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ABSTRACT: This study shows a viable and straightforward microfluidic
method of assembly of cardanol (CA) and cholesterol (CH) into amphiphile
nanostructures obtained through a hydrodynamic focusing approach
according to which an alcoholic solution of CA and CH is constrained
within a two-dimensional lamina shape by two lateral streams of borate buffer
solution. The process is performed within glass-made cross-shaped micro-
sized fluidic chips specially designed to achieve a laminar regime. CA, distilled
from the cashew nut shell liquid, is demonstrated as a surface-active molecule
in borate buffer basic medium and when mixed with CH it produces versatile
nanovesicles through an in-batch solvent-free process. Compared to this
conventional method, the microfluidic route allows operating under
continuous flows, with a reduced amount of reagents and at lower experimental temperatures, ensuring no waste formation and
the achievement of size-monodisperse amphiphile nanostructures that do not need further steps of purification. Electron microscopy
analyses demonstrate that upon increasing CH in the lipid mixture, a switchover from spherical CA micelles to CA/CH mixed closed
vesicles occurs. Differential scanning microcalorimetry confirms the formation of vesicular structures and evidences the primary role
of CH, which increasingly lowers the temperature of transition depending on its concentration.

KEYWORDS: hydrodynamic focusing approach, microfluidics, microreactors, green nanovesicles,
cardanol- and cholesterol-based nanovesicles, natural lipid waste, cryo-electron microscopy

■ INTRODUCTION
The application of the principles of green chemistry has
become very important for designing sustainable chemical
processes, especially if the latter are oriented to the reuse of
waste materials from renewable resources for the production of
high-value functional materials.1 On the other hand, the
development of miniaturized systems for the assembly of
matter at the nanoscale through innovative environment-
friendly processes may represent a relevant alternative route for
the creation of materials that can show novel properties and
functions and constitute a platform to investigate their
mechanism of formation.2 Relative to the conventional large-
scale approaches, microscale technology leads to a larger
number of advantages in terms of the lower amount of
required reagents, time, and energy consumption, with also a
consequent overall reduction of the waste generation
process.3−8 In this scenario, microfluidic technologies appear
as a favorable and sustainable alternative to the traditional
systems because the miniaturized dimensions and the high
surface-area-to-volume ratios of microchannels represent ideal
attributes for promoting a safe manipulation of the reagents, an
increase in heat and mass transfer, an improved mixing

efficiency, and short diffusion paths.8−10 These strategic
advantages of microfluidic systems, over large-scale reactors
provided real benefit in the pharmaceutical industry for the
rapid, safe, and low-cost production processes,11,12 as well as in
green chromatographic separations,13,14 chemical synthe-
sis,15−17 biocatalytic processes,10 in biomedical devices and
analytical or diagnostic tools.7,18 For all these reasons, simple
and low-cost microfluidic procedures are expected to
progressively replace current batch and flow methods in
favor of continuous and greener microscaled-down pro-
cesses.19,20 In particular, continuous flow microfluidics was
already demonstrated as a technology for liposome production
with tunable control over the physical properties of the end
product, particularly in terms of liposome size distribution,
allowing tunable and easy scale-up of vesicle synthesis.21−23
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The production of precisely size-controlled nanovesicles, an
ambitious program through conventional methods, is one of
the essential topics for drug delivery and a means to improve
nanomedicine performance, revolutionizing the life science
field.
Among the different microfluidic techniques for liposome
synthesis,24−27 the microfluidic hydrodynamic focusing
(MHF) device proved especially valid as it allows a fine
regulation of the liposome size and dispersion achieved by
tuning the flow rates of the solutions in the microchannels.21,28

Moreover, a remarkable aspect from the perspective of the
industries is that the MHF device offers the possibility to scale
up the solution volume to be treated in the milliliter range, yet
maintaining the peculiarities of the microscale.9 This method
sees that an alcoholic solution of lipids is hydrodynamically
focused into a two-dimensional lamina by two adjacent
tangentially flowing streams of buffered water (see the sketch
in Figure 1a). Interdiffusion of water and alcohol molecules

occurs across the as-formed planar alcohol−water interfaces
promoting an increase of the lipid concentration up to their
solubility limit at which they precipitate, self-assembling into
confined bilayered structures.22,28 Mixing of reagents, based on
a MHF mechanism, has proved to produce thermodynamically
stable size-monodisperse lipid vesicles in the diameter range of
sub 200 nm.29

