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Abstract: Structured fluid biomaterials, including gels, creams, emulsions and particle suspensions,
are used extensively across many industries, including great interest within the medical field as
controlled release vehicles to improve the therapeutic benefit of delivered drugs and cells. Colloidal
forces within these materials create multiscale cohesive interactions, giving rise to intricate microstruc-
tures and physical properties, exemplified by increasingly complex mathematical descriptions. Yield
stresses and viscoelasticity, typically arising through the material microstructure, vastly improve
site-specific retention, and protect valuable therapeutics during application. One powerful appli-
cation route is spraying, a convenient delivery method capable of applying a thin layer of material
over geometrically uneven surfaces and hard-to-reach anatomical locations. The process of spraying
is inherently disruptive, breaking a bulk fluid in successive steps into smaller elements, applying
multiple forces over several length scales. Historically, spray research has focused on simple, inviscid
solutions and dispersions, far from the complex microstructures and highly viscoelastic properties of
concentrated colloidal biomaterials. The cohesive forces in colloidal biomaterials appear to conflict
with the disruptive forces that occur during spraying. This review explores the physical bass and
mathematical models of both the multifarious material properties engineered into structured fluid
biomaterials and the disruptive forces imparted during the spray process, in order to elucidate the
challenges and identify opportunities for rational design of sprayable, structured fluid biomaterials.

Keywords: spray physics; structured fluid; colloids; controlled delivery; advanced materials

1. The Evolution of Biomaterials

The use of external materials to augment, repair, and replace parts of the body has been
a part of society for millennia. The use of biomaterials in prehistoric humans is still debated,
but they were certainly used in early civilisations. For example, the Etruscans produced the
first dental bridges from simple gold bands as early as 630 BC [1]. These early biomaterials
were used as inert replacements for lost body parts, such as glass eyes and iron hands;
particularly famous examples include the ivory teeth of George Washington and the bronze
nose of Tycho Brahe [2]. Medical advances in the 19th century, notably use of anaesthesia,
aseptic technique and the X-ray, then paved the way for successful implantation of materials.
Coupled with the boom in high-performance materials developed in the 20th century wars,
new metal, ceramic and, perhaps most notably, polymeric materials were implanted as
heart valves, joint replacements, stents, and more [3]. Over time, these inert solid implants,
often existing materials from other industries repurposed by physicians for medical use,
were replaced with biomaterials designed specifically for their given function, leading to
modern biomaterials science and technology. The medical biomaterials field now covers
innumerable applications, diseases, tissues and material types [4,5].

Today, colloidal systems are often utilised in biomaterials. These include solid particles,
in the form of dispersions, suspensions and pastes, lipids, often utilised as emulsions,
ointments and creams, and polymers, in the form of concentrated solutions, fluid gels
and microgel suspensions. Notable properties of colloidal biomaterials, as discussed in
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Section 2, include the potential for shear-thinning, self-healing, viscoelasticity and stimuli-
responsiveness. The chemical, structural and mechanical versatility of these materials make
them the first choice for many biomedical applications.

Perhaps the most extensive use of colloidal biomaterials is in the controlled delivery
of therapeutic drugs and cells. Controlled delivery allows a high, even therapeutic con-
centration at the target site but a low concentration elsewhere, limiting off-site side effects
and improving therapeutic efficiency. Key roles of the biomaterial here include protecting
valuable cargo from destructive chemical environments and mechanical forces during
application, increasing both retention time and site specificity at the target location and, in
the case of drugs, modifying release profiles. Drugs can be loaded directly into the material,
in either the dispersed or continuous phase, or bonded to the particles or polymers, either
ionically or covalently, for triggered release. Encapsulating the drug into an additional
phase, such as a micro- or nanoparticle, can be used to decouple the material properties
of the bulk biomaterial and the release profile of the therapeutic [6]. Drug release can
then proceed through multiple mechanisms, including diffusion, swelling, and chemical
cleavage [7].

Colloidal delivery systems, particularly those utilising hydrophilic polymers, have
been employed for a vast range of biomedical applications. These include, but are by no
means limited to, topical delivery to the eye [8,9] and skin [10,11], as well as rectal [12]
and vaginal [13,14] routes of delivery. These materials have also been designed to be used
internally for applications in oncology [15–17], wound healing [18], osteoarthritis [19] and
bone repair [20,21].

Spraying is an effective delivery method for many biomaterials. Particular advan-
tages include high patient compliance and potential for self-administration, and the ability
to apply a fine layer of material to uneven or hard-to-reach surfaces, particularly the
internal mucosa. This layer can create a physical barrier to prevent bacterial and viral
infection [22–25], as well as efficiently deliver high value therapeutics to a surface. Specific
biomedical applications include spraying cells onto chronic and burn wounds for acceler-
ated regeneration [26–28] (Figure 1), film forming sprays for topical drug delivery [25,29],
buccal absorption for enhanced vitamin D3 uptake [30], sprays to prevent mucositis in the
mouth [31] and infection in the vagina [32], as well as nasal sprays for local, systemic and
central nervous system delivery [23,24,33].
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Figure 1. Example of a cell-spray-based regeneration of a deep partial thickness burn wound, showing
(A) spray application of the cell system to the wound, and the results after (B) one week and (C) one
month. Adapted from [28], reproduced with permission from Elsevier.

Both increased structuring and spray delivery are becoming more popular in fluidic
biomaterials, particularly in the field of controlled delivery. However, as the level of
cohesive structure increases in modern biomaterials, the ability to readily disrupt them into
sprays may diminish. This review therefore examines the forces and microstructures being
increasingly employed in modern biomaterials, and the contemporary perspectives on
spraying more complex fluids. By considering both fields simultaneously, with an emphasis
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on their mathematical descriptions, the challenges of spraying increasingly structured fluids,
and the opportunities it could afford to the biomedical community, are discussed.

2. The Cohesive Forces in Structured Fluid Biomaterials

Simple, inviscid, Newtonian fluids have long been used in medicine. In the specific
context of spraying, this includes the use of saline as a nasal irrigant [34], and delivery of
drugs in aqueous solutions, such as eye mists [35] and pulmonary nebulisers [36]. However,
these simple materials lack the functional benefits of structured fluids, which are being
increasingly utilised in modern biomaterials for controlled delivery [27]. As discussed in
Section 1, colloidal biomaterials are useful in the controlled delivery of drugs and cells,
primarily due to their ability to create structure in the delivery medium. This can increase
the specificity of delivery, providing higher amounts to the target site while reducing off-site
effects, increase retention at the target site, prolonging the therapeutic effect, and protect
drugs and cells from mechanical forces and environmental factors during delivery. Further,
creating a colloidal network can alter drug release profiles and mimic the physiological
environment for cells.

At low concentrations, each entity, be it a solid particle, droplet or polymer, is discrete
and sufficiently far apart from others such that the colloids do not interact with each other,
and disrupt the flow of the continuous phase independently [37]. As such, dilute colloidal
systems can oft be described by the Einstein equation (Equation (1)), where viscosity
increases linearly with the occupied volume fraction of colloid [38] (Figure 2A).

η = η0(1 + [η]φ) where φ = VhC (1)

where η is the viscosity of the solution (Pa·s), η0 is the viscosity of the solvent (often
water or saline) with no polymer (Pa·s), [η] is the intrinsic viscosity of the colloid (2.5 for
monodisperse hard spheres, -), and φ is the volume fraction of the solute (-). For polymers,
volume fraction can be found from the product of Vh, the hydrodynamic volume of the
polymer in solution (dL g−1) and C, the polymer concentration (g dL−1).
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As the concentration increases, the colloids can begin to interact with each other. This
leads to larger increases in viscosity, as particles can collide, attract and, in the case of
polymers, entangle. These increased connections necessitate more complex descriptive
models, which must now take into account the nature of the interactions, and thus the type
of colloidal system. For particulate systems which do not overlap, the concept of excluded
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volume is extended, for example in the Krieger–Dougherty equation [39] (Equation (2),
Figure 2A).

η = η0

(
1 − φ

φm

)−[η]φm

(2)

where φm is the maximum packing fraction; this value is 0.64 for monodisperse hard
spheres [40]. This relatively simple description, however, becomes more complex for
particles of differing shape, size and aspect ratio [41], deformable droplets with internal
flow, as in an emulsion [42], and charged colloids [43].

For polymeric systems, as concentration increases the polymers not only interact,
but overlap and entangle with each other [44]. This leads to larger, non-linear viscosity
increases, and descriptive equations must again become increasingly complex. For still
relatively dilute systems, the Huggins equation (Equation (3)) may be used to describe the
viscosity [45] (Figure 2A).

η = η0

(
1 + [η]C + K([η]C)2

)
(3)

where K is the Huggins parameter (-). To describe more concentrated polymer solutions,
the exponential Martin equation (Equation (4)) may become more appropriate [46].

η = η0

(
1 + [η]CeK[η]C

)
(4)

At high polymer concentrations, a power series expansion of Martin’s model, where each
term describes an additional interpolymer interaction (Equation (5)), has been applied [47].

η = η0(1 + C[η])

(
1 + KC[η] +

(KC[η])2

2!
+

(KC[η])3

3!
. . .

