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Abstract: Nano-micro carriers loaded with drugs and active biomolecules have gained a lot of attention in the field of
health care, agriculture, and the food industry. Various methods have been explored to synthesize nano-micro carriers.
However, there is still a constant search to develop a method for the preparation of a large quantity of nano-micro
carriers with high loading efficiency. In this regard, spray drying could be a potential technique because of its inherent
features like ease to operate, cost-effectiveness, environment-friendly, single step, and scalable. In this review, the
focus is on the applicability of spray drying technique to prepare nano-micro carriers which are loaded with drugs,
microorganisms, and other active molecules. Subsequently, the application and usefulness of spray-dried products in
different research areas like the food industry, remediation of heavy metals and bioprocessing, and drug delivery have
been presented. Furthermore, advantages, limitations, and recent developments in the area of spray drying have been
discussed. This review presents a glimpse of spray drying techniques to synthesize nano-micro carriers with a wide
range of applications.

Keywords: spray drying, nano-micro carriers/formulations, food industry, silica nanoparticles, remediation, enzymes,
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1. Introduction

In recent years, a lot of work has been carried out to develop carriers for various applications in the field of health
care, agriculture, food, and biotechnology. A wide range of nanocarriers, hybrid carriers, and microcarriers were
synthesized. In this regard, various techniques like emulsion polymerization, freeze-drying, intercalative polymerization,
sol-gel method, hybrid latex polymerization, etc., have been deployed for the production of carriers [1-4]. However,
some of these methods are multi-step physical/chemical processes wherein various chemicals are used leading to an
increase in cost and generation of waste. Among these techniques, the sol-gel technique is one of the popular and widely
used techniques. The sol-gel technique is a versatile technology for the synthesis of carriers and the immobilization
of various biological molecules [5, 6]. Using the sol-gel technique, various inorganic, composites and hybrid carriers
loaded with drugs, growth factors, antibodies/antigens, nucleic acids, proteins, enzymes, prokaryotic and eukaryotic
cells have been prepared [7-9]. For the preparation of silica-based carriers, sol-gel is one of the preferred methods
[10]. However, the generation of alcohol during the sol-gel process limits the use of silica-based carriers for in vivo
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applications and immobilization of sensitive biomolecule [10-12].

With the advent of nanotechnology, nanoparticles have emerged as the material of choice to develop carriers with
slow-release kinetics and high loading efficiency [1, 13]. Various nanoparticles of inorganic, organic, and biological
origin have been applied as carriers [14]. The nanoparticles were also applied as the carrier to develop nanoparticles-
based hybrid carriers for various applications. Nanoparticles-based carriers and hybrid carriers offer a number of
advantages like high surface area, biocompatibility, encounters the issue of the low solubility of drugs, and hence
improving the bioavailability of poorly soluble drugs [15-17]. A number of nanoparticles-based carriers/formulations
like nanocomplexes, polymeric micelles, and nanoparticles, liposomes, nanoemulsions, and nanocrystals have been
synthesized and applied for drug delivery applications [18].

Among various nanoparticles, silica nanoparticles have shown their superiority due to their characteristic features
like biocompatibility, wide availability, ease of functionalization, high chemical, and mechanical stability, and high
surface area [19-21]. Ponamoreva et al. [22] have synthesized a stable functional biohybrid material by integrating yeast
cells with silica for biosensor application. It is well documented that silica, which is a major component of the cell wall
of diatoms, acts as a protective covering [23]. Also, silica has been applied as immobilizing support for living cells [24,
25]. Silica Nanoparticles (NPs) have imparted momentum in the field of drug delivery and bioprocessing and it has
been widely applied to prepare various carriers/formulations. There are two widely used methods to prepare silica-based
hybrid carriers i.e., template-assisted assembly and self-assembly. In 2017, silica NPs were assembled on the surface
of Sphingomonas sp. cells, immobilized on the microplate, and applied as bio components for the development of a
sensitive and stable biosensor for detection of methyl parathion [10]. Also, we have assembled silica NPs on the surface
of Ocimum basilicum seeds to develop a bio-hybrid of silica NPs-seeds and used it as an immobilizing matrix for the
immobilization of industrially applicable invertase enzyme [14]. Due to association with silica NPs, the surface area of
the developed matrix was increased and the matrix emerged as an efficient immobilizing matrix with improved catalytic
performance.