Cardanol (CA) is a natural lipid waste obtained by
distillation of the cashew nut shell liquid. It consists of a
mixture of four phenolic compounds corresponding to the
mono-, di-, and tri-unsaturated components and to the 3-n-
pentadecylphenol, respectively (Figure 1b).30,31 Its chemical
features, such as a hydrophilic reactive phenolic group and a
non-polar meta alkyl chain with non-isoprenoic cis double
bonds, provide it an amphiphilic character and make it suitable
for further chemical processing to develop CA-based
derivatives.32 Indeed, the hydrophilic−lipophilic balance
value, according to the Griffin scale, is around 6 for the
hydrogenated form of CA, likely because of the low polarity of
the phenolic ring, therefore it is primarily soluble in organic
solvents. Several examples in the literature have evidenced the

ability of CA: (i) to stabilize phospholipid-based liposome;33

indeed, low values of the n-octanol−water partition coefficient
(log P = 3.54) indicate the favorable hydrophilic−lipophilic
balance to accommodate CA molecules into a phospholipid
bilayer; (ii) to be chemically engineered, via substitution in the
phenolic ring or modification in the reactive hydroxyl group, to
develop new breeds of CA-based amphiphiles,34−37 which can
be chemically driven to form stable nanoaggregates serving as
soft templates for the growth of unique nanomaterials;38−40 or
(iii) to form bilayers by itself or in combination with
cholesterol (CH).41,42 This latter ability has shown to have a
concentration-dependent role in promoting the cohesion of
the membrane lipids,43 to favor a liquid-ordered phase of the
membrane,44 to selectively modulate the fluidity of the
membrane in either the polar part or in the hydrophobic
region also,45 and finally to affect the membrane permeability
(or the drug release) to solutes.45−47 Pure CA mixed with a
minor amount of CH allowed forming stable nanovectors able
to vehicle different kinds of molecules that can provide
stabilizing,30 antiproliferative, and antioxidant48 effects and
even function as a fluorescent tool for bioimaging.49

Here, for the first time, by the usage of MHF devices, we
produced nanosized liposomal or micellar systems based on
CA, or in combination with CH, substantially confirming the
amphiphilic character of this compound,41,50 particularly in
basic media wherein it assumes an ionic character. By
increasing the amount of CH in the lipid mixture, a system
transition from spherical CA micelles to CA/CH mixed closed
vesicles was demonstrated. We studied the effects of the flow
parameters, temperature (T), and CH content in vesicle
composition, on the vesicle structural properties [size,
polydispersity index (PdI), and surface charge]. We demon-
strated the sustainability of the microfluidic route not only to
prove a smaller consumption of reagents and no waste
production but also to evaluate the possibility to carry out
the process under a continuous flow at T lower than via the
conventional (in-batch) methods,49 with evident benefits in
reduced costs and energy utilization. Very importantly, the
smaller dimension and narrower size distribution of nano-
vesicles, resulting from the microfluidic approach, are relevant
for biomedical applications. Indeed, vesicles ranging between
50 and 250 nm are injectable and represent promising drug
delivery vector systems for personalized medicine.51 In this
view, consideration should be given to the well-documented
added value provided by CA in terms of antioxidant activity,52

therapeutic potential in the treatment of some diseases53,54 as
well as several other biological properties.55−57 Ultimately, this
offers many advantages because the amphiphilic CA-based
nanostructures (hereafter abbreviated as CA-ANSs), in both
the form of micelles and vesicles, by their very nature, could be
used as therapeutic carriers themselves, without the need to
load a drug as in the case of other liposomal delivery systems.48

■ EXPERIMENTAL SECTION
Chemicals and Materials. CA was kindly supplied by Oltremare
S.r.l. and CH, KCl, H3BO4, and NaOH were purchased from Sigma-
Aldrich (Steinheim, Germany) and used as received. Glass substrates
were purchased from Telic (USA) and isopropyl alcohol (IPA),
acetone, NaOH, HCl, NH4F, and HF from Aldrich. The photoresist
(AZ 9260) was purchased from MicroChemicals (Ulm, Germany).
Chromium etchant solution was purchased from Poletto Aldo S.r.l.,
Noventa di Piave, Venice, Italy. Tubings (Tub FEP Blu 1/32 × 0.09)
were purchased from IDEX HS (Germany) and TS10 glue was
purchased from THORLABS (US).