)
(5)

These equations all describe colloidal systems in a given state; however, as many of
the interactions in colloidal systems are transient, they will change as the state of the system
changes. In addition to temperature, one of the most important for biomaterials are the
effects of applied forces, which often occur during application. For many colloidal systems,
these applied forces, most often shear stresses, break the cohesive bonds, and align the
colloids in the flow field [48–50]. This leads to a decrease in viscosity, and such materials
are thus termed shear thinning. Descriptions of such systems include the Ostwald de Waele
model (Equation (6)), describing the shear thinning region [51] (Figure 2B).

η = k
.
γ

n−1 (6)

where
.
γ is the shear rate (s−1), and k and n are constants; n < 1 for a shear thinning fluid.

The Cross model (Equation (7)) describes a larger region of shear rates [52] (Figure 2B).

η = η∞ +
η0 − η∞

1 +
(
k

.
γ
)n (7)

where η0 is the viscosity in the low shear region, where the applied forces are too low to
disrupt the intercolloidal interactions (Pa·s), and η∞ is the viscosity in the high shear region,
where all the bonds have been broken and the colloids are maximally aligned (Pa·s).
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For flocculated particulate systems, where the degree of flocculation depends on the
applied shear force, a broadening of the Krieger–Dougherty equation (Equation (2)) can be
applied, which includes a shear rate term (Equation (8)) [43].

η = η0

1 −

R0

(
1 +

(
b

.
γ
)c
)

a

3−D

.
φ

φm


−[η]φm

(8)

This description also takes into account the radius of the flocc, R0 (m), and flocc density,
D (-), which varies between 1 for very open, linear floccs to near 3 for dense floccs; a, b and
c are system parameters.

Shear thinning occurs as a result of the imposed force breaking the interactions between
the particles or polymers, however in some systems these interactions are such that a certain
amount of force is needed to break them before the system flows. This property is known
as a yield stress, and such materials behave as solids, or infinitely viscous, when the
applied stress is that of the yield stress, then as fluids, often shear thinning, when above
it [53,54]. This property may be described by the Herschel–Bulkley model (Equation (9)) [55]
(Figure 2B). {

η = ∞ f or τ < τ0

η = τ0.
γ
+ k

.
γ

n−1 f or τ > τ0
(9)

where τ is the applied stress (Pa) and τ0 is the yield stress of the system (Pa).
In all of the above descriptions, it is assumed that the system is at steady state, or

reacts to the applied mechanical force instantaneously. However, many systems take a finite
time to change their microstructures in response to application or removal or force [56,57].
Such materials are known as thixotropic, and the viscosity of these materials undergoing
a step change in applied shear may be described by the stretched exponential model
(Equation (10)) [43].

η = ηe,∞ + (ηe,∞ − ηe,0)
(

1 − e−
t
λ

)
(10)

where ηe,∞ is the eventual viscosity of the system if the shear was applied indefinitely (Pa·s),
ηe,0 the initial viscosity just before the shear is applied (Pa·s), t is the time of shearing (s)
and λ is a constant (s).

As concentrations increase further and interactions between colloids become stronger
and more numerous, they can form three dimensional networks capable of storing energy,
imparting elasticity to the system. Such systems, capable of both elastically storing and vis-
cously dissipating energy, are known as viscoelastic [58]. The properties of these materials
can no longer be described purely in terms of viscosity, itself the ratio of stress and shear
strain rate, but also include strain magnitude and further time derivatives. The simplest
models are the Maxwell (Equation (11)) and Kelvin–Voigt (Equation (12)) models.

1
E

dσ

dt
+

σ

η
=

dε

dt
(11)

σ = Eε + η
dε

dt
(12)

where σ is the stress (Pa) and ε is the strain (-), E is the modulus of elasticity (Pa) and
η the viscosity (Pa·s). For many viscoelastic materials, particularly those with multiple
interacting phases and components, these descriptions are too simplistic and are combined,
for example in the Burgers model (Equation (13)).

σ +

(
η1

E1
+

η2

E2

)
dσ

dt
+

η1

E1

η2

E2

d2σ

dt2 = (η1 − η2)
dε

dt
+

η1

E1

η2

E2
(E1 + E2)

d2ε

dt2 (13)

where the subscripts denote the properties of the different parts of the material.
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Increased cohesion and structural complexity are integral to modern biomaterials, as
their material and rheological behaviours can largely dictate their biomedical functionality.
For example, shear thinning allows a material to be viscous in situ, while greatly reduc-
ing the forces required during application. Yield stresses and viscoelasticity are valuable
properties designed into fluidic biomaterials, providing amongst other abilities an inherent
capacity to enhance retention, site specificity and mechanical protection during application.
Indeed, many popular structured fluid biomaterials, including hydrogels, microgel suspen-
sions, creams and ointments, are highly viscoelastic. Thixotropy, while often undesirable,
is an important property of many real microstructured systems. In addition to these prop-
erties, colloids and their assembled microstructures can provide further beneficial features,
including increased lubrication and mucoadhesion. This increased structural complexity
necessitates increased modelling complexity; unlike simple saline, descriptions of the flow
of microstructured, colloidal biomaterials can no longer be described with a single number.

3. The Disruptive Forces in Spraying

Sprays are among the most intellectually challenging and practically important topics
in fluid mechanics [59]. Spraying is encountered in a plethora of industries, including
biomedicine (discussed in Section 1), agriculture [60–64], inkjet printing [65–67], spray
painting [68–70], combustion engines [71–73] and firefighting [74,75], as well as various
manufacturing methods, including spray drying [76–78], electrospraying [79–81], plasma
spraying [82–84], thermal spraying [85–87] and spray coating [88–90]. Matching the diver-
sity of applications are the multiple types of spray device, from large-scale, pressurised
liquid ejected through a nozzle in agricultural spraying, atomisers for pulmonary drug
delivery, air flows used in spray painting, to hand-operated metered-dose nasal spray
devices. The ultimate aim of the process, and the method to achieve it, can also vary
widely. In pulmonary nebulisers, small, easily inhaled drops are needed, but not so small
that instantaneous evaporation occurs, with droplet size determining the targeted part
of the airway [91,92]. Conversely in inkjet printing, the aim is to produce a fine jet and
generally avoid the formation of small satellite droplets [67]. In agriculture, the goal is to
achieve small, monodisperse droplets to evenly coat the desired vegetation, while avoiding
fine drops that can be carried by the wind, a process known as spray drift [62]. Much
research in this area involves changing the nozzle design, ejection pressure, and adding
small amounts of additives to change the material properties [93,94]. Indeed, changing
the flow rate through the ejection pressure has been found to be the most effective way
of changing the droplet size distribution [92]. However, in many biomedical applications,
particularly where materials are to be self-delivered by hand, these parameters may be far
less flexible.

The process of spraying is, in essence, the formation of droplets from a bulk fluid. This
occurs first by the formation of a jet or sheet from the bulk liquid, the breakup of this film
into ligaments, and the further breakup of these ligaments into droplets (Figure 3) [95]. In
the first step, the jet or sheet produced oscillates as a transverse wave through friction with
the air, thicker at the peaks and troughs and thinner in the centre, characterised by the Squire
wavelength [96]. This theoretical analysis, which agreed with experimental results for oil
ejected through a conical nozzle, was based on independent variables both for the actuator,
including initial film thickness and fluid velocity, and material properties, including fluid
and interfacial tension [96]. Viscosity and other material properties are conspicuous by
their absence. Following initial breakup, the sheet fragments contract to form ligaments,
which then break up into droplets due to surface tension-driven Rayleigh instability [92].



Bioengineering 2023, 10, 3 7 of 15Bioengineering 2023, 10, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 3. (A) Schematic outlining the successive breakup steps during spraying, (B) images of nasal 
spray application, highlighting the fluid morphology at each stage (adapted from [97]). 

A number of empirical equations have been developed for important spray parame-
ters (Equation (14) [92], Equation (15) [98], Equation (16) [99] and Equation (17) [94]). 
These include expressions for average droplet size, with median droplet size, 𝐷 , and 
Sauter mean diameter, SMD, being the most common, and spray angle, 𝜃, which will also 
influence spray coverage. 

𝐷 = 𝐶𝑏 𝜌𝜌 𝑊𝑒  (14)

𝑆𝑀𝐷 = 𝐶𝑅𝑒 . 𝑊𝑒 . 𝐶 . 𝜌𝜌 .
 (15)

𝑡𝑎𝑛𝜃 = 𝐶 𝑐𝑜𝑠(90 − 𝜑) . 𝑅𝑒 . 𝑑𝑑 . 𝑑𝐷 . 𝑑𝐻 .
 (16)

𝜃 = 𝐶𝑅𝑒 .  (17)

Figure 3. (A) Schematic outlining the successive breakup steps during spraying, (B) images of nasal
spray application, highlighting the fluid morphology at each stage (adapted from [97]).

A number of empirical equations have been developed for important spray parameters
(Equation (14) [92], Equation (15) [98], Equation (16) [99] and Equation (17) [94]). These
include expressions for average droplet size, with median droplet size, D50, and Sauter
mean diameter, SMD, being the most common, and spray angle, θ, which will also influence
spray coverage.

