying
of enzymes such as tannase [17], amylase in our recent pub-
lication [18], β-galactosidase [19], and bovine serum albumin
(BSA) [20] have indicated the possibility of spray drying
without loss of activity using the Nano Spray Dryer B-90.
However, studies considering nano-spray drying effect and
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parameters for Mucor racemosus lipase have not, to our
knowledge, been reported.

In this study, a man-made technology is combined with a
powerful biological catalyst for the production of a stable nano-
biocatalyst. Three different carriers were chosen, namely dextrin,
mannitol, and lactose. The exceptional safe chemical profiles of
these carriers allow them to be labeled as generally recognized as
safe (GRAS) by the US Food and Drug Administration (US
FDA) and by the European Pharmaceutical Union (EPU).
Hence, these pharmaceutical additives are chosen as safe carriers
for nano-spray drying of lipase enzyme. The aim of the present
study is to carry out a systematic statistical approach using fac-
torial design for optimization of nano-spray drying process var-
iables in terms of maintaining maximum residual enzyme activ-
ity in the produced lipase nano-powder (LNP). To achieve this
goal, various process parameters (inlet temperature, nozzle diam-
eter, powder yield value, and residual enzyme activity) are inves-
tigated. Producing a stable active lipase enzyme in the dry solid
form (LNP) would provide an efficient robust biocatalyst with
enhanced catalytic and shelf-life stability for various biotechno-
logical and biotherapeutic applications.

Materials and Methods

Materials

Lipase (glycerol ester hydrolase EC 3.1.1.3) was purified and
characterized in our lab from Mucor racemosus Nrrl 3640
(0.23 total protein/mg; 15,217 units/mg protein) [4]. Lactose,
xylose, dextrin, mannitol, and other chemicals of reagent
grade were all purchased from Merck (GmbH, Darmstadt,
Germany). Gum Arabic, hydrogen peroxide 30% (w/w) in
water, and olive oil were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO).

Methods

All experiments were carried out in triplicates where the
values are the mean of at least 3 independent experiments.
Standard deviation (SD) values were always below 10%.

Design of Experiments and Statistical Analysis

In order to develop an optimal product with maximum enzy-
matic activity, a number of process and formulation variables
should be examined. I-optimal factorial design established for
this study required a sum of 20 experimental runs. The com-
binations and levels of variables used in the experimental de-
sign are reported in Table 1. Specifically, two levels were
taken into consideration: a low (−) and a high (+) level of four
variables; coded process parameters are reported in Table 2.
The used variables were the additive concentration (%), the

nozzle diameter (μm), the inlet temperature (°C), and the ad-
ditive type. On optimization of such multi-variable process,
the desirability response is merged such that a product of
desired characteristics is obtained. In this study, the residual
enzyme activity (%), product yield (%), and particle size (nm)
were considered the main dependent variables. The desirabil-
ity goal of the series of experimental runs aimed to determine
the optimum process and formulation variables for production
of LNP with maximized enzyme viability and product yield.
The statistical evaluation of the experimental data was carried
out by one-way analysis of variance (ANOVA) (Design
Expert® software, version 11, Stat-Ease Design, USA).

Preparation of Enzyme Feed Solution

Lipase enzyme (20 mg/ml) was also dissolved in distilled
water, before being added to the previously dissolved additive
solutions (2% or 4% or 8% (w/v) of either mannitol/dextrin/
lactose/ xylose). The feed solution prepared was slowly mixed
for 30 min and then filtered. Afterwards, the feed solution was
spray dried (feed solution flow rate of 15 l/h) without any
further treatment.