Figure 1. (a) Sketch of the microfluidic device (picture below)
showing the injection geometry within microchannels. The picture on
the top reports an optical image of the microchannels and the formed
lamina as well as the focusing zone occurring at the crossing point of
channels. (b) CA molecular structures.
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Preparation of the Solutions. The borate buffer solution (pH =
9.0, BB, 50 ml) was prepared by mixing 30 mM H3BO4, 70 mM KCl,
and 18 mM NaOH solutions in Ultrapure water delivered by a Zeneer
UP 900 Human Corporation system.
Lipidic solutions were prepared by dissolving different molar ratios
of CH and CA in IPA at room temperature (see Table S1) to obtain
solutions with a fixed total lipid concentration of 0.9 mg/mL. Such
concentration was optimized in previous studies for low solubility
reagents to avoid clogging problems during microfluidic experi-
ments.21 To this end, the mixing solution was also filtered through a
0.45 μm filter.
Fabrication of Microfluidic Chips. The glass substrates covered
by a thin chromium layer were cleaned with acetone and IPA. The
cross-designed patterns (as shown in Figure 1a) with microchannels
of a nominal width of 36 μm were transferred from a photomask (J.D.
Photo-Tools Ltd., Oldham, Lancashire, UK) to the photoresist layer
lying on the glass substrate, via UV light exposure. The photoresist
was then developed, followed by the removal of the exposed
chromium layer using the etchant solution, thus revealing the
microchannels onto the glass substrate itself. Exposed glasses were
then wet-etched with a buffered oxide etchant (solution prepared as
reported by Zacheo et al.).58 Wet etching procedure was performed
by using a microwave reactor system, operating at a frequency of 2.45
GHz (Anton Paar Multiwave 3000, LabService Analytica S.r.l., Italy).
Microchannels with a depth of about 40 μm have been produced.
Next, inlet and outlet holes were drilled on the etched substrates
before sealing microchannels by thermal bonding. Finally, capillary
tubes were glued to the inlet and outlet holes.
Microfluidic Approach for CA-ANS Production. The setup for
CA-ANSs production at a fixed temperature consisted of a single
channel syringe pump (NE-1000 Multi-Phaser, QiS ProSense, The
Netherlands) for the injection of CA/CH solution according to the
ratios as reported in Table S1, a syringe pump with two channels
(Ugo Basile, Biological Research Apparatus, model KDS270) for
injection of the BB solution, an optical microscope with a high-
resolution camera (Nikon Eclipse Ti), and a temperature-controlled
optical stage to allow facile visualization of the laminar flow during
heating. The chips were connected to the syringe pumps and fixed on
the microscope heating stage set at different temperatures (22, 35, 50,
70 °C). The CA-ANS solutions were collected from the outlet in a
vial. The flow rate ratios (FRRs, ratio of the volumetric flow of
buffered water over lipid alcoholic solution) used for all the devices
were 4, 6, 20, and 40 at the corresponding total volumetric flow Qt of
150, 42, 63, and 123 μL/min, respectively.
Dynamic Light Scattering (DLS). Size, PdI, and Z-potential of
undiluted samples of CA-ANSs were determined by DLS and
electrophoretic light scattering measurements using a Malvern
Zetasizer Nano ZS90. The hydrodynamic diameter (d) was
determined at 25 °C measuring the autocorrelation function at a
90° scattering angle. All the values reported are the average of three
separate measurements (DAV). The surface charge was determined at
25 °C from an average of three measurements. The voltage ramps
were performed according to the DLS manufacturer’s instructions.
Surface Tension Measurements. Air−water surface tension
(mN/m) of different concentrations (0.08−0.5 mg/mL) of (i) CA in
BB solution pH = 9, (ii) in BB solution/IPA (20:1 v/v), and (iii) BB
solution/IPA (20:1 v/v) in the presence of 1 mg of CH was measured
at 25 °C using a force tensiometer (DSC100, First Ten Angstroms,
USA) according to the “Du Noüy ring” method. Data are reported as
mean ± standard deviation of three measurements.
Differential Scanning Microcalorimetry (Micro-DSC). Calori-
metric traces were recorded using a micro-DSC instrument
(SETARAM III, France). 0.75 g of the sample was loaded in a
Hastelloy vessel and the same amount of BB solution/IPA (20:1 v/v)
was used as a reference. Heating scans were performed in the
temperature range of 5−80 °C at a rate of 1 °C/min. Analyses were
performed in triplicate. Transition temperatures and enthalpy values
were calculated from the peak values and area.
Transmission Electron Microscopy (TEM). Positive stain-
electron microscopy was employed to analyze the morphology of