D50 = Cb

(
ρa

ρ f

)− 1
6

We−
1
3 (14)

SMD = CRe−0.183We−0.442Cd
−0.422

(
ρ f

ρa

)−0.05
(15)

tanθ = C(cos(90 − ϕ))−1.39Re1.11
(

d0

dp

)0.05( d0

DS

)0.32( d0

HS

)0.42
(16)

θ = CRe0.39 (17)
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where C is a coefficient (-), b (-), ϕ (◦), d0 (m), dp (m), DS (m) and HS (m) are geometrical
properties of the actuator, ρa and ρ f are the densities of air and the fluid (kg m−3), re-
spectively, We is a Weber number (-), Re is a Reynolds number (-), and Cd is a discharge
coefficient (-); a function of Re.

Notably, the material properties considered in these expressions are the fluid density,
surface tension (through the Weber number) and viscosity (through the Reynolds number).
Interestingly, Equation (14) has no viscous term at all; however, this study only consid-
ered Newtonian water-glycerol mixtures, with viscosity ranging between 0.001 and 0.032
Pa·s [92]; many modern colloidal biomaterials, including polymeric and ceramic fluids,
have viscosities many orders of magnitude higher [100]. Equations (15) and (17) are from
studies on Newtonian oils with a single viscosity value [94,98]. Equation (16) is based
on relatively dilute solutions of sodium carboxymethylcellulose, a hydrophilic polymer.
These colloidal systems were found to be shear thinning, and were characterised using
the Ostwald de Waele equation (Equation (6)). The Reynolds number in Equation (16) is
thus a generalised version in terms of k and n. It may be possible to extend this idea for
other non-Newtonian fluid models, for example a generalised Reynolds number can be
defined for fluids described by the Herschel–Bulkley model (Equation (9)) [101]. How-
ever, for structured fluids which display significant thixotropy and/or viscoelasticity, and
thus cannot be described purely by relations between shear stress and shear rate, simply
replacing the Reynolds number with a generalised version may be insufficient.

The effects of viscoelasticity on spraying have not gone unnoticed; indeed, for decades
small amounts of polymer have been added to fuel to prevent misting [102,103], and to
agricultural sprays to minimise fine droplets and limit spray drift [104,105]. It has been
reported that the addition of polymers both increases the average droplet size and broadens
the droplet size distribution [106–108]. The viscoelasticity imparted by the polymers
inhibits droplet formation by stabilising the formed filaments, resulting in an increase in
average droplet size and, critical for the afore mentioned applications, suppressing fine
droplet formation [63]. Filament stabilisation also leads to a different morphology; instead
of droplets, many threads, ropes and webs are formed [109,110], an effect that appears to
be independent of spray nozzle geometry (Figure 4).

Bioengineering 2023, 10, x FOR PEER REVIEW 8 of 16 
 

 

where 𝐶 is a coefficient (-), 𝑏 (-), 𝜑 (°), 𝑑  (m), 𝑑  (m), 𝐷  (m) and 𝐻  (m) are geo-
metrical properties of the actuator, 𝜌  and 𝜌  are the densities of air and the fluid (kg 
m−3), respectively, 𝑊𝑒 is a Weber number (-), 𝑅𝑒 is a Reynolds number (-), and 𝐶  is a 
discharge coefficient (-); a function of 𝑅𝑒. 

Notably, the material properties considered in these expressions are the fluid density, 
surface tension (through the Weber number) and viscosity (through the Reynolds num-
ber). Interestingly, Equation (14) has no viscous term at all; however, this study only con-
sidered Newtonian water-glycerol mixtures, with viscosity ranging between 0.001 and 
0.032 Pa s [92]; many modern colloidal biomaterials, including polymeric and ceramic flu-
ids, have viscosities many orders of magnitude higher [100]. Equations (15) and (17) are 
from studies on Newtonian oils with a single viscosity value [94,98]. Equation 16 is based 
on relatively dilute solutions of sodium carboxymethylcellulose, a hydrophilic polymer. 
These colloidal systems were found to be shear thinning, and were characterised using 
the Ostwald de Waele equation (Equation (6)). The Reynolds number in Equation 16 is 
thus a generalised version in terms of 𝑘 and 𝑛. It may be possible to extend this idea for 
other non-Newtonian fluid models, for example a generalised Reynolds number can be 
defined for fluids described by the Herschel–Bulkley model (Equation (9)) [101]. How-
ever, for structured fluids which display significant thixotropy and/or viscoelasticity, and 
thus cannot be described purely by relations between shear stress and shear rate, simply 
replacing the Reynolds number with a generalised version may be insufficient. 

The effects of viscoelasticity on spraying have not gone unnoticed; indeed, for dec-
ades small amounts of polymer have been added to fuel to prevent misting [102,103], and 
to agricultural sprays to minimise fine droplets and limit spray drift [104,105]. It has been 
reported that the addition of polymers both increases the average droplet size and broad-
ens the droplet size distribution [106–108]. The viscoelasticity imparted by the polymers 
inhibits droplet formation by stabilising the formed filaments, resulting in an increase in 
average droplet size and, critical for the afore mentioned applications, suppressing fine 
droplet formation [63]. Filament stabilisation also leads to a different morphology; instead 
of droplets, many threads, ropes and webs are formed [109,110], an effect that appears to 
be independent of spray nozzle geometry (Figure 4). 

 
Figure 4. Spray geometry of Newtonian fluids and dilute polymer solutions from (A) a flat fan noz-
zle (adapted from [106]) and (B) a coaxial air flow nozzle (adapted from [111], reproduced with 
permission from Elsevier). 

While not yet comprehensive, some work has related the physicochemical properties 
of colloids in dilute solution with spray parameters, mainly for polymers as drift control 
adjuvants. An increase in molecular mass greatly increases the extensional viscosity [63], 
the parameter most strongly implicated in the change in morphology and characteristics 
of the spray [93,109]. Increased molecular mass also raises the shear viscosity and 

Figure 4. Spray geometry of Newtonian fluids and dilute polymer solutions from (A) a flat fan
nozzle (adapted from [106]) and (B) a coaxial air flow nozzle (adapted from [111], reproduced with
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While not yet comprehensive, some work has related the physicochemical properties
of colloids in dilute solution with spray parameters, mainly for polymers as drift control
adjuvants. An increase in molecular mass greatly increases the extensional viscosity [63],
the parameter most strongly implicated in the change in morphology and characteristics of
the spray [93,109]. Increased molecular mass also raises the shear viscosity and lengthens
to time taken for the polymer to change conformation [111], leading to an increase in
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average droplet size [112]. The flexibility of the polymer chain is also influential, as more
flexible polymers increase the extensional viscosity far more than rigid ones at the high
extension rates seen during the spray process [113]. As such, the polymer concentration
required to completely collapse the spray cone into a jet is lower for flexible polymers.
Charged polymers seem to be more resilient to mechanical degradation, however the
effect on the spray parameters themselves appears negligible, though more systematic
studies that alter polymer charge only while keeping all other parameters constant is
needed [114,115]. Polymers that incorporate hydrophobic groups into their chains can
greatly increase the extensional viscosity, but only above a the critical concentration where
inter-polymer interactions dominate over intra-polymer attraction [116,117].

It is important to note that in these studies, small amounts of polymer have been added
to materials that already sprayed well, often to limit production of fine droplets. However,
increasing polymer molecular weight and concentration, often required to achieve the
required properties of biomaterials, will have a deleterious effect on the spray, leading to
spray sheet collapse and formation of a jet [23,64,113]. Similar results may be expected
for other concentrated colloidal systems. The challenge thus remains of whether highly
viscoelastic biomaterials, which do not inherently spray well, can be made to do so without
compromising the material properties that enable their biomedical function.

4. Towards Spraying Structured Fluid Biomaterials

Both structured fluids and spraying have unique advantages for controlled delivery,
and combining them has the potential to provide new therapeutic options for a vast range of
diseases. Spraying can be used to deliver treatments directly to specific areas, for example
to the skin, nose, mouth, anus and vagina, as well as to the lungs and gastrointestinal
tract. Additionally, structured fluids can be sprayed onto these surfaces to act as depots for
mucosal absorption, for systemic application [118,119] or near-site delivery, as in intranasal
delivery to the brain [120,121]. These materials can be used alone as therapeutic delivery
vehicles, using the designed microstructure to control release, or utilising the response of
many colloidal systems to stimuli such as light, temperature, pH and enzymes. Additionally,
these material properties of structured fluids may be combined synergistically with cutting
edge delivery techniques, including micro- and nano-sized particles, fibres, tubes, capsules,
dendrimers, lipids, micelles and liposomes [122,123]. Further, this approach is highly
compatible with emerging technologies, including stem cell [124], DNA [125] and RNA
therapies [126], providing potential to impact the greatest medical challenges of our time,
including cancer [127], chronic wounds [128] and infections [129].

However, creating a readily sprayable material with all of these desired functional
properties is not trivial. Most current biomedical sprays are simple inviscid fluids; however,
many of the beneficial drug and cell delivery properties of colloidal biomaterials arise from
their cohesive forces, creating structured, entangled and cross-linked networks. Conversely,
spraying is a disruptive process, breaking a bulk fluid into individual droplets. Given these
conflicting aims, is it possible to achieve both simultaneously; can we structure biomaterials
to spray well whilst maintaining functionality?