Nano-spray Drying Process

Lipase nano-powder was prepared in this study using the
Nano Spray Dryer B-90 (BÜCHI Labortechnik AG,
Switzerland). The Nano Spray Dryer B-90 was operated using
an open-cycle mode that utilized air as the drying gas.
Aqueous solution of lipase and three different additives,
namely dextrin, mannitol, and lactose, were separately tested
at three different concentrations: 2, 4, and 8% as listed in
Table 1. Preliminary trials were carried out before employing
the experimental design for selection of certain operating con-
ditions for the production of dry nano-powder with active
lipase. To investigate the effect of inlet temperature on lipase
activity, different temperatures were tested (80 °C, 100 °C,
120 °C). The following process conditions were kept constant
throughout the experiments at a drying air flow rate (100 l/
min) and relative spray rate (100%). The Nano Spray Dryer B-
90 employed a long drying chamber, spray cap, and an elec-
trostatic collector for particles. Before spray drying, samples
were filtered in order to avoid blocking the spray mesh. Spray-

Table 1 Levels of experimental parameters

Parameters 1 2 3

(A) Additive conc. (%) 2 4 8

(B) Nozzle diameter (μm) 4 5.5 7

(C) Inlet temperature (°C) 80 100 120

(D) Additive type Lactose Dextrin Mannitol
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dried nano-powder was collected from the electrostatic parti-
cle collector via a scraper. In order to avoid any loss of enzy-
matic activity during storage, lipase activity in LNP samples
was assayed on the same day the samples were prepared. In
addition, all formulations were stored at 4–8 °C with a desic-
cator for further experimental studies.

Lipase nano-powder with xylose as adjuvant was also pre-
pared using the aforementioned experimental parameters, but
samples were excluded because of their undersized yield val-
ue. For comparison, free lipase sample (without any additives)
was nano-spray dried under the same process conditions.

Lipase Activity Assay

The activity of lipase in dried NLF was assayed using acid-
base titrimetric assay [4]. The substrate emulsion (olive oil)
was formulated using 25 ml of 50% gum acacia solution
(w/v), pH adjusted to 5.5 using 10 mM Tris-HCL buffer.
The lipase activity was measured after 1-h incubation of sam-
ples by assaying free fatty acid liberated (oleic acid) by titra-
tion with 5 mM sodium hydroxide using phenolphthalein as
indicator (100 μl, 1% w/v). One unit of lipase activity was
defined as the amount of lipase liberating 1 μmol oleic acid/
min under standard assay conditions. Residual enzyme activ-
ity was calculated as a percentage of initial lipase enzyme
activity (taken as 100%) as follows:

%residual activity

¼ lipase activity in spray dried powder

initial lipase activity in feed solution
� 100

Physicochemical Characterization

Product Yield Value The product yield was calculated as a
percentage of initial solid content employed per nano-spray
drying solution related to the actual amount of nano-powder
obtained.

The following equation was used:

yield value% ¼ Collected powder weight gð Þ
Initial solid content in feed gð Þ � 100

Particle Size Determination Mastersizer (Malvern Instruments,
Hydro 2000S, Malvern, UK) was used for particle size measure-
ments. Each measurement represents the mean of three succes-
sive measurements of 120 s where each is an average of 10 runs.
All measurements were done at 25 °C. Prior to measurements,
samples were diluted in order to ensure that they are translucent
with an appropriate scattering intensity.

Scanning Electron Microscopy The morphology of the spray-
dried lipase nano-powder was observed using scanning elec-
tron microscopy (SEM) (ESEM™, Quanta 250-EFG, Thermo
Fisher Scientific, USA). Before imaging, the samples were
coated with gold for 60 s in a Jeol JSM-6400 (Tokyo-
Japan). SEM took place at the National Research Center, in
Cairo, Egypt.

Storage Stability The spray-dried lipase nano-powder and free
lipase sample (in 50 mM potassium phosphate buffer, pH 7.0)
were stored at 5 °C in tightly closed Eppendorf tubes. Enzyme
activity was measured at selected time intervals (0, 15, 30, 45,
60 days) within 2 months, using standard assay conditions.
The percentage residual lipase activity was calculated as the
proportion of activity remaining at the end of the storage pe-
riod compared to the initial enzyme activity at zero time,
which was defined as 100%.

Moisture Content Determination The water content of nano-
spray-dried powder was detected according to AOACmethod
984.25 [22]. Three grams of nano-spray-dried powder was
weighed and placed in an oven at 105 °C until no change in
weight was detected. The moisture content was expressed as
percentage (%):

weight gð Þof sample before drying –weight gð Þ of sample after drying

weight gð Þ of sample before drying
� 100

All measurements were carried out in duplicates and
expressed as average.