dilute dispersion of CA-ANSs.59,60 Low-magnification TEM analyses
were performed on a Jeol JEM-1011 electron microscope (Jeol Ltd.,
Akishima Tokyo, Japan) operating at 100 kV, equipped with a CCD
camera ORIUS 831 from Gatan Inc. (Pleasanton, CA, USA). TEM
samples were prepared by initially depositing a few drops of the
liposome dispersions onto a carbon-coated copper grid and then, after
almost 1 min, blotting off the sample with a filter paper. Afterward, a
washing step was performed as follows: the TEM grid surface was
made to touch a 25μL drop of 18.2 MΩ cm resistivity water deposited
onto a parafilm and then, the excess of water was removed through a
filter paper. This step was repeated twice. Finally, the staining
procedure was accomplished by touching a 25μL drop of 1% (w/v)
osmium tetroxide aqueous solution deposited onto a parafilm and
removing the excess of solution as described above. Also this process
was repeated twice. The grid was made to air-dry in a chemical hood.
Cryogenic Transmission Electron Microscopy (Cryo-TEM). A
drop of 5 μL of the solution was applied to a copper grid covered with
a carbon film made hydrophilic using an ELMO glow discharge device
(Cordouan Technologies, France). The grid was placed in a home-
made vitrification apparatus at 22 °C and 80% relative humidity
before plunging into liquid ethane maintained at −190 °C by liquid
nitrogen. The grid was mounted on a cryo holder (Gatan 626, USA)
and observed using a Tecnai G2 microscope (FEI, The Netherlands)
at 200 kV. Images were acquired using an Eagle slow-scan CCD
camera (FEI).

■ RESULTS AND DISCUSSION
In the following paragraphs, we provide details upon a novel
method of production of CA-ANSs by using a MHF approach.
The effectiveness of some parameters, such as injection flow
rates, temperature, and CH/CA composition on the ANS
assembly is reported. We also study the ANS size evolution by
using DLS and investigate their morphology via electron
microscopy.
Figure 1a shows a sketch of the characteristic setup suitably
realized with a cross-shaped geometry to achieve a MHF
regime. The micrometer-sized channels allow realization of
laminar flows therein. The top image in Figure 1a shows a real
optical microscope photograph of the alcoholic solution when
thinned at the 90° crossing point by the two lateral flows of
buffered solutions. As noted, the laminarity of lipid alcoholic
solution is preserved for several millimeters length, up to the
outlet zone.
Influence of Flow Rates on ANS Size Distribution. As
mentioned above, a MHF device (Figure 1a) was selected to
produce CA-ANSs in a controlled manner. Original system
composition and experimental temperatures were chosen
following the conventional in-batch method and adjusted
accordingly.49 A stream of organic solvent (IPA) containing
the CH/CA mixture (0.6:1 molar ratio, solution 1 of Table S1)
and a BB aqueous solution were injected, through program-
mable syringe pumps, respectively, within the central inlet
microchannel and the two side channels. At the microchannels’
crossing (i.e., “focusing zone”), the solvent stream was focused
into a narrow stream sheathed by the two adjacent flows of
aqueous buffer (top picture in Figure 1a). Depending on the
fluid focalization, the almost immediate interdiffusion of the
species at the interface of the two phases converts the original
surrounding alcoholic environment of the CH/CA into a
water-rich medium. Therefore, the CH/CA molecules self-
aggregate into short bilayer fragments because of the strong
hydrophobic interactions between the alkyl chains and coalesce
with each other until reaching a critical radius; hence, the
fragments bend on themselves becoming vesicles, whose free
energy is lower with respect to the fragments.61 A 90-degree
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crossing channel was preferred over lower angle intersections,
as it was demonstrated that the shear forces occurring in this
geometry improve hydrodynamic focusing effectiveness of the
solvent stream with a consequent faster accomplishment of the
interdiffusion of the two media21 and then a production of
smaller and size-monodisperse vesicles thereof.29