Following the evaporation-induced self-assembly process of spray drying, our lab has explored this technique
extensively for immobilization of various biomolecules (Streptococcus lactis cells, Saccharomyces cerevisiae cells)
[26-29] and doxorubicin as a chemotherapeutic drug using silica nanoparticles as support material. Further, developed
biohybrids were applied for their respective applications and the detail of the work will be discussed in the coming
sections. Due to its varying range of applications, spray drying has emerged as a suitable, simple, single-step, and cost-
effective technique to synthesize formulations in large quantity with reproducibility. The next section of the review will
focus on various aspects of spray drying such as working principle, types of microstructures synthesized using spray
drying and their applications, advantages associated with spray drying, and recent developments in the field of spray
drying.

2. Spray drying

Spray drying is a widely applied technique for the preparation of powdered products using liquid/aqueous feed
samples by atomization in a hot drying air stream in a drying chamber. In recent years, spray drying has emerged as one
of the remarkable techniques which holds a prominent place in the field of pharmaceuticals and the food industry [30].
It has been successfully used for the preparation of various microstructures like microspheres and microcapsules for
drug delivery applications. Also, it has shown its applicability as an immobilizing technique for the immobilization of
biologically active molecules and cells.

It is a continuous process that converts, a liquid/aqueous feed into a powder, in a single-step process with precision
in particle size, morphology, and stability. The feed-in spray drying could be suspensions, aqueous solutions, emulsions,
slurries, pastes, etc. [31, 32]. The process is highly reproducible and scalable. Spray drying works on the principle of
Evaporation-Induced Self-Assembly (EISA). Figure 1, shows the schematic presentation of the spray drying instrument
and its working process. The fundamental steps of the spray drying process are listed below:

(a) Atomization of the feed: First, the liquid feed is passed into the drying chamber by a peristaltic pump through
the nozzle (atomizer). The nozzle can be of various types like pressure nozzle, rotary nozzle, two-fluid nozzle and the
factors responsible for the atomization are pressure, centrifugal force, and kinetic energy, respectively [33]. The nozzle
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converts the feed into very fine (micron/sub-micron size) droplets.

(b) Droplet-to-particle conversion: The small droplets generated through the nozzle in the drying chamber undergo
fast solvent evaporation [34, 35] and leads to the formation of dry particles. The small droplets being very small in size
offer high surface area and undergo very fast drying as they come in contact with hot air/gas.

(c) Separation and particle collection: Dried particles get separated from the drying gas by means of a cyclone
which collects them in a collector [36]. Spray-dried products have shown higher chemical and physical stability in
comparison to liquid formulations. The dried products have been exploited in various applications, for example, they
can be filled in the capsules or tablets of the suitable doses that can be prepared [37, 38].
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Figure 1. Schematic presentation of spray dryer instrument, its working process,
and process of Evaporation Induced Self-Assembly (EISA)

The final properties and morphology of the dried products are determined by a variety of factors like the feed
characteristics, spray dryer design, drying temperature, and processing parameters. By tuning spray drying parameters,
one can synthesize spray-dried products with desirable characteristics [27]. As shown in Figure 2, the feed comprising
silica NPs with S. lactis cells leads to the formation of doughnut-shaped structures (Figure 2(a) and (b)). However, when
the surface polarity of S. lactis cells was reversed, then positively charged cells along with silica NPs as feed led to the
formation of sphere-shaped structures (Figure 2(c) and (d)) [27]. This study clearly shows the influence of the surface
charge of feed components on the morphology of spray-dried products. Alamilla-Beltranet et al. [39] have explained the
morphological transformations of the particles during spray drying.