As discussed in Section 3, current correlations for spray metrics revolve around a
Reynolds and/or Weber number, implicating the viscosity and surface tension of the
material, respectively, as key material properties. However, these dimensionless numbers
are in fact the ratios of these forces and the inertial forces acting on the system, suggesting
that increasing the ejection speed of the fluid will enhance sprayability. Indeed, increasing
the pressure head has been, and may continue to be, a simple and viable route to maintain
sprayability in large scale industries such as agriculture. However, many biomaterial sprays
are designed to be self-administered, or administered by a carer or clinician, by hand. Even
in machine-based sprays, such as pulmonary nebulisers, it may be technically impossible,
or medically inadvisable, to greatly increase the fluid velocity. Another consideration is
that applying excessive mechanical forces to colloidal systems may permanently disrupt
the created microstructure, eliminating the useful rheological properties, as well as destroy
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any loaded cells or delicate therapeutic agents. For all structured systems then, but most
especially those for biomedical applications, it may thus be most appropriate to engineer
the material itself to spray well.

While excessive force is to be avoided, the spray process is axiomatically disruptive,
and thus the way the material responds to these forces will be crucial in order to both spray
well and be functional. Key considerations here will be the types of cohesive interactions
being broken during spraying, whether they recover, to what extent, and how quickly.
For example, breaking most covalent bonds through the spray process is likely to result
in permanent loss of material properties. This is seen during agricultural spraying of
dilute polymer solutions in a process known as mechanical degradation, leading to rapid
loss of performance [130]; again highlighting the need to avoid excessive spray forces.
The interactions broken should instead be reversible; for example, Van der Waals forces,
hydrogen bonds, ionic attractions, metal coordination, hydrophobic interactions and steric
entanglements are colloidal forces which may both be broken with modest force, then
reform when the force has been removed [131]. This process is often referred to as self-
healing, and is an important property of many biomaterials, including colloidal systems
for injection and bioprinting [131–134].

As discussed in Section 2, many biomaterials are thixotropic; that is, they take a finite
time to rearrange their microstructures in response to a change in applied force. This will
be important in sprayed biomaterials both during and after application. During spraying,
not only will the applied force need to be sufficient to break up the material into droplets,
but this microstructural rearrangement will have to take place quickly, relative to the time
over which the spray process occurs. In a recent study, attempting to extend Equation (14)
to dilute polymer solutions, a colloidal system, Gaillard et al. [106] proposed Equation (18).

D50 = C1b

(
ρa

ρ f

)− 1
6 (

We−
1
3 + C2DeWek

)
(18)

where De is a Deborah number, the ratio of the relaxation time of the system, a measure
of how quickly the microstructure of the material changes in response to a change in
applied force, and the time over which the process takes place. A low Deborah number,
De � 1, may thus be an important factor to consider when designing structured fluid
biomaterial sprays.

Once in situ, it will be important that the biomaterial fully recover its microstructure,
and thus material properties, in a timely manner. This timescale may depend on the
application, but for many of the applications discussed in Section 1, including spraying
biomaterials onto the skin, into the eye or the internal mucosa, the biomaterial should fully
recover in the timescale of ms–s, to prevent any flow, dripping, and loss of coverage.

As discussed in Section 2, many of the interactions that give rise to the useful properties
of structured fluid biomaterials occur at the molecular scale, either between the colloid and
solvent, or between colloids. However, the maximum level of breakup during spraying
needs to be on the order of the size of the final droplets, µm–mm. This may present an
opportunity to engineer structured fluids such that they possess the short-range interactions
required to give rise to useful biomaterial properties, but limit the medium- to long-range
order which may inhibit spraying.

5. Conclusions and Perspective

Utilising increasingly structured fluids is becoming ever more popular for controlled
delivery, giving higher residence times, site specificity and ability to tailor release. Equally,
spray delivery is emerging as a powerful application method, able to apply a thin layer
of material over hard-to-reach anatomical locations with complicated surface geometries.
Combining these approaches has the potential to lead to great advances in the delivery
of drugs and cells, particularly to the nose, mouth and skin. However, highly viscoelastic
biomaterials pose a unique challenge, as the cohesive forces which produce the required
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structure oppose the disruptive forces of spraying. Unlike many industries, increasing
the spray pressure may be inadvisable for biomedical applications, and tweaking noz-
zle geometries is unlikely to have a great effect. Engineering the microstructure of these
structured fluids may thus be the most effective means to increase both sprayability and
functionality. However, concepts beyond viscosity and surface tension will be needed
to account for the significantly non-Newtonian behaviour arising from the complex mi-
crostructures of colloidal biomaterials. The scales of both length and time will need to be
carefully considered in order to make significant advancement in structured fluid spraying,
an endeavour which will benefit not only biomaterials, but all spray industries. Though
unlikely to be straight forward, by considering all of these factors to conceive of new design
principles, the authors firmly believe we can structure biomaterials to both spray well and
maintain functionality.

Author Contributions: Conceptualisation, R.J.A.M., L.M.G. and T.E.R.; writing—original draft
preparation, R.J.A.M., L.M.G. and T.E.R.; writing—review and editing, R.J.A.M., L.M.G. and T.E.R.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Becker, M.J. Early Dental Appliances in the Eastern Mediterranean. Berytus Archaeol. Stud. 1995, 42, 53–102.
2. Marin, E.; Boschetto, F.; Pezzotti, G. Biomaterials and Biocompatibility: An Historical Overview. J. Biomed. Mater. Res. Part A 2020,

108, 1617–1633. [CrossRef] [PubMed]
3. Ratner, B.D.; Zhang, G. A History of Biomaterials. In Biomaterials Science; Academic Press: Cambridge, MA, USA, 2020; pp. 21–34.
4. Hench, L.L.; Thompson, I. Twenty-First Century Challenges for Biomaterials. J. R. Soc. Interface 2010, 7 (Suppl. S4), S379–S391.

[CrossRef]
5. Ratner, B.D. Biomaterials: Been There, Done That, and Evolving into the Future. Annu. Rev. Biomed. Eng. 2019, 21, 171–191.

[CrossRef]
6. Gholamali, I.; Yadollahi, M. Bio-Nanocomposite Polymer Hydrogels Containing Nanoparticles for Drug Delivery: A Review.

Regen. Eng. Transl. Med. 2021, 7, 129–146. [CrossRef]
7. Lin, C.C.; Metters, A.T. Hydrogels in Controlled Release Formulations: Network Design and Mathematical Modeling. Adv. Drug

Deliv. Rev. 2006, 58, 1379–1408. [CrossRef] [PubMed]
8. Fang, G.; Yang, X.; Wang, Q.; Zhang, A.; Tang, B. Hydrogels-Based Ophthalmic Drug Delivery Systems for Treatment of Ocular

Diseases. Mater. Sci. Eng. C 2021, 127, 112212. [CrossRef]
9. Cassano, R.; Di Gioia, M.L.; Trombino, S. Gel-Based Materials for Ophthalmic Drug Delivery. Gels 2021, 7, 130. [CrossRef]
10. Van Gheluwe, L.; Chourpa, I.; Gaigne, C.; Munnier, E. Polymer-Based Smart Drug Delivery Systems for Skin Application and

Demonstration of Stimuli-Responsiveness. Polymers 2021, 13, 1285. [CrossRef]
11. Ahsan, A.; Tian, W.X.; Farooq, M.A.; Khan, D.H. An Overview of Hydrogels and Their Role in Transdermal Drug Delivery. Int. J.

Polym. Mater. Polym. Biomater. 2021, 70, 574–584. [CrossRef]
12. Purohit, T.J.; Hanning, S.M.; Wu, Z. Advances in Rectal Drug Delivery Systems. Pharm. Dev. Technol. 2018, 23, 942–952. [CrossRef]

[PubMed]
13. Osmałek, T.; Froelich, A.; Jadach, B.; Tatarek, A.; Gadzinski, P.; Falana, A.; Gralinska, K.; Ekert, M.; Puri, V.; Wrotynska-Barczynska,

J.; et al. Recent Advances in Polymer-Based Vaginal Drug Delivery Systems. Pharmaceutics 2021, 13, 884. [CrossRef] [PubMed]
14. Cook, M.T.; Brown, M.B. Polymeric Gels for Intravaginal Drug Delivery. J. Control. Release 2018, 270, 145–157. [CrossRef]

[PubMed]
15. Xie, Z.; Shen, J.; Sun, H.; Li, J.; Wang, X. Polymer-Based Hydrogels with Local Drug Release for Cancer Immunotherapy.

Biomed. Pharmacother. 2021, 137, 111333. [CrossRef] [PubMed]
16. Marques, A.C.; Costa, P.J.; Velho, S.; Amaral, M.H. Stimuli-Responsive Hydrogels for Intratumoral Drug Delivery. Drug Dis-

cov. Today 2021, 26, 2397–2405. [CrossRef]
17. Sun, Z.; Song, C.; Wang, C.; Hu, Y.; Wu, J. Hydrogel-Based Controlled Drug Delivery for Cancer Treatment: A Review. Mol. Pharm.