As well known, the MHF device allows to control the size of
the amphiphile systems by modifying the total flow rate (Qt)
and the FRR in the side inlet channels (buffer solution)
compared to the center inlet channel fed with lipids in alcohol.
It was proved that Qt, under high hydrodynamic focusing
regimes, can slightly affect nanoparticles’ size and their
distribution.21,23,29 We thus concentrated on the possibility
to work under high focusing conditions, reducing the center
channel stream width as much as possible and consequently
the diffusion length for the reagents to be mixed.28,29 Hence, as
a first step, to prove the FRR efficacy on the size of ANSs, the
solutions were injected at FRR values of 4 (120:30), 6 (36:6),
20 (60:3), and 40 (120:3). This latter value was the maximum
FRR allowed by the fluidic network because higher values
promoted the lateral BB solutions to flow back into the center
inlet channel. Each experiment was carried out by fixing the
heating plate of the microscope (onto which the chip was
allocated) at 70 °C, the highest possible temperature before
heavy effects of evaporation may occur. We observed certain
stability of flows during the experiment that allowed us to
measure (through optical microscope analysis) the width of
the alcohol/lipid lamina resulting from the focusing flow
conditions. As we can see in Figure S1, it stabilized reaching a
plateau for FRR values greater than 20, indicating these as the
highest possible hydrodynamic focusing conditions in our
microfluidic system.
One mL of solution was collected for each experiment and
analyzed by DLS in terms of dimensions and polydispersity.
The resulting amphiphile structure diameters are reported in
Figure 2a (magenta curve).
The trend of the curve shows that the size of the vesicles
decreases by increasing the FRR until it reaches the plateau
value (143 ± 57 nm) in correspondence of FRR = 20, then it
slightly increases. As already reported for other types of
amphiphile systems, the diffusive length along the focused lipid
stream is the dominant factor controlling the vesicle size, so
that higher FRR values result in smaller structures.62 Indeed, a
thinner organic lamina provided a faster water and alcohol
interdiffusion along the stream width and therefore a more
efficient mixing, the latter a fundamental condition for
producing smaller ANSs in the laminar flow regime.21 In
particular, at low flow ratios, the size decreased sharply
according to small FRR increases. On the contrary, for
relatively higher FRR (in our case above 20) the smaller
changes in the central stream width (see Table S2) led
consequently to much smaller diameter changes.63,64 A FRR
increase reduced the lamina by more than half, so the alcohol
stream width decreased by 61% upon incrementing FRR from
4 to 6; on the contrary, it remained unchanged for FRR
increase above 20, thus resulting in very small size variations
(Figure 2a, magenta curve). In the view of lamina thickening/
thinning and successive concentration/dilution of central lipid
solution, another evident factor to be considered is the larger
extent of removal of IPA occurring at higher FRRs by means of
extreme lateral BB aqueous streams, which can straightfor-
wardly contribute to promoting a loss of solubility of lipid
molecules.