The scalability property of the spray drying technique favours preparing dried products in large quantities with
variable size ranges (submicron-to-micron) and improves the applicability of the spray drying technique in food,
pharmaceutical, biotechnology, agriculture, and medical industries.

Volume 3 Issue 1|2022| 35 Nanoarchitectonics



S pm

S um

Figure 2. SEM micrographs of microstructures: (a) Spray dried Doughnut Shaped Microstructures (SDSM), (b) incinerated SDSM,
(c) Spray dried Spherical Shaped Microstructures (SSSM), (d) incinerated SSSM
and (e) incineratedsilica microstructure. Reprinted with permission from Elsevier [27]

3. Benefits and limitations of the spray drying process

The spray drying process offers a number of advantages over other drying methods. Spray drying is a simple,
efficient, single-step, reproducible technique, etc. (Figure 3). Spray drying offers cost-effectiveness and scalability
which are the important criteria for translation of technology from the lab to market. The added advantage with
spray drying is the final product, a dry formulation that helps in reducing the cost of packing and transportation and
is therefore preferred in the industry. In comparison to the freeze-drying process, spray drying is a cost-effective and
energy-efficient process [40, 41], and therefore, it has been also used as an alternative technique of freeze-drying [42,
43].
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Using spray drying, it is possible to dry a wide range of components like suspensions, slurry, emulsions, etc. Even,
heat-sensitive compounds can also be dried without significant loss in activity. This is possible because although the
droplet is exposed to a very high temperature during the drying process however, the exposure time is in the range
of milliseconds/seconds. Thus, the activity of the compound is retained. Due to this, pure drug particles and drug/
biomolecule loaded formulations can be prepared using spray drying. It was observed that the spray-dried product has
shown an improved life span. It has also gained attention as an immobilizing technique to entrap drugs, microorganisms,
aromatic oils, biopolymers, pigments. In one of our studies, spray-dried doxorubicin loaded silica nanoparticles-sodium
alginate bio-hybrids carriers have shown better flow property with excellent Polydispersity Index (PDI) value [1].

Although the spray drying process has several benefits, there are a few limitations associated with lab-scale spray
dryers. The yield of the spray dryer depends on the work scale which means at large scale spray drying, the yield is high
(~100% at industry level) however; in the lab, the yield is low (20-70%) [31-33]. Mostly, loss of product in the walls
of the drying chamber is one of the causes of the low yield. Also, due to ineffective separation very fine particles get
passed through exhaust air. The preparation of particles at the nanometer size is limited by the low separation capacity
of the cyclone and insufficient forces of liquid atomization [30]. This further affects the size and size distribution of the
spray-dried products and limits the application of drug delivery systems for intravenous administration [44].
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Figure 3. Benefits associated with the spray drying process

4. Applications of spray drying

Spray drying is a well-known and widely used technique in the field of the food industry, pharmaceutical,
bioprocessing, agriculture, etc. (Figure 4). In 1870, Samuel Percy in the United States patented the spray dryer device
for the first time. Afterwards, a number of changes have been incorporated in the spray dryer in order to improve its
efficiency and yield. This technique is very promising for application at the laboratory and industrial level as it offers
several advantages [45, 46].