2020, 17, 373–391. [CrossRef]

http://doi.org/10.1002/jbm.a.36930
http://www.ncbi.nlm.nih.gov/pubmed/32196949
http://doi.org/10.1098/rsif.2010.0151.focus
http://doi.org/10.1146/annurev-bioeng-062117-120940
http://doi.org/10.1007/s40883-021-00207-0
http://doi.org/10.1016/j.addr.2006.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17081649
http://doi.org/10.1016/j.msec.2021.112212
http://doi.org/10.3390/gels7030130
http://doi.org/10.3390/polym13081285
http://doi.org/10.1080/00914037.2020.1740989
http://doi.org/10.1080/10837450.2018.1484766
http://www.ncbi.nlm.nih.gov/pubmed/29888992
http://doi.org/10.3390/pharmaceutics13060884
http://www.ncbi.nlm.nih.gov/pubmed/34203714
http://doi.org/10.1016/j.jconrel.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29223536
http://doi.org/10.1016/j.biopha.2021.111333
http://www.ncbi.nlm.nih.gov/pubmed/33571834
http://doi.org/10.1016/j.drudis.2021.04.012
http://doi.org/10.1021/acs.molpharmaceut.9b01020


Bioengineering 2023, 10, 3 12 of 15

18. Dimatteo, R.; Darling, N.J.; Segura, T. In Situ Forming Injectable Hydrogels for Drug Delivery and Wound Repair. Adv. Drug
Deliv. Rev. 2018, 127, 167–184. [CrossRef]

19. Rahimi, M.; Charmi, G.; Matyjaszewski, K.; Banquy, X.; Pietrasik, J. Recent Developments in Natural and Synthetic Polymeric
Drug Delivery Systems Used for the Treatment of Osteoarthritis. Acta Biomater. 2021, 123, 31–50. [CrossRef]

20. Ogay, V.; Mun, E.A.; Kudaibergen, G.; Baidarbekov, M.; Kassymbek, K.; Zharkinbekov, Z.; Saparov, A. Progress and Prospects of
Polymer-Based Drug Delivery Systems for Bone Tissue Regeneration. Polymers 2020, 12, 2881. [CrossRef]

21. Sharma, S.; Sudhakara, P.; Singh, J.; Ilyas, R.A.; Asyraf, M.R.M.; Razman, M.R. Critical Review of Biodegradable and Bioactive
Polymer Composites for Bone Tissue Engineering and Drug Delivery Applications. Polymers 2021, 13, 2623. [CrossRef]

22. Radhakrishnan, A.; Kuppusamy, G.; Karri, V.V.S.R. Spray Bandage Strategy in Topical Drug Delivery. J. Drug Deliv. Sci. Technol.
2018, 43, 113–121. [CrossRef]

23. Moakes, R.J.A.; Davies, S.P.; Stamataki, Z.; Grover, L.M. Formulation of a Composite Nasal Spray Enabling Enhanced Surface
Coverage and Prophylaxis of SARS-CoV-2. Adv. Mater. 2021, 33, 2008304. [CrossRef] [PubMed]

24. Robinson, T.E.; Moakes, R.A.J.; Grover, L.M. Low Acyl Gellan as an Excipient to Improve the Sprayability and Mucoadhesion of
Iota Carrageenan in a Nasal Spray to Prevent Infection with SARS-CoV-2. Front. Med. Technol. 2021, 3, 25. [CrossRef] [PubMed]

25. He, J.J.; McCarthy, C.; Camci-Unal, G. Development of Hydrogel-Based Sprayable Wound Dressings for Second- and Third-Degree
Burns. Adv. NanoBiomed Res. 2021, 1, 2100004. [CrossRef]

26. Motamedi, S.; Esfandpour, A.; Babajani, A.; Jamshidi, E.; Bahrami, S.; Niknejad, H. The Current Challenges on Spray-Based Cell
Delivery to the Skin Wounds. Tissue Eng. Part C Methods 2021, 27, 543–558. [CrossRef] [PubMed]

27. Ter Horst, B.; Moakes, R.J.A.; Chouhan, G.; Williams, R.L.; Moiemen, N.S.; Grover, L.M. A Gellan-Based Fluid Gel Carrier to
Enhance Topical Spray Delivery. Acta Biomater. 2019, 89, 166–179. [CrossRef] [PubMed]

28. Gravante, G.; Di Fede, M.C.; Araco, A.; Grimaldi, M.; De Angelis, B.; Arpino, A.; Cervelli, V.; Montone, A. A Randomized Trial
Comparing ReCell® System of Epidermal Cells Delivery versus Classic Skin Grafts for the Treatment of Deep Partial Thickness
Burns. Burns 2007, 33, 966–972. [CrossRef]

29. Umar, A.K.; Butarbutar, M.; Sriwidodo, S.; Wathoni, N. Film-Forming Sprays for Topical Drug Delivery. Drug Des. Devel. Ther.
2020, 14, 2909–2925. [CrossRef]

30. Satia, M.; Mukim, A.; Tibrewala, K.; Bhavsar, M. A Randomized Two Way Cross over Study for Comparison of Absorption of
Vitamin D3 Buccal Spray and Soft Gelatin Capsule Formulation in Healthy Subjects and in Patients with Intestinal Malabsorption.
Nutr. J. 2015, 14, 1–9. [CrossRef]

31. Colella, G.; Cannavale, R.; Vicidomini, A.; Rinaldi, G.; Compilato, D.; Campisi, G. Efficacy of a Spray Compound Containing a Pool
of Collagen Precursor Synthetic Aminoacids (L-Proline, L-Leucine, L-Lysine and Glycine) Combined with Sodium Hyaluronate
to Manage Chemo/radiotherapy-Induced Oral Mucositis: Preliminary Data of an Open Clinic. Int. J. Immunopathol. Pharmacol.
2010, 23, 143–151. [CrossRef]

32. Hsin, Y.K.; Thangarajoo, T.; Choudhury, H.; Pandey, M.; Meng, L.W.; Gorain, B. Stimuli-Responsive in Situ Spray Gel of
Miconazole Nitrate for Vaginal Candidiasis. J. Pharm. Sci. 2022. [CrossRef] [PubMed]

33. Saxena, C.; Arora, K.; Chaurasia, L. Importance of Different Novel Nasal Drug Delivery System—A Review. Int. J. Pharm.
Clin. Res. 2019, 11, 13–19.

34. Wormald, P.J.; Cain, T.; Oates, L.; Hawke, L.; Wong, I. A Comparative Study of Three Methods of Nasal Irrigation. Laryngoscope
2004, 114, 2224–2227. [CrossRef] [PubMed]

35. Collins, J.F.; Dartt, D.A.; Dana, R. Mist Delivery of Eye Medication to the Anterior Segment. Am. J. Ophthalmol. 2007, 144, 137–139.
[CrossRef]

36. McCallion, O.N.M.; Taylor, K.M.G.; Bridges, P.A.; Thomas, M.; Taylor, A.J. Jet Nebulisers for Pulmonary Drug Delivery.
Int. J. Pharm. 1996, 130, 1–11. [CrossRef]

37. Pal, R. New Generalized Viscosity Model for Non-Colloidal Suspensions and Emulsions. Fluids 2020, 5, 150. [CrossRef]
38. Hughes, A.J. The Einstein Relation between Relative Viscosity and Volume Concentration of Suspensions of Spheres. Nature 1954,

173, 1089–1090. [CrossRef]
39. De La Rosa, Á.; Ruiz, G.; Castillo, E.; Moreno, R. Calculation of Dynamic Viscosity in Concentrated Cementitious Suspensions:

Probabilistic Approximation and Bayesian Analysis. Materials 2021, 14, 1971. [CrossRef]
40. Baranau, V.; Tallarek, U. Random-Close Packing Limits for Monodisperse and Polydisperse Hard Spheres. Soft Matter 2014, 10,

3826–3841. [CrossRef]
41. Wolf, B.; Frith, W.J.; Singleton, S.; Tassieri, M.; Norton, I.T. Shear Behaviour of Biopolymer Suspensions with Spheroidal and

Cylindrical Particles. Rheol. Acta 2001, 40, 238–247. [CrossRef]
42. Saiki, Y.; Prestidge, C.A.; Horn, R.G. Effects of Droplet Deformability on Emulsion Rheology. Colloids Surfaces A Physicochem.

Eng. Asp. 2007, 299, 65–72. [CrossRef]
43. Barnes, H.A. A Handbook of Elementary Rheology; University of Wales, Institute of Non-Newtonian Fluid Mechanics: Cardiff, Wales,

2000; ISBN 0953803201.
44. Papanagopoulos, D.; Pierri, E.; Dondos, A. Influence of the Shear Rate, of the Molecular Architecture and of the Molecular Mass

on the Critical Overlapping Concentration c. Polymer 1998, 39, 2195–2199. [CrossRef]
45. Moore, W.R. Viscosities of Dilute Polymer Solutions. Prog. Polym. Sci. 1967, 1, 1–43. [CrossRef]

http://doi.org/10.1016/j.addr.2018.03.007
http://doi.org/10.1016/j.actbio.2021.01.003
http://doi.org/10.3390/polym12122881
http://doi.org/10.3390/polym13162623
http://doi.org/10.1016/j.jddst.2017.09.018
http://doi.org/10.1002/adma.202008304
http://www.ncbi.nlm.nih.gov/pubmed/34060150
http://doi.org/10.3389/fmedt.2021.687681
http://www.ncbi.nlm.nih.gov/pubmed/35047933
http://doi.org/10.1002/anbr.202100004
http://doi.org/10.1089/ten.tec.2021.0158
http://www.ncbi.nlm.nih.gov/pubmed/34541897
http://doi.org/10.1016/j.actbio.2019.03.036
http://www.ncbi.nlm.nih.gov/pubmed/30904549
http://doi.org/10.1016/j.burns.2007.04.011
http://doi.org/10.2147/DDDT.S256666
http://doi.org/10.1186/s12937-015-0105-1
http://doi.org/10.1177/039463201002300113
http://doi.org/10.1016/j.xphs.2022.09.002
http://www.ncbi.nlm.nih.gov/pubmed/36096286
http://doi.org/10.1097/01.mlg.0000149463.95950.c5
http://www.ncbi.nlm.nih.gov/pubmed/15564850
http://doi.org/10.1016/j.ajo.2007.03.022
http://doi.org/10.1016/0378-5173(95)04233-4
http://doi.org/10.3390/fluids5030150
http://doi.org/10.1038/1731089a0
http://doi.org/10.3390/ma14081971
http://doi.org/10.1039/c3sm52959b
http://doi.org/10.1007/s003970000133
http://doi.org/10.1016/j.colsurfa.2006.11.022
http://doi.org/10.1016/S0032-3861(97)00522-3
http://doi.org/10.1016/0079-6700(67)90001-9