Results and Discussion

Considering the fact that a stable solid dosage form of lipase
would intensify its biomedical and industrial applications, this

Table 2 Coded process parameters used in the factorial design

Factor Name Units Type Minimum Maximum Coded low Coded high Mean Std. dev.

A Additive conc. % Numeric 5.00 20.00 − 1 ↔ 2.00 + 1 ↔ 8.00 12.75 6.38

B Nozzle diameter Micrometer Numeric 4.00 7.00 − 1 ↔ 4.00 + 1 ↔ 7.00 5.35 1.28

C Inlet temperature C Numeric 80.00 120.00 − 1 ↔ 80.00 + 1 ↔ 120.00 101.00 17.74

D Additive type Categoric Lactose Mannitol Levels 3
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study aims to optimize formulation carriers and process vari-
ables used for nano-spray drying of lipase that would yield
nano-powder with maximum enzyme activity. Four process-
ing variables were chosen for the nano-spray drying process;
the effect on each of the dependent variables is discussed in
details below. The results of the experimental drying runs are
presented in Table 3.

Effect of Process Variables

The spray drying technique is well established for pharmaceu-
tical production of nano-powders. However, it is critical to
distinguish steps in the spray drying process that can adversely
affect enzyme activity [20, 21]. In this study, spray drying
conditions were thoughtfully chosen after several preliminary
trials to attain active lipase nano-powder: the effect of inlet
temperature on lipase activity using different temperatures
was investigated at 80 °C, 100 °C, and 120 °C. It is worth
noting that inlet temperature of 80 °C is the least possible one
on using aqueous medium during spray drying; hence, lower

values were not tested. Results showed that lipase activity was
fully preserved (100% residual activity) on spray drying at
80 °C (Table 3). The outlet spray drying temperature is direct-
ly affected by the inlet temperature and is typically regarded as
the maximum temperature the enzyme is exposed to. Hence,
the outlet temperature is considered a more critical variable in
spray drying of heat-sensitive enzymes for preservation of
their activity [18, 21]. Nano-sprayed droplets and lipase pow-
der particles will uphold a temperature reasonably below the
inlet temperature of the drying air during the drying process,
whereas water evaporates from the droplets, causing a cooling
effect, which prohibits the temperature of the drying substance
from exceeding the wet bulb temperature of the drying air [16,
20, 21]. In this study, the outlet temperatures recorded during
the experimental runs were mild and ranged from 34 to 51 °C.
The lipase enzyme would be subjected to the outlet tempera-
ture during the spray drying process for a longer time than the
inlet temperature. Hence, the obtained low outlet temperature
is more favorable to retain full enzyme activity and avoid
enzyme denaturation [18, 23]. Similarly, Arpagaus [24] also

Table 3 Experimental design and corresponding results of response
variables. Experimental design shows the input parameters set for nano-
spray drying (nozzle diameter, inlet temperature, additive type) and the

output parameters that were experimentally determined (particle size,
residual enzyme activity, and powder yield value). Results of stability
testing and moisture content are also tabulated

Run Process parameters Response variables Enzyme Activity
after 2 months (%)*

Outlet
temperature
(°C)

Moisture
content (%)

A: Additive
conc. (%)

B: Nozzle
diameter
(μm)

C: Inlet
temperature
(°C)

D:
Additive
type

R1 R2 R3
Particle
size (nm)

Yield
value
(%)

Enzyme
residual activity
(%)