Herein, the focus is on the applications of spray drying in the food industry, bioprocessing and remediation, and
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drug delivery. These are the areas wherein the spray drying process has been explored and applied in our laboratory.
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Figure 4. Applications of spray drying technique in various sectors

4.1 Food industry

In the food industry, milk was first spray dried into milk powder in the 1920s [47]. Afterwards, the spray drying
process has been widely used for synthesizing powdered food products and even juices of various fruits were also spray
dried. Quek et al. [48] have sprayed dried watermelon juice with maltodextrin into powder. It was observed that heating
at a higher temperature leads to faster water evaporation from feed and the moisture content in the prepared product is
less. In previous studies, Ferrari et al. [49] and Kurozawa et al. [50] were performed enzymatic hydrolysis and spray
drying to prepare powdered chicken breast protein hydrolysate. Results showed that due to an increase in glass transition
temperature (Tg) of the material, the stability of the material was improved. Tonon et al. [51] have used a spray drying
process to get powdered products using maltodextrin as the carrier. It was observed that the carrier has helped in
reducing the moisture content of the material. Also, the spray drying process was used for drying probiotic cashew apple
juice using gum Arabic as a carrier by Pereira et al. [52]. The juices and cells are highly sensitive to heat/drying, still, it
was observed that the viability of probiotic cells is maintained in the product, and yield is improved. Different materials
like carbohydrates, pectin, starch, gum arabic have been used as the carrier for the preparation of spray-dried products
in order to improve the self-life of entrapped ingredients. As reported, sugar beet pectin along with glucose syrup was
used for encapsulation of fish oil [53]. Monsoor et al. [54] have reported that the spray drying process did not affect the
functional properties of pectin. As per Kenyon et al. [55] maltodextrin showed good oxidative stability to encapsulated
oil however, it showed poor emulsion stability, emulsifying capacity, and low oil retention. Yoshii et al. [56] have
observed that the encapsulation of emulsified ethyl butyrate was dependent on the concentration of maltodextrin and the
type of emulsifier, during the spray drying process.

Gum arabic is a polymer (comprising of D-glucuronic acid, D-galactose, L-rhamnose, L-arabinose with
approximately 2% protein) and because of its excellent emulsification properties, it is widely used [57, 58]. Krishnan et
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al. [59] have reported gum arabic as a better carrier material for encapsulation of cardamom oleoresin than maltodextrins
and modified starch. The added advantage was spray dried product showed a free-flowing property. In 2007,
Kanakdande et al. [60] have used gum arabicas carrier material for encapsulation of cumin oleoresin using spray drying.
Gum arabic is widely used as the carrier because of its ability to produces stable emulsions over a wide pH range. Gum
arabic has been also used for the encapsulation of lipids [55]. Hogan et al. [61] have studied the spray drying of soy
oil in sodium caseinate as the carrier. It was observed that during the process of spray drying, the ratio of oil/protein
should not be more than one, otherwise the formed emulsion could be destabilized. Sliwinski et al. [62] have studied
and reported the effect of spray drying on the physicochemical properties of oil-in-water emulsions with milk proteins
as well as denaturation and aggregation of b-lactoglobulin. Gelatin is a water-soluble material that has also been used
in spray drying as the carrier [63]. Bruschi et al. [64] have reported that characteristic features of gelatin microparticles
could be improved using mannitol. Imagi et al. [65] have suggested that in comparison to glucose, maltodextrin,
maltose, pullulan, and mannitol, gelatin has all the properties (high stabilizing activity, high emulsifying activity, and
tendency to form a fine dense network on drying) of an efficient carrier material. It was reported by Yoshii et al., that the
addition (1% (w/w)) of gelatin could increase the retention of ethyl butyrate [56]. These are a few examples of carriers
that have been applied for the encapsulation of food ingredients. Table 1 shows a list of various spray-dried products
with various carrier materials in the food industry. Gharsallaoui et al. [40] have compiled a review on spray drying as
a technique for encapsulation of food ingredients and focused on the spray drying technique, various carrier materials used
for encapsulation during spray drying, and different food ingredient which has been microencapsulated. The method
of encapsulation/entrapment of food and fruits extracts using spray drying has wide applicability. It has emerged as an
efficient and remarkable method in the preservation of a large number of nutritional components, enzymes, flavours,
microorganisms, etc. It imparts a positive impact and overcomes the limitations associated with other drying processes.