Bioengineering 2023, 10, 3 13 of 15

46. Fedors, R.F. An Equation Suitable for Describing the Viscosity of Dilute to Moderately Concentrated Polymer Solutions. Polymer
1979, 20, 225–228. [CrossRef]

47. Matsuoka, S.; Cowman, M.K. Equation of State for Polymer Solution. Polymer 2002, 43, 3447–3453. [CrossRef]
48. Uman, S.; Dhand, A.; Burdick, J.A. Recent Advances in Shear-Thinning and Self-Healing Hydrogels for Biomedical Applications.

J. Appl. Polym. Sci. 2020, 137, 4176–4185. [CrossRef]
49. Ryder, J.F.; Yeomans, J.M. Shear Thinning in Dilute Polymer Solutions. J. Chem. Phys. 2006, 125, 194906. [CrossRef] [PubMed]
50. Calabrese, V.; Haward, S.J.; Shen, A.Q. Effects of Shearing and Extensional Flows on the Alignment of Colloidal Rods. Macromolecules

2021, 54, 4176–4185. [CrossRef]
51. Shapovalov, V.M. On the Applicability of the Ostwald–De Waele Model in Solving Applied Problems. J. Eng. Phys. Thermophys.

2017, 90, 1213–1218. [CrossRef]
52. Hauswirth, S.C.; Bowers, C.A.; Fowler, C.P.; Schultz, P.B.; Hauswirth, A.D.; Weigand, T.; Miller, C.T. Modeling Cross Model

Non-Newtonian Fluid Flow in Porous Media. J. Contam. Hydrol. 2020, 235, 103708. [CrossRef]
53. Dinkgreve, M.; Paredes, J.; Denn, M.M.; Bonn, D. On Different Ways of Measuring “the” Yield Stress. J. Nonnewton. Fluid Mech.

2016, 238, 233–241. [CrossRef]
54. Barnes, H.A. The Yield Stress-a Review or “Παντα Pει”-everything Flows? J. Nonnewton. Fluid Mech. 1999, 81, 133–178. [CrossRef]
55. Souza Mendes, P.R.; Dutra, E.S.S. Viscosity Function for Yield-Stress Liquids. Appl. Rheol. 2004, 14, 296–302. [CrossRef]
56. Mewis, J.; Wagner, N.J. Thixotropy. Adv. Colloid Interface Sci. 2009, 147–148, 214–227. [CrossRef] [PubMed]
57. Barnes, H.A. Thixotropy—A Review. J. Nonnewton. Fluid Mech. 1997, 70, 1–33. [CrossRef]
58. Christensen, R.M. Theory of Viscoelasticity: An Introduction, 2nd ed.; Academic Press: Cambridge, MA, USA, 1982; ISBN 9780121742508.
59. Fansler, T.D.; Parrish, S.E. Spray Measurement Technology: A Review. Meas. Sci. Technol. 2015, 26, 12002. [CrossRef]
60. Song, Y.; Sun, H.; Li, M.; Zhang, Q. Technology Application of Smart Spray in Agriculture: A Review. Intell. Autom. Soft Comput.

2015, 21, 319–333. [CrossRef]
61. Dou, H.; Zhang, C.; Li, L.; Hao, G.; Ding, B.; Gong, W.; Huang, P. Application of Variable Spray Technology in Agriculture. In IOP

Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK, 2018; Volume 186, p. 12007.
62. Ahmad, F.; Khaliq, A.; Qiu, B.; Sultan, M.; Ma, J. Advancements of Spraying Technology in Agriculture. In Technology in

Agriculture; IntechOpen: London, UK, 2021.
63. Lewis, R.W.; Evans, R.A.; Malic, N.; Saito, K.; Cameron, N.R. Polymeric Drift Control Adjuvants for Agricultural Spraying.

Macromol. Chem. Phys. 2016, 217, 2223–2242. [CrossRef]
64. Makhnenko, I.; Alonzi, E.R.; Fredericks, S.A.; Colby, C.M.; Dutcher, C.S. A Review of Liquid Sheet Breakup: Perspectives from

Agricultural Sprays. J. Aerosol Sci. 2021, 157, 105805. [CrossRef]
65. Lorenze, R.V.; Kuhman, D.E. Correlation of Misdirected Satellite Drops and Resultant Print Quality Defects with Nozzle Face

Geometries in Thermal Ink Jet Printheads. J. Imaging Sci. Technol. 1995, 39, 489–494.
66. Song, J.H.; Nur, H.M. Defects and Prevention in Ceramic Components Fabricated by Inkjet Printing. J. Mater. Process. Technol.

2004, 155–156, 1286–1292. [CrossRef]
67. Zhang, Y.; Hu, G.; Liu, Y.; Wang, J.; Yang, G.; Li, D. Suppression and Utilization of Satellite Droplets for Inkjet Printing: A Review.

Processes 2022, 10, 932. [CrossRef]
68. Kazama, S. Steady-State Paint Flow under High Centrifugal Force: Atomization in Spray Painting. JSAE Rev. 2003, 24, 489–494.

[CrossRef]
69. Pendar, M.R.; Páscoa, J.C. Numerical Modeling of Electrostatic Spray Painting Transfer Processes in Rotary Bell Cup for

Automotive Painting. Int. J. Heat Fluid Flow 2019, 80, 108499. [CrossRef]
70. Hines, R.L. Electrostatic Atomization and Spray Painting. J. Appl. Phys. 1966, 37, 2730–2736. [CrossRef]
71. Chryssakis, C.; Assanis, D.N. A Unified Fuel Spray Breakup Model for Internal Combustion Engine Applications. At. Sprays 2008,

18, 375–426. [CrossRef]
72. Soid, S.N.; Zainal, Z.A. Spray and Combustion Characterization for Internal Combustion Engines Using Optical Measuring

Techniques—A Review. Energy 2011, 36, 724–741. [CrossRef]
73. Suo, S.; Jia, M.; Liu, H.; Wang, T. Development of a New Hybrid Stochastic/Trajectory Droplet Collision Model for Spray

Simulations in Internal Combustion Engines. Int. J. Multiph. Flow 2021, 137, 103581. [CrossRef]
74. Valencia, A.; Zheng, Y.; Marshall, A.W. A Model for Predicting the Trajectory and Structure of Firefighting Hose Streams.

Fire Technol. 2022, 58, 793–815. [CrossRef]
75. Solomatin, Y.; Shlegel, N.; Strizhak, P. Secondary Atomization of Firefighting Liquid Droplets by Their Collisions. At. Sprays 2019,

29, 429–454. [CrossRef]
76. Murugesan, R.; Orsat, V. Spray Drying for the Production of Nutraceutical Ingredients—A Review. Food Bioprocess Technol. 2012,

5, 3–14. [CrossRef]
77. Mohammed, N.K.; Tan, C.P.; Manap, Y.A.; Muhialdin, B.J.; Hussin, A.S.M. Spray Drying for the Encapsulation of Oils—A Review.

Molecules 2020, 25, 3873. [CrossRef] [PubMed]
78. O’Sullivan, J.J.; Norwood, E.A.; O’Mahony, J.A.; Kelly, A.L. Atomisation Technologies Used in Spray Drying in the Dairy Industry:

A Review. J. Food Eng. 2019, 243, 57–69. [CrossRef]
79. Jaworek, A. Micro- and Nanoparticle Production by Electrospraying. Powder Technol. 2007, 176, 18–35. [CrossRef]

http://doi.org/10.1016/0032-3861(79)90226-X
http://doi.org/10.1016/S0032-3861(02)00157-X
http://doi.org/10.1002/app.48668
http://doi.org/10.1063/1.2387948
http://www.ncbi.nlm.nih.gov/pubmed/17129166
http://doi.org/10.1021/acs.macromol.0c02155
http://doi.org/10.1007/s10891-017-1676-9
http://doi.org/10.1016/j.jconhyd.2020.103708
http://doi.org/10.1016/j.jnnfm.2016.11.001
http://doi.org/10.1016/S0377-0257(98)00094-9
http://doi.org/10.1515/arh-2004-0016
http://doi.org/10.1016/j.cis.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19012872
http://doi.org/10.1016/S0377-0257(97)00004-9
http://doi.org/10.1088/0957-0233/26/1/012002
http://doi.org/10.1080/10798587.2015.1015781
http://doi.org/10.1002/macp.201600139
http://doi.org/10.1016/j.jaerosci.2021.105805
http://doi.org/10.1016/j.jmatprotec.2004.04.292
http://doi.org/10.3390/pr10050932
http://doi.org/10.1016/S0389-4304(03)00075-4
http://doi.org/10.1016/j.ijheatfluidflow.2019.108499
http://doi.org/10.1063/1.1782112
http://doi.org/10.1615/AtomizSpr.v18.i5.10
http://doi.org/10.1016/j.energy.2010.11.022
http://doi.org/10.1016/j.ijmultiphaseflow.2021.103581
http://doi.org/10.1007/s10694-021-01175-1
http://doi.org/10.1615/AtomizSpr.2019030766
http://doi.org/10.1007/s11947-011-0638-z
http://doi.org/10.3390/molecules25173873
http://www.ncbi.nlm.nih.gov/pubmed/32858785
http://doi.org/10.1016/j.jfoodeng.2018.08.027
http://doi.org/10.1016/j.powtec.2007.01.035