1 8 7 100 Lactose 590 24 85.5 86 44 5.8

2 4 7 80 Dextrin 360 55 100 95 37 2.7

3 8 7 120 Dextrin 420 68 94.4 96 54 2.4

4 4 5.5 100 Dextrin 582 90 97.5 95.2 46 2.99

5 4 4 120 Dextrin 220 21.5 92 94.3 60 2.34

6 4 5.5 120 Mannitol 734 80 82.2 94 57 1.6

7 8 4 120 Dextrin 360 49 92.9 95 58 2.41

8 2 5.5 80 Lactose 900 65 86.5 90 38 6.12

9 8 4 100 Mannitol 649 99 87.4 95.4 43 1.87

10 4 4 80 Lactose 592 28 87.1 87 38 6.4

11 2 4 120 Lactose 399.3 15.5 81.2 85.6 58 4.8

12 8 5.5 120 Lactose 1313 81 83 92 57 5.32

13 4 7 120 Lactose 511 20 80.5 86 52 5.12

14 4 7 100 Mannitol 849 72 87.6 97 46 1.78

15 2 4 80 Dextrin 210.4 42.5 100 98 36 2.8

16 8 5.5 80 Mannitol 840 99 90.2 97 34 2.14

17 2 4 80 Mannitol 602.2 82.5 88.9 96 35 2

18 2 7 120 Dextrin 345 26 92 93 58 2.2

19 8 4 80 Dextrin 310 59 100 98.4 34 2.9

20 8 5.5 100 Dextrin 600 85 98.6 96.5 41 3.1

*Stability testing of nano-spray-dried samples in presence of different adjuvants (stored for 2 months at 5 °C) was calculated as mean% residual enzyme
activity, n = 3
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reported that the loss of enzymatic activity during spray dry-
ing was avoided by using a low outlet temperature.

In addition, the impact of drying air temperature on the
enzyme activity depends on the feed flow rate. A lower feed-
ing rate would increase the outlet temperature as a conse-
quence of lesser fluid being evaporated over the same time
period [25]. Therefore, in this study, a high flow rate (95–
105 l/min) was chosen to avoid the damaging effects of tem-
perature on lipase activity. Stahl et al. reported that upon using
a lower feed flow, the degradation of insulin drying was much
higher compared to that dried using higher feed flow [26]. In
addition, based on spray drying theory, keeping the atomizing
flow rate high would result in a smaller droplet exiting the
spraying nozzle [23]. This would result in smaller particle size
as discussed later in “Effect of Formulation Parameters.”

Effect of Formulation Parameters

Statistical design of experimental studies is advantageous as it
utilizes fewer experimental runs to determine the optimal pro-
cess conditions; this reduces the cost of experiments and ma-
terials required. Factorial experimental designs and the
Taguchi method are the main used statistical approaches
[15]. In this study, factorial design is used to overcome the
sources of stress during the nano-spray dying process and
optimize formulation parameters. Several factors, such as type
of spray dryer, resident time, drying chamber size, and geom-
etry, can substantially impact the performance of the drying
process and thereby the attributes of the obtained product and
its physicochemical characteristics [17].

Parameters that are usually screened after enzyme spray
drying include residual activity and stability, yield value, par-
ticle size, andmorphology. Judicious choice of stabilizers may
however assist to protect protein stability against stress-
induced deactivation. An advantage of the generated factorial
design models is that it can be used to predict process or
formulation parameters (powder particle size, yield value,
and enzyme activity) for combinations of the different input
process parameters that have not been tested yet. The statisti-
cal analysis for the whole design was calculated. The model fit
was good, and model precision and robustness were sufficient
(the predicted R2 is in reasonable agreement with the adjusted
R2; i.e., the difference is less than 0.2). The model F value
implies that the model is significant.

Effect on Residual Enzyme Activity

Several parameters during spray drying can cause enzyme
deactivation. Proteins are typically exposed to high shear
forces during the atomization process, including their contact
with the high-temperature air flow, thermal stress, which re-
sults in irretrievable structural modifications, denaturation,
and loss of bioactivity. This thermal stress can be reduced