The particle size uniformity was ascertained through PdI
determination, defined, in the assumption of a Gaussian
distribution, as the variance of the vesicle size distribution
normalized by the square of average particle size.65 The
literature has established that as the FRR increases, the size
distribution becomes less dispersed.28 For the ANSs produced
in this study, dispersity was found to vary with FRRs leading to
a curve trend with a minimum PdI value of 0.05 at FRR 6 (data
not shown). For the other FRRs, polydispersity values in the
mid-range between 0.16 and 0.32 were found. A size
distribution very sensitive to FRR variations demonstrated
that even small changes in flow conditions and composition
during ANS synthesis can have an impact on the PdI value.
This phenomenon was justified by Jahn and co-workers,
accounting for a mechanism of disassembly−reassembly of
liposomes that move along the channel, undergoing the fluid
streamlines, through zones with an alcohol concentration
above or below the critical one.28

Compared to the in-batch approach,49 the microfluidic route
allowed producing size-monodisperse ANSs of different
dimensions according to the FRRs, without further post-
production size separation steps required. This proved to be
beneficial in the perspective of investigating the influence of
several other physico-chemical process variables such as
temperature or system composition.
Effects of Temperature. It is known that the temperature
affects the liposome size by changing the membrane elasticity,
which is much larger in work conditions close to or below the
gel-to-liquid crystalline phase transition temperature (Tm), so

Figure 2. Results of microfluidic experiments. (a) Representative
curves of the CA-ANS hydrodynamic size evolution as a function of
FRR obtained by flowing solution 1 (CH/CA = 0.6:1 molar ratio) of
Table S1 from the central inlet. Each experiment was performed by
varying the FRR at a fixed temperature (T). (b) CA-ANS
hydrodynamic size and their relative PdI trend depending on the
CH/CA molar ratio. The experiments were performed at FRR = 20
and T = 50 °C. In the inset, the CH/CA molar ratio dependence of
the Z-potential is shown. The sizes reported in both pictures were
achieved by DLS measurements.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c01554
ACS Sustainable Chem. Eng. 2022, 10, 8484−8494

8487



that larger liposomes are formed. On the contrary, according to
the theory, smaller vesicles are produced working above the Tm
and, moreover, a much smaller temperature-dependence of size
in a far above the Tm condition occurs, due to a membrane
elasticity modulus being relatively constant.62,66 Hence, the T
dependence of the process of lipid assembly was evaluated as

well. Experiments were performed by placing a heater in
contact with the chip at 50, 35, and 22 °C, and, for each of
them, different FRRs (4, 6, 20, and 40) were explored as
already done at 70 °C. The results are summarized in Figure
2a. With the only exception of outcomes observed at very high
FRRs, the temperature does not show a significant effect on the

Figure 3. Low-magnification electron micrographs of CA/CH-based nanosized lipid aggregates. Bright-field TEM analysis of positively stained soft
nanostructures of samples obtained with: (a) pure CA; (b) CA/CH = 1:0.2; (c) CA/CH = 1:0.4; and (d) CA/CH = 1:0.6 molar ratios. Pictures
(e−h) report diameter size distribution histograms of each sample, obtained via TEM image statistic analysis. Micrographs (i−l) show cryo-TEM
images of the same samples.
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vesicle size. Indeed, the curves trend (green, blue, and black for
22, 35, and 50 °C, respectively) looks remarkably similar to the
70 °C one, as also the organic lamina behavior (Table S2).
Thus, on the whole, it was observed that a progressive decrease
of the ANS dimensions with FRR increase takes place, until to
a plateau region, as typically happens for MHF architec-
ture.22,67 As regards to size uniformity, we can make similar
considerations as those for 70 °C experiments. The PdI value
of our nanosystems for each temperature was always in the
mid-range ≤ 0.2 for all FRRs tested (data not shown). Because
of the above-outlined results relating to FRR- and T-
dependence, all other experiments carried out hereinafter
were done at 50 °C and FRR = 20. Operative reasons primarily
related to the employment of T and of FRR conditions able to
provide sizes lower than 200 nm motivated this choice and this
was corroborated by the outcomes provided by the micro-DSC
measurements according to which an endothermic peak
appears in the temperature range 30−55 °C (see below).
Such experimental setting resulted largely being more
accessible when compared to the procedure in-batch,49

which, contrarily to the microfluidic route, requires two 90
°C steps to ensure the optimal solvent-free mixture of the pure
components, followed by a 60 °C sonication and centrifugation
to separate the smaller nanostructures from the larger ones.
Effects of CH. As large amounts of CA were expected to