Bioengineering 2023, 10, 3 14 of 15

80. Tanhaei, A.; Mohammadi, M.; Hamishehkar, H.; Hamblin, M.R. Electrospraying as a Novel Method of Particle Engineering for
Drug Delivery Vehicles. J. Control. Release 2021, 330, 851–865. [CrossRef]

81. Boda, S.K.; Li, X.; Xie, J. Electrospraying an Enabling Technology for Pharmaceutical and Biomedical Applications: A Review.
J. Aerosol Sci. 2018, 125, 164–181. [CrossRef]

82. Vardelle, M.; Vardelle, A.; Fauchais, P. Spray Parameters and Particle Behavior Relationships during Plasma Spraying. J. Therm.
Spray Technol. 1993, 2, 79–91. [CrossRef]

83. Fauchais, P.; Vardelle, M.; Vardelle, A.; Goutier, S. What Do We Know, What Are the Current Limitations of Suspension Plasma
Spraying? J. Therm. Spray Technol. 2015, 24, 1120–1129. [CrossRef]

84. Fauchais, P. Understanding Plasma Spraying. J. Phys. D Appl. Phys. 2004, 37, R86. [CrossRef]
85. Tejero-Martin, D.; Rezvani Rad, M.; McDonald, A.; Hussain, T. Beyond Traditional Coatings: A Review on Thermal-Sprayed

Functional and Smart Coatings. J. Therm. Spray Technol. 2019, 28, 598–644. [CrossRef]
86. Petrovicova, E.; Schadler, L.S. Thermal Spraying of Polymers. Int. Mater. Rev. 2002, 47, 169–190. [CrossRef]
87. Toma, F.L.; Potthoff, A.; Berger, L.M.; Leyens, C. Demands, Potentials, and Economic Aspects of Thermal Spraying with

Suspensions: A Critical Review. J. Therm. Spray Technol. 2015, 24, 1143–1152. [CrossRef]
88. Aziz, F.; Ismail, A.F. Spray Coating Methods for Polymer Solar Cells Fabrication: A Review. Mater. Sci. Semicond. Process. 2015, 39,

416–425. [CrossRef]
89. Moridi, A.; Hassani-Gangaraj, S.M.; Guagliano, M.; Dao, M. Cold Spray Coating: Review of Material Systems and Future

Perspectives. Surf. Eng. 2014, 30, 369–395. [CrossRef]
90. Bala, N.; Singh, H.; Karthikeyan, J.; Prakash, S. Cold Spray Coating Process for Corrosion Protection: A Review. Surf. Eng. 2014,

30, 414–421. [CrossRef]
91. Le Brun, P.P.H.; De Boer, A.H.; Frijlink, H.W.; Heijerman, H.G.M. A Review of the Technical Aspects of Drug Nebulization.

Pharm. World Sci. 2000, 22, 75–81. [CrossRef]
92. Kooij, S.; Sijs, R.; Denn, M.M.; Villermaux, E.; Bonn, D. What Determines the Drop Size in Sprays? Phys. Rev. X 2018, 8, 31019.

[CrossRef]
93. Mun, R.P.; Young, B.W.; Boger, D.V. Atomisation of Dilute Polymer Solutions in Agricultural Spray Nozzles. J. Nonnewton.

Fluid Mech. 1999, 83, 163–178. [CrossRef]
94. Zhang, T.; Dong, B.; Chen, X.; Qiu, Z.; Jiang, R.; Li, W. Spray Characteristics of Pressure-Swirl Nozzles at Different Nozzle

Diameters. Appl. Therm. Eng. 2017, 121, 984–991. [CrossRef]
95. Dombrowski, N.; Fraser, R.P.; House, B.; Dombrowski, B.N. A Photographic Investigation into the Disintegration of Liquid Sheets.

Philos. Trans. R. Soc. Lond. Ser. A Math. Phys. Sci. 1954, 247, 101–130. [CrossRef]
96. Squire, H.B. Investigation of the Instability of a Moving Liquid Film. Br. J. Appl. Phys. 1953, 4, 167–169. [CrossRef]
97. Shrestha, K.; Van Strien, J.; Singh, N.; Inthavong, K. Primary Break-up and Atomization Characteristics of a Nasal Spray.

PLoS ONE 2020, 15, e0236063. [CrossRef] [PubMed]
98. Elkotb, M.M. Fuel Atomization for Spray Modelling. Prog. Energy Combust. Sci. 1982, 8, 61–91. [CrossRef]
99. Czernek, K.; Ochowiak, M.; Włodarczak, S. Effect of Rheological Properties of Aqueous Solution of Na-CMC on Spray Angle for

Conical Pressure-Swirl Atomizers. Energies 2020, 13, 6309. [CrossRef]
100. Robinson, T.E.; Hughes, E.A.B.; Bose, A.; Cornish, E.A.; Teo, J.Y.; Eisenstein, N.M.; Grover, L.M.; Cox, S.C. Filling the Gap:

A Correlation between Objective and Subjective Measures of Injectability. Adv. Healthc. Mater. 2020, 9, 1901521. [CrossRef]
101. Madlener, K.; Frey, B.; Ciezki, H.K. Generalized Reynolds Number for Non-Newtonian Fluids. Prog. Propuls. Phys. 2009, 1,

237–250.
102. Grens, E.A.; Williams, M.C. Viscometric and Misting Properties of Polymer-Modified Fuel; NASA: Washington, DC, USA, 1982.
103. Keller, A.; Odell, J.A. Turbulence Splits Polymers. Nature 1984, 312, 98. [CrossRef]
104. Richardson, R.G. Control of Spray Drift with Thickening Agents. J. Agric. Eng. Res. 1974, 19, 227–231. [CrossRef]
105. Bouse, L.F.; Carlton, J.B.; Jank, P.C. Effect of Water Soluble Polymers on Spray Droplet Size. Trans. Am. Soc. Agric. Eng. 1988, 31,

1633–1639. [CrossRef]
106. Gaillard, A.; Sijs, R.; Bonn, D. What Determines the Drop Size in Sprays of Polymer Solutions? J. Nonnewton. Fluid Mech. 2022,

305, 104813. [CrossRef]
107. Keshavarz, B.; Houze, E.C.; Moore, J.R.; Koerner, M.R.; McKinley, G.H. Ligament Mediated Fragmentation of Viscoelastic Liquids.

Phys. Rev. Lett. 2016, 117, 154502. [CrossRef] [PubMed]
108. Walker, L.M.; Christanti, Y. Quantifying air atomization of viscoelastic fluids through fluid relaxation times. At. Sprays 2006, 16,

777–790. [CrossRef]
109. Negri, M.; Ciezki, H.K.; Schlechtriem, S. Spray Behavior of Non-Newtonian Fluids: Correlation between Rheological Measure-

ments and Droplets/threads Formation. Prog. Propuls. Phys. 2013, 4, 271–290. [CrossRef]
110. Yu, L.F.; Zuo, Z.G.; Li, L.; Liu, S.H.; Zhao, S.T. Experimental Breakup Characteristics of Round Liquid Jets of a Dilute Polymer

Solution into Quiescent Air. J. Appl. Mech. Tech. Phys. 2020, 61, 676–684. [CrossRef]
111. Keshavarz, B.; Sharma, V.; Houze, E.C.; Koerner, M.R.; Moore, J.R.; Cotts, P.M.; Threlfall-Holmes, P.; McKinley, G.H. Studying the

Effects of Elongational Properties on Atomization of Weakly Viscoelastic Solutions Using Rayleigh Ohnesorge Jetting Extensional
Rheometry (ROJER). J. Nonnewton. Fluid Mech. 2015, 222, 171–189. [CrossRef]