by the addition of adjuvants such as carbohydrates [27].
Statistical analysis using linear model (p < 0.05) indicated that
the three independent variables (additive concentration, inlet
temperature, and additive type) are all significant model terms.
Results also indicated that the nozzle diameter was an insig-
nificant model term. The effect of the three influential factors
on predicted LNP is presented in response surface plot
(Fig. 1). Results presented in Table 3 show that the residual
enzyme activities in presence of all adjuvants tested were
higher than 82% after nano-spray drying. However, lipase
activity was lost upon spray drying in absence of any adju-
vant. Among all formulations tested, those in presence of dex-
trin exhibited the best results where the enzyme activity was
fully preserved (100%) in runs (R2, R15, and R19) (spray
dried at inlet temperature of 80 °C) followed by mannitol
and lactose. With regard to LNP activity results, the residual
enzyme activity in LNP using dextrin was 100% residual ac-
tivity. This result can be rationalized in relation to the interac-
tion between lipase and dextrin. It is acknowledged that li-
pases possess high affinity for hydrophobic interfaces, and
this interaction may perhaps create a hyper-activity for lipase.
Hence, it is suggested that the hydrophobic character
displayed by dextrin chains [28] can cause the hyper-
activation of lipase enzyme through activation of the en-
zyme’s active site. This occurs due to the effect of the interfa-
cial activation upon revealing the active site of lipase through
the opening of a polypeptide chain called the “lid” and expo-
sure of the internal hydrophobic surface of the lid for substrate
interaction [4, 29].

On the other hand, two key hypotheses have been sug-
gested to explain the stabilizing effects of other carbohydrates
[27, 28]: (a) water replacement and (b) immobilized glassy
matrix. In the (a) water replacement hypothesis, hydrogen
bonds between proteins and water molecules are substituted
by hydrogen bonds between proteins and carbohydrate hy-
droxyl groups; for certainty, carbohydrates can form hydrogen
bonds with proteins in the solid state. In the (b) immobilized
glassy matrix hypothesis, lipase becomes fully immobilized
due to the rigidity of the formedmatrix; hence, conformational
changes to enzyme structure and consequential denaturation
are avoided. Accordingly, the addition of stabilizing carbohy-
drates to avoid thermal stress of protein formulations due to
high temperature is one of the main approaches for the prep-
aration of pharmaceutical enzymes by spray drying. In this
context, several authors have explained the beneficial effect
of various carbohydrates including cyclodextrin, maltodex-
trin, lactose, and mannitol on preserving the activity of various
spray-dried enzymes [16, 18, 27–29]. Costa-Silva et al. [16]
reported the preservation of 100% residual lipase activity up-
on spray drying using maltodextrin.

Furthermore, the effectiveness of a carrier differs according
to its physicochemical characteristics and concentration used.
Cabral et al. [29] discussed the hypothesis that optimum
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carrier concentration is required for the carrier to successfully
shield enzymes from thermal stress upon spray drying. In this
study, all the adjuvants tested were used at the same concen-
trations of 2, 4, and 8% (w/v). Interestingly, the use of dextrin
at concentrations of 2, 4, and 8% (w/v) allowed higher reten-
tion of enzymatic activities during the spray drying process (at
80 °C inlet temperature) at all tested concentrations.

Effect on Product Yield Value

A high product yield is typically considered recognized as the
principal requisite of the spray drying process, especially for
valuable and costly biomaterials such as enzymes. In this
study, the obtained product yield was quantified through the
calculation of product recovery percentage by dividing the
amount of recovered product to the total amount of initial solid
content. The calculated yield values ranged from 20 to 99%
(Table 3). Figure 2 presents the surface plot response of the
effect of the formulation variables on the product yield value.
ANOVA statistical analysis (p < 0.05) using linear model in-
dicated that the additive type had a significant effect on the
product yield value. Applying linear model fit resulted in a
good model fit, adequate precision, and significance. Only
one parameter (additive type) was found to significantly affect
the yield value. Results presented in Table 3 show that the
lowest product yield value obtained was 20% for R13 in pres-
ence of lactose. On the other hand, the best yield value was
99% (R9 and R16) in presence of mannitol. For industrial
adaptation, at least a 50% product yield recovery is required
to be relatable to the production cost and efficiency of the

spray drying process. The electrostatic collecting chamber in
the Nano Spray Dryer BÜCHI B-90 is not dependent on the
mass of the particles but rather on the electrostatic charge;
consequently, the advantageous electrostatic collector can
gather particles of submicron or nano-metric size at yields
higher than 90%. Nonetheless, process yield value is usually
influenced by the adherence of the product onto the walls of
the drying chamber or by elutriation [17, 18].