increase the drug properties of the amphiphile systems, a
further parameter we investigated was the effect of CH/CA
composition on the size of ANSs. It is well known that CH is a
typical biocompatible lipidic component of liposomal systems
and plays a strategic role in liposome composition. In the case
of phospholipid-based systems, it increases the packing of the
bilayer, changing its elasticity modulus and therefore the
vesicle size,62 its fluidity as well as the passive drug
permeability.46 In this view, in addition to the solution already
studied (i.e., CH/CA, 0.6:1, with the reference to the in-batch
method), CH was mixed with CA in other different
proportions (0:1, 0.2:1, and 0.4:1), keeping constant the
total concentration (0.9 mg/mL). These mixtures were always
studied at FRR = 20 and at 50 °C.
Figure 2b evidences very poor CH dependence of the ANS
dimensions. In particular, in all CH-based examples, the sizes
of the lipidic structures hovered around 100 nm, unlike the
sample made by pure CA, which in fact exhibited hydro-
dynamic dimensions a little lower, whereas the PdIs extended
between 0.11 and 0.18 suggesting complete independence on
the CH amount of the size dispersity (see also Figure S2). In a
similar manner, the addition of nonionic CH imperceptibly
affected the surface charge of the ANSs, promoting a limited
variability of the Z-potential values in the range between −40
and −50 mV. The amphipathic nonionic CH molecules share
the interface with the negatively charged CA, which exposes its
alkyl phenate form at the working pHs of buffer borate (inset
Figure 2b) operating as an anionic surfactant-like molecule,
therefore. The first addition of CH promoted an increase of
the Z-potential as the system started to form larger particles, as
later demonstrated by TEM analysis also, thereafter followed
by a surface charge reduction caused by larger incorporations
of nonionic CH at the interface and its screening effect toward
anionic CA.68 The samples stored at room temperature
showed stability over time. The sizes evaluated via DLS after
4 months established variations in the range of 7% (data not
reported), suggesting certain stability in solution and a scarce
tendency to aggregate. Correlograms as shown in Figure S2