Table 1. List of spray-dried food and fruit products in previous studies

S. No. Food items Carriers References
1 Watermelon Maltodextrin [48]
2 Black cherry pulp Maltodextrin [49]
; Colei e i o
4 Pineapple extract Maltodextrin [67]
5 Agai Maltodextrin [51]
6 Soya oil Sodium caseinate/carbohydrates [61]
7 Lycopene Gelatin/sucrose [68]
8 L-Menthol Gum arabic/modified starch [69]
9 Fish oil Sugar beet pectin/glucose syrup [53]
10 Black pepper oleoresin Gum arabic/modified starch [70]
11 Cardamom oleoresin Maltodextrin modified starch [59]

4.2 Remediation of heavy metals and bioprocessing

In our laboratory, we have synthesized various spray dried microstructures using silica nanoparticles and
biomolecules through the process of spray drying [71, 72]. Microstructures of silica NPs and Streptococcus lactis (S.
lactis) cells were prepared, applied for removal of uranium from aqueous solution and recovery of adsorbed uranium
were also studied [27, 73]. It was observed that various morphologies can be achieved by varying the physicochemical
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parameters of the spray drying process. Synthesized product was thoroughly characterized using various
physicochemical techniques Scanning Electron Microscope (SEM), Fourier-Transform Infrared spectroscopy (FTIR),
and Thermal Gravimetric Analyzer (TGA). Synthesized doughnut shaped microstructures have shown more than 85
+ 2% of total uranium uptake in just 10 min and 92% uptake in 120 min. However, while recovery, it was observed
that the adsorption capacity of microstructures was reduced from 92% to 67% [73]. This may be due to the changes
in morphology and loss of adsorption sites after acid and ultrasonics treatment. Also, a bio-hybrid of silica NPs and S.
cerevisiae cells were prepared using spray drying and applied for removal of mercury (Hg™") from the aqueous solution.
Synthesized silica-Saccharomyces cerevisiae microstructures showed 98% mercury sorption in 30 min and maximum
sorption was 185.19 mg/g [29]. It was reported that synthesized microstructures could be used as the efficient sorbent
for the removal of mercury from liquid waste effluent. In summary, spray drying has emerged as an efficient process
for synthesizing functionalized silica microstructures using microbial cells as the functionalizing agent. A higher length
scale of sorbent has further helped in the easy removal of sorbent once the sorption process is over. Characterization
results have shown that functional groups present on the microbial cell surface are easily available for binding to
uranium ions and recovery of uranium is also possible from the sorbent.

Because S. lactis cells expresses f-galactosidase activity, thus in the spray dried microstructures (S. lactis cells and
silica NPs), enzyme activity was measured [28] and it was observed that the cells immobilized in microstructures have
higher biocatalytic activity than the free cells. A threefold increase in enzyme activity of immobilized cells was observed
compared to free cells. Also, a shift in optimum pH of immobilized cells was observed. The results showed a decrease
in Michaelis-Menten constant (K,,) value which suggests a favourable interaction between enzyme substrate complex
formations when cells were immobilized in microstructures. This study supports the application of the spray dryer as an
immobilizing technique for immobilization of heat sensitive biomolecule (whole cells) at an optimum inlet temperature
with improved catalytic performance.

4.3 Drug delivery

Various drying techniques like freeze drying, spray drying, spray freeze drying and aerosol flow reactor have been
used for the preparation of drug loaded formulations. Among all, spray drying is widely used to prepare pharmaceutical
powders in various size range varying from nano (nm) to the micro (um) metre scale. It has been also used as the
particle engineering technique for the production of inhalation particles because in the spray drying process it is
possible to play with the properties like flowability, particle size distribution, moisture content, dispersibility, shape, and
crystallinity of the prepared formulations [18].