In this study, the highest yield value results were obtained
in the presence of mannitol; this can be attributed to the phys-
icochemical properties of the resulting product of lipase en-
zyme with mannitol. In this context, mannitol has been previ-
ously reported as a favorable additive in spray drying drug
peptides or enzymes. Spray drying of calcitonin with mannitol
[30] and of insulin with lactose and mannitol [31] is among
the studies reported.

When lactose was used as adjuvant, a substantial amount of
LNP was retained on the walls and nozzle which causes yield
reduction as well as insufficient manual collection of the prod-
uct from the collecting electrode which also causes inevitable
loss. Dehydration caused by spray drying results in changes of
some physical characteristics of the adjuvant used, which may
adversely affect the resulting powder characteristics and result
in poor yield value [32]. Sansone et al. [32] have reported that
upon using lactose in spray-dried samples, the formed mass
was sticky with poor handling characteristics, whereas during
drying of lactose, a part of the crystals becomes amorphous
material and the Tg of lactose occurs close to room tempera-
ture (25–37 °C) [32, 33]. Costa-Silva et al. [16] reported that
during spray drying, the powder deposition in the chamber

Fig. 1 Response surface plot of
the effect of adjuvant
concentration (%) and nozzle
diameter (μm) on residual lipase
activity (%)
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was considered a possible cause for decreased yields.
Accordingly, the effectiveness of product collection from the
electrostatic chamber in the nano-spray dryer presents a great
stand out point in terms of product yield.

Effect on Particle Size

In view of published literature, the size distribution of the
product is affected by several factors including the adjuvant
type and concentration as well as spray nozzle atomizing pres-
sure and size [6, 15, 28]. In the current work, the particle size
of the produced LNP was measured by laser diffraction. To
study the relationship between the input parameters and the
particle size, a linear model was fitted on the data. The model
fit was good, and the model exhibited adequate precision and
significance. ANOVA analysis using linear model showed a
significant effect of additive type on the particle size. The
response surface plot of the effect of the formulation variables
on particle size is presented in Fig. 3. In this study, particle
size measurements showed that, under the chosen process
parameters, values measured for LNP were under 1.5 μm.
Results presented in Table 3 show that the adjuvant type had
the most pronounced effect on the particle size. On the other
hand, the adjuvant concentration and inlet air temperature did
not significantly affect the particle size of LNP. The smallest
particle size (220 nm) was obtained in presence of 2% dextrin
for run (R5) using a nozzle diameter of 4 μm, which is a
notable result for nano-spray-dried powder. The submicron
particle size region attained by using the 4.0 μm nozzle diam-
eter was previously reported for nano-spray drying of α-

amylase by Abdel-Mageed et al. [18]. These results can be
better clarified in view of favorable interaction of dextrin hy-
drophobic chains with lipase enzyme that resulted in a smaller
particle size. On the other hand, the largest particle size
(1313 nm) was recorded for R12 in presence of 8% lactose
using a nozzle size diameter of 5.5 μm. This result can be
better clarified in view of mass formation due to link bridges
between the particles of LNP in presence of lactose that might
be related to the amorphous nature of lactose [33]. It is note-
worthy that similar results have been reported by other authors
who showed the effect of added adjuvants and their concen-
trations on the particle size of spray-dried product, as reported
by Abdel-Mageed et al. [18] and Cavalcanti et al. [17] for α-
amylase and tannase, respectively.

Morphology of Spray-Dried Lipase Nano-particles

A qualitative evaluation of the three-dimensional surface was
investigated for the nano-spray-dried LNP formulation by an-
alyzing the surface morphology. Surface morphological anal-
ysis (SEM images) showed significant and outstanding differ-
ences between the nano-spray-dried free lipase and nano-
spray dried samples with different adjuvants (for experimental
runs with higher residual lipase activity) (Fig. 4). The mor-
phology of spray-dried free lipase enzyme powder (without
additive) indicated a typical dried shriveled morphology (Fig.
4a). SEM image for spray-dried LNP with lactose as the ad-
juvant, (R10), showed a unique flower-like structure (Fig. 4b).
It has been noticeable that the size of the particles was larger
than those of other samples (as discussed in “Effect on Particle

Fig. 2 Response surface plot of
the effect of adjuvant
concentration (%) and nozzle
diameter (μm) on product yield
value (%)
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Size”). It is expected that lipase enzyme acted as a templating
agent that resulted in the production of the flower-like porous
lactose spray-dried powder [34]. The produced flower-like
lactose microparticles are very advantageous as an enzyme
carrier for various pharmaceutical applications.