112. Qian, L.; Lin, J.; Bao, F. Numerical Models for Viscoelastic Liquid Atomization Spray. Energies 2016, 9, 1079. [CrossRef]

http://doi.org/10.1016/j.jconrel.2020.10.059
http://doi.org/10.1016/j.jaerosci.2018.04.002
http://doi.org/10.1007/BF02647426
http://doi.org/10.1007/s11666-015-0286-3
http://doi.org/10.1088/0022-3727/37/9/R02
http://doi.org/10.1007/s11666-019-00857-1
http://doi.org/10.1179/095066002225006566
http://doi.org/10.1007/s11666-015-0274-7
http://doi.org/10.1016/j.mssp.2015.05.019
http://doi.org/10.1179/1743294414Y.0000000270
http://doi.org/10.1179/1743294413Y.0000000148
http://doi.org/10.1023/A:1008786600530
http://doi.org/10.1103/PhysRevX.8.031019
http://doi.org/10.1016/S0377-0257(98)00135-9
http://doi.org/10.1016/j.applthermaleng.2017.04.089
http://doi.org/10.1098/rsta.1954.0014
http://doi.org/10.1088/0508-3443/4/6/302
http://doi.org/10.1371/journal.pone.0236063
http://www.ncbi.nlm.nih.gov/pubmed/32756567
http://doi.org/10.1016/0360-1285(82)90009-0
http://doi.org/10.3390/en13236309
http://doi.org/10.1002/adhm.201901521
http://doi.org/10.1038/312098a0
http://doi.org/10.1016/0021-8634(74)90061-4
http://doi.org/10.13031/2013.30911
http://doi.org/10.1016/j.jnnfm.2022.104813
http://doi.org/10.1103/PhysRevLett.117.154502
http://www.ncbi.nlm.nih.gov/pubmed/27768340
http://doi.org/10.1615/AtomizSpr.v16.i7.50
http://doi.org/10.1051/eucass/201304271
http://doi.org/10.1134/S0021894420040227
http://doi.org/10.1016/j.jnnfm.2014.11.004
http://doi.org/10.3390/en9121079


Bioengineering 2023, 10, 3 15 of 15

113. Harrison, G.M.; Mun, R.; Cooper, G.; Boger, D.V. A Note on the Effect of Polymer Rigidity and Concentration on Spray
Atomisation. J. Nonnewton. Fluid Mech. 1999, 85, 93–104. [CrossRef]

114. Williams, P.A.; English, R.J.; Blanchard, R.L.; Rose, S.A.; Lyons, L.; Whitehead, M. The Influence of the Extensional Viscosity of
Very Low Concentrations of High Molecular Mass Water-Soluble Polymers on Atomisation and Droplet Impact. Pest Manag. Sci.
2008, 64, 497–504. [CrossRef]

115. Zhu, H.; Dexter, R.W.; Fox, R.D.; Reichard, D.L.; Brazee, R.D.; Ozkan, H.E. Effects of Polymer Composition and Viscosity on
Droplet Size of Recirculated Spray Solutions. J. Agric. Eng. Res. 1997, 67, 35–45. [CrossRef]

116. Tan, H.; Tam, K.C.; Tirtaatmadja, V.; Jenkins, R.D.; Bassett, D.R. Extensional Properties of Model Hydrophobically Modified
Alkali-Soluble Associative (HASE) Polymer Solutions. J. Nonnewton. Fluid Mech. 2000, 92, 167–185. [CrossRef]

117. Xu, B.; Li, L.; Zhang, K.; Macdonald, P.M.; Winnik, M.A.; Jenkins, R.; Bassett, D.; Wolf, D.; Nuyken, O. Synthesis and Characteriza-
tion of Comb Associative Polymers Based on Poly(ethylene Oxide). Langmuir 1997, 13, 6896–6902. [CrossRef]

118. Jacob, S.; Nair, A.B.; Boddu, S.H.S.; Gorain, B.; Sreeharsha, N.; Shah, J. An Updated Overview of the Emerging Role of Patch and
Film-Based Buccal Delivery Systems. Pharmaceutics 2021, 13, 1206. [CrossRef] [PubMed]

119. Pinto, S.; Pintado, M.E.; Sarmento, B. In Vivo, Ex Vivo and in Vitro Assessment of Buccal Permeation of Drugs from Delivery
Systems. Expert Opin. Drug Deliv. 2020, 17, 33–48. [CrossRef] [PubMed]

120. Gänger, S.; Schindowski, K. Tailoring Formulations for Intranasal Nose-to-Brain Delivery: A Review on Architecture, Physico-
Chemical Characteristics and Mucociliary Clearance of the Nasal Olfactory Mucosa. Pharmaceutics 2018, 10, 116. [CrossRef]
[PubMed]

121. Kashyap, K.; Shukla, R. Drug Delivery and Targeting to the Brain Through Nasal Route: Mechanisms, Applications and
Challenges. Curr. Drug Deliv. 2019, 16, 887–901. [CrossRef] [PubMed]

122. Adepu, S.; Ramakrishna, S. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules 2021, 26, 5905.
[CrossRef]

123. Majumder, J.; Taratula, O.; Minko, T. Nanocarrier-Based Systems for Targeted and Site Specific Therapeutic Delivery. Adv. Drug
Deliv. Rev. 2019, 144, 57–77. [CrossRef]

124. Hazrati, R.; Davaran, S.; Omidi, Y. Bioactive Functional Scaffolds for Stem Cells Delivery in Wound Healing and Skin Regeneration.
React. Funct. Polym. 2022, 174, 105233. [CrossRef]

125. Lostalé-Seijo, I.; Montenegro, J. Synthetic Materials at the Forefront of Gene Delivery. Nat. Rev. Chem. 2018, 2, 258–277. [CrossRef]
126. Dong, Y.; Siegwart, D.J.; Anderson, D.G. Strategies, Design, and Chemistry in siRNA Delivery Systems. Adv. Drug Deliv. Rev.

2019, 144, 133–147. [CrossRef]
127. Xie, P.; Wang, Y.; Wei, D.; Zhang, L.; Zhang, B.; Xiao, H.; Song, H.; Mao, X. Nanoparticle-Based Drug Delivery Systems with

Platinum Drugs for Overcoming Cancer Drug Resistance. J. Mater. Chem. B 2021, 9, 5173–5194. [CrossRef] [PubMed]
128. Haque, S.T.; Saha, S.K.; Haque, M.E.; Biswas, N. Nanotechnology-Based Therapeutic Applications:: In Vitro and in Vivo Clinical

Studies for Diabetic Wound Healing. Biomater. Sci. 2021, 9, 7705–7747. [CrossRef]
129. Kaiser, P.; Wächter, J.; Windbergs, M. Therapy of Infected Wounds: Overcoming Clinical Challenges by Advanced Drug Delivery

Systems. Drug Deliv. Transl. Res. 2021, 11, 1545–1567. [CrossRef] [PubMed]
130. Lewis, R.W.; Malic, N.; Saito, K.; Evans, R.A.; Cameron, N.R. Ultra-High Molecular Weight Linear Coordination Polymers with

Terpyridine Ligands. Chem. Sci. 2019, 10, 6174–6183. [CrossRef] [PubMed]
131. Diba, M.; Spaans, S.; Ning, K.; Ippel, B.D.; Yang, F.; Loomans, B.; Dankers, P.Y.W.; Leeuwenburgh, S.C.G. Self-Healing Biomaterials:

From Molecular Concepts to Clinical Applications. Adv. Mater. Interfaces 2018, 5, 1800118. [CrossRef]
132. Bertsch, P.; Diba, M.; Mooney, D.J.; Leeuwenburgh, S.C.G. Self-Healing Injectable Hydrogels for Tissue Regeneration. Chem. Rev.

2022. [CrossRef]
133. Loebel, C.; Rodell, C.B.; Chen, M.H.; Burdick, J.A. Shear-Thinning and Self-Healing Hydrogels as Injectable Therapeutics and for

3D-Printing. Nat. Protoc. 2017, 12, 1521–1541. [CrossRef]
134. Brochu, A.B.W.; Craig, S.L.; Reichert, W.M. Self-Healing Biomaterials. J. Biomed. Mater. Res. Part A 2011, 96, 492–506. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/S0377-0257(98)00188-8
http://doi.org/10.1002/ps.1523
http://doi.org/10.1006/jaer.1997.0151
http://doi.org/10.1016/S0377-0257(00)00093-8
http://doi.org/10.1021/la960612q
http://doi.org/10.3390/pharmaceutics13081206
http://www.ncbi.nlm.nih.gov/pubmed/34452167
http://doi.org/10.1080/17425247.2020.1699913
http://www.ncbi.nlm.nih.gov/pubmed/31786958
http://doi.org/10.3390/pharmaceutics10030116
http://www.ncbi.nlm.nih.gov/pubmed/30081536
http://doi.org/10.2174/1567201816666191029122740
http://www.ncbi.nlm.nih.gov/pubmed/31660815
http://doi.org/10.3390/molecules26195905
http://doi.org/10.1016/j.addr.2019.07.010
http://doi.org/10.1016/j.reactfunctpolym.2022.105233
http://doi.org/10.1038/s41570-018-0039-1
http://doi.org/10.1016/j.addr.2019.05.004
http://doi.org/10.1039/D1TB00753J
http://www.ncbi.nlm.nih.gov/pubmed/34116565
http://doi.org/10.1039/D1BM01211H
http://doi.org/10.1007/s13346-021-00932-7
http://www.ncbi.nlm.nih.gov/pubmed/33611768
http://doi.org/10.1039/C9SC01115C
http://www.ncbi.nlm.nih.gov/pubmed/31360424
http://doi.org/10.1002/admi.201800118
http://doi.org/10.1021/acs.chemrev.2c00179
http://doi.org/10.1038/nprot.2017.053
http://doi.org/10.1002/jbm.a.32987

	The Evolution of Biomaterials 
	The Cohesive Forces in Structured Fluid Biomaterials 
	The Disruptive Forces in Spraying 
	Towards Spraying Structured Fluid Biomaterials 
	Conclusions and Perspective 
	References