Further, the practical applicability of the spray drying technique is high because using this it is possible to prepare
drug loaded spherical particles with high drug loading, low moisture content, and high production yield [74-76]. Spray
dried microspheres of alginate were prepared by Szekalska et al. [77], for the entrapment of ranitidine drug. Synthesized
microspheres were thoroughly characterized. It was observed that the microspheres have a smooth surface with 70.9%
drug loading efficiency. The entrapped drug in alginate microspheres has been shown to prolong drug release and
followed first-order-kinetics. It was suggested that prepared microspheres can be used as the potential carrier and hold
application. In 2018, using the process of spray drying, calcium chloride modified alginate microparticles were prepared
by Szekalska et al. [78]. The aim behind the work was to increase the release of freely soluble drugs thus metformin
hydrochloride was used as the model drug. It was reported that the drug was encapsulated in alginate microparticles.
Changes in the concentration of alginate help prolong drug release. Alginate (2%) cross-linked with 0.1% CacCl, showed
a prolonged drug rate of dissolution of up to 12 h.

Recently, we have prepared a biohybrid comprising silica NPs and sodium alginate biopolymer as a doxorubicin
drug carrier using the spray drying process [1]. The synthesized biohybrid was extensively characterised to understand
the changes in physicochemical interactions of various components. Doxorubicin loaded biohybrid showed ~93.7%
drug loading efficiency. During in vitro release study, a slow release of doxorubicin was observed and release was higher
at lower pH (pH-5.5) compare to pH 7.4 (physiological pH). The biocompatibility studies were also performed and
biohybrid did not show cytotoxicity to normal mouse lymphocytes up to 25 pg/mL. Viability studies on lung carcinoma
A549 cells treated with doxorubicin loaded biohybrid showed more cells killing than the free doxorubicin. This study
reveals the applicability of the spray drying technique to synthesize novel drug delivery formulations with improved cell
killing ability and for application in cancer therapy.
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5. Recent developments in spray drying (Nano-spray based spray drying)

In order to address the limitations associated with conventional spray dryers, the spray dryer with nano-spray
nozzles is developed. The nano-spray based spray dryers have further widened their application. There is also
improvement in the yield even in lab scale spray dryers and it is possible to spray dry more complex feeds. Buchi
(Labotechnik AG, Switzerland) has introduced nano-spray based spray dryers (Nano Spray Dryer B-90). Nano Spray
Dryer B-90 is the recent generation of laboratory scale spray-dryers [79]. This device has shown its applicability for
the preparation of fine particles with satisfactory yield using small feed sample amounts (milligrams) [80, 81]. These
beneficial characteristics are very important and relevant to developing formulations of expensive biomolecules which
are going to be used for intravenous administration.

6. Conclusion and future prospective

Spray drying is a well-known technique with added advantages like simple, cost-effective, continuous,
easily scalable, and reproducible. This technique has been widely used for dehydration, preservation of products,
and preparation of various nano-micro formulations using inorganic/organic materials as the carrier. The added
advantage with spray drying is the product is a dry formulation which is preferred in industry and reduces the cost of
transportation. The spray drying process has been extensively used in the food industry, bioprocessing and remediation,
and drug delivery. The spray drying technique with the nano-spray facility has enabled the preparation of a wide range
of formulations varying from nano (nm) to micro (um) could be prepared. Although, it has several advantages still
continuous efforts are being made to improve the yield of lab scale spray dryers and develop efficient filters for better
separation of spray dried product. Also, studying the spray drying of new feed materials that are highly viscous in nature
is another milestone that will further diversify the applicability of the spray drying technique to pharmaceutical products
and open a way to market. There is no doubt that addressing the yield and separation issue of spray drying, will be an
important technology with applicability from lab table to bedside. Recently, the application of spray drying is diversified
to synthesize nano-size biohybrids as carriers for nutrients and plant growth promoting microorganisms which will act
as nano-bioformulation and help to tackle the problems related to agriculture.
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