SEM images of spray-dried LNPwith dextrin and mannitol
as adjuvants are presented in Fig. 4c, d, R19 and R16, respec-
tively. In the presence of either one, the particles’ surface
showed well-rounded spherical particles with a defined shape.
The addition of surfactant or carbohydrates to the spray-dried
proteins has been reported in literature to support the alteration
of particle surface flexibility, mechanical strength, and the rate
of evaporation of protein-bounded water which would change
particle morphology from shriveled morphology to a much
smoother spherical particle exterior [35, 36]. In this regard,
smooth round particles would offer better flow characteristics
which are favorable for pharmaceutical applications.

Storage Stability

Spray drying procedures and the dry solid state present several
stress factors for proteins and enzymes and mark a substantial
challenge for biopharmaceutical formulator. This study has in-
vestigated the alterations in the physicochemical properties of
LNP product during storage at 5 °C for 60 days. Results of
storage stability (at 5 °C) are tabulated in Table 3. Lipase activity
assay revealed a significant loss of enzyme activity for free lipase
sample (without adjuvants) stored at 5 °C (65% and 38% after 15
and 60 days, respectively). On the other hand, the nano-spray-
dried powder showed high storage stability in presence of

adjuvants with retained enzyme activity of 100% after 15 days
and 98.4% after 60 days, at 5 °C. Costa-Silva et al. [16] reported
similar results where storage stability of lipase was maximized at
5 °C upon nano-spraying in presence of carbohydrates. For lipase
biotherapeutic applications, using the more stable nano-powder
form instead of the soluble enzyme form could lower the total
cost by reducing the enzyme quantity required for the same
process and improving stability.

Moisture Content of Nano-spray Dried Lipase Powder

The moisture content is an essential aspect that defines the
quality of dry products. Though water is typically required
for conservation of the integrity of biological molecules and
many soluble proteins, it enables different physical and chem-
ical degradation mechanisms effective during protein purifi-
cation, transportation, and storage. Accordingly, dry solid
preparations are usually preferred to present an adequate
protein/enzyme shelf life. Hence, the residual moisture con-
tent in the nano-spray-dried powder is significant for its phys-
ical and microbial stability. The moisture content of nano-
spray-dried lipase powder prepared under various spray dry-
ing conditions ranged between 1.6 and 6.4% (d.b.), as present-
ed in Table 3. Upon visual observation of LNP samples, on
using mannitol and dextrin as additives during spray drying, a
dry fine powder was obtained. Upon using lactose, however, a
more compacted powder was obtained. Lower moisture con-
tent was measured for nano-spray-dried powder with mannitol
(1.6%) whereas highest moisture content was reported for
lactose samples (6.4%). Low moisture values are favorable

Fig. 3 Response surface plot of
the effect of adjuvant
concentration (%) and nozzle
diameter (μm) on particle size
(nm)
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because they exhibit less chance for agglomeration in the
dried powders which is observed upon storage and which is
crucial for preservation of product physical, chemical, and
microbial stability [12]. The values obtained for moisture con-
tent reported in this study are similar to those described for
spray-dried powders containing lipase [18], tannase [17], and
trypsin [37]. For all experimental runs evaluated, the residual
moisture content was significantly affected by the inlet air
temperature of the spray drying process and the type of addi-
tive. Increasing the inlet temperature of all experimental runs
led to an increase in the outlet temperature which relates di-
rectly to the particle temperature. The outlet temperature af-
fects the drying crystallization rate of the particle. Hence, the
higher inlet air temperature causes a higher temperature dif-
ference between the drying air and the sprayed droplet. These
differences in temperature increase the rate of heat transfer and
simultaneously mass transfer which consequently cause a
higher moisture evaporation rate. This leads to the production
and collection of nano-powder with lower moisture content
[38, 39].

Optimized Conditions

In this work, experimental design using factorial design is
used to produce nano-powder of enzyme with maximum
enzymatic activity. Conscientious regulation of the various
process and formulation parameters is crucial to get nano-
particles of required size, morphology, and product yield.
In this study, smooth spherical LNP were required to attain
discrete LNP with high yield and maximized enzyme ac-
tivity. Optimum conditions were indicated by the desirabil-
ity value (1). Statistical analysis of the formulation results,
under the chosen nano-spray drying conditions employed,
proved to be temperate and suitable for drying lipase with
maximum activity. Figure 5 shows the values of each in-
dependent variable studied to reach the desirability value
(1). The prediction ability of the model was tested where
the developed factorial design model gave spray drying
parameters that would yield the desired product.
Experimental design using factorial design showed that
the suggested parameter values for the optimized

Fig. 4 Representative SEM
images of nano-spray-dried lipase
with different morphologies: a
shriveled like for free lipase, b
flower-like with lactose (R10), c
smooth spherical with dextrin
(R19), d smooth spherical with
mannitol (R16)
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formulation are very close to R19. Hence, a nano-spray
drying run was carried out for the optimized formula. For
optimized suggested formulation, the experimentally ob-
tained data indeed correlated in range with the predicted
values for particle size (predicted 224 nm, observed 248),
powder yield (predicted 54%, observed 74%), and residual
enzyme activity (predicted 99.98%, observed 100%) using
4 μm nozzle diameter, 4% (w/v) dextrin concentration,
drying flow rate 100 l/min, and inlet temperature of
80 °C (Fig. 5). The deviation in the yield value between
the predicated and observed values can be attributed to the
manual collection of yield product as discussed above.
Thus, the predicted parameters yielded a powder LNP that
met all the optimized product profile. The obtained data
denote that the optimization made by the factorial model
was accurate. The used model optimized particle size, yield
value, and residual enzyme activity accurately for the dried
LNP within the attained design space. The results thus
demonstrated the solidity of the factorial design methodol-
ogy in optimization of lipase nano-particles.

Conclusion

The current progress in nano-biotherapeutics has increased the
demand for engineered nano-scale particles with high yields
and maximum stability. Solid dosage forms of enzymes are
less prone to shear-related denaturation and precipitation dur-
ing manufacturing and storage. Nonetheless, through under-
standing and careful choice of experimental parameters are
key factors for optimization of the nano-spray drying process.
The current work successfully shows the use of statistical
analysis principles and the design of experiment approach in
the production of a dry lipase nano-powder. The presented
methodology provided an outline of the effect of process pa-
rameters and formulation variables that affect the nano-spray-
dried lipase product characteristics as described in Table 3.
The method used gave an elucidatory model of a factorial
design approach in which dextrin-based LNP with a product
profile of nano-particles, powder yield above 70%, and resid-
ual enzyme activity of 100%was produced using Spray Dryer
BÜCHI B-90. Finally, the descriptive statistical model was fit

Fig. 5 Optimization of nano-spray drying parameters to reach the desirability value (= 1)
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to identify and successively indicate process conditions to
produce LNP powder with required profile and maximized
enzyme activity, as established by experiments. In addition,
the produced porous flower-like lactose microparticles offer a
unique advantage in this work. Finally, the results presented in
this study show the capacity of the Nano Spray Dryer BÜCHI
B-90 to fully preserve the activity of the dried lipase enzyme
in presence of carbohydrate carriers with high yield value.
Production of a stable spray-dried LNP would result in im-
provement of the catalytic and shelf life stability, easier han-
dling and better storage, and enhancement of enzymatic reuse
with cost efficiency during manufacturing processing. The
remarkable catalytic activity and stability characteristics of
LNP can be advantageous for application in various industrial
biocatalytic and biotherapeutic fields.
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