confirm the mid-range polydispersity and the lack of large
particles or aggregates, this latter corroborated by the flatness
of the baseline.
Transmission Electron Microscopy. The ANS morphol-
ogy and size were also investigated by TEM analysis. The
outcomes are summarized in Figure 3. The left column in the
figure reports the bright-field TEM micrographs of the four
samples produced by changing the CH/CA molar ratio.
Synthesis results suggest that the lack of CH in the growth
mixture does not contribute to an important enlargement of
the ANSs. Indeed, spherical particles as large as 40 nm were
observed (Figure 3a,e). Because of the osmium tetroxide
positive staining, the soft nanoparticles appeared as strongly
dark-colored. The CH addition, on the contrary, promoted the
formation of larger spherical lipid nanoparticles of up to 100
nm (Figure 3b−d), nevertheless without showing a significant
CH dependence thus confirming the DLS results. Interestingly,
TEM investigations revealed for each sample the presence of
another characteristic very small size fraction: histograms in
Figure 3e−h and Figure S3 detail it distinctly. In all cases,
dimensions of the order of 4−8 nm were detected. We
hypothesize that the formation of these small nanosized
structures may be attributed to the precipitation of lipid
aggregates occurring because of the large increase of the water
phase, as fast mixing with IPA changes the total polarity.
Whether TEM could display the size and the morphology of
the ANSs, it could not discriminate between the character of
the amphiphile structures, that is, whether micellar (lipid
monolayered spherical systems) or vesicular (lipid bilayered
spherical systems).
Cryo-TEM analyses were performed as shown in Figure 3i−
l. In detail, when CA was the only lipid agent, two different
sizes of ANSs were formed, a larger one imaged in Figure 3i
showing a diffuse interface and small spherical micelles
representing most of the material. The latter has the tendency
to form diffuse large aggregates. The sharp contrast evidenced
the micellar habit of those structures (lipid particles). Apart
from one liposome reported in Figure S4a (first picture),
possible vesicles were not detected in this sample. The addition
of CH in a molar ratio CH/CA = 0.2/1 promoted the growth
of very regular ANSs presenting a dense core (short arrows)
and a few liposomes (arrowhead) (Figure 3j) and also of some
interesting structures made by a dense core surrounded by a
membrane (long arrow) (Figures 3j and S4b). There are still
some micelles seen in the background (circle). The observed
liposomes present a typical bilayered structure of their
membrane (seen in Figure S4b). Upon increasing the molar
ratio CH/CA to 0.4/1, the system exhibited mainly liposomes
relative to micelles (see Figures 3k and S4c). A similar trend
was confirmed also for molar ratio CH/CA = 0.6/1. In this
case, a larger density of liposomes was identified as well as
Janus-like particles (arrow in Figure 3l). These Janus particles
could be an intermediate structure between the dense particles
shown in Figure 3j (white short arrow) and the liposome, the
dense part acting as a reservoir for CA before interacting with
CH and forming a bilayer (see Figures 3l and S4d).
Relative to the progressive addition of CH, cryo-TEM
evidenced a net system phase transition from CA-based
spherical micelles exhibiting rather small diameters to an
environment displaying a large density of closed spherical
vesicles made by CH and CA. At a moderate amount of CH,
the coexistence of micellar and vesicular nanostructures is
observed. The incorporation of CH promoted changes in the
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radius of curvature of those structures and very large inclusions
of CH were necessary (37% of moles) to observe most
bilayered particles.
Taking into account the lipid molecular shape to model a
membrane at the interface, it is recognized that the transition
from micelles to vesicles matches with a change of the
dimensionless lipid packing parameter, S, given by S = V/al,
where V represents the volume of the alkyl chain and a and l
express the cross-sectional area of the head group and the
length of the alkyl chain, respectively. The packing parameter
provides a general indication of the lipid shape at the interface
and of the architecture of the aggregates, thereof. When it is
<1/3, its conical shape favors the formation of spherical
micelles (whether the amphiphile concentration exceeds the
critical micelle concentration) as a result of the side-by-side
packing. The formation of vesicles occurs when S > 1/2,
however being <1. In this case, the amphiphilic molecule takes
a shape more similar to a cylinder, thus the side-by-side
disposal generates bilayers that allow allocating more
molecules at the interface.69 Our experimental evidence
suggests that nonionic CH promotes the transition from
micelles to vesicles as, because of the additivity of the packing
parameters of the lipids,70 and placing itself at the interface,
contributes to enlarging the volume of the hydrophobic part of
CA favoring in this a proper change of the amphiphilic shape
from conical to cylindrical. Indeed, to a larger amount of CH
available at the interface corresponds an important buildup of
vesicles relative to micelles. The literature has identified in the
case of phospholipid/CH bilayers an important CH amount-
dependent increase of the electron density of the phospholipid
tail region due to CH ring structure localized in that portion
(hydrophobic) of area.68 In this view, steric encumbrance
rendered by the alkyl chain unsaturation of CA contributes
further, expanding therefore the hydrophobic V of the packing
parameter. On the other hand, the widespread presence of CH
at the interface (without significantly changing the total
number of molecules in the solutions) in different percentages
allows screening of the negative charges of CA. The lateral
diffusion of molecules at the interface decreases upon
increasing the content of CH and the amount and location
of free space is reduced.68 For the reasons above detailed, the
presence of CH at the interface meaningfully alters the packing
of CA molecules facilitating the micelle-to-vesicle changeover
and a CH concentration-dependent commensurate formation
of vesicles.
Surface Tension and Micro-DSC. The surface properties

of CA in the buffer and in the presence of CH were evaluated
via force tensiometry analyses. Figure 4a summarizes the air−
water surface tension values obtained by changing the
concentration of CA from 0.08 to 0.5 mg/mL in different
media: pure BB, BB/IPA (20:1 v/v), and BB/IPA (20:1 v/v) +
1 mg of CH. At all conditions, CA was able to decrease the
surface tension as a function of its concentration, thereby
behaving as a surface-active molecule. The extent of the surface
tension decrease for any concentration of CA depends upon
the characteristic of the media. Indeed, the measured surface
tension values for pure BB and BB/IPA were different, being
72.18 ± 0.06 and 51.34 ± 0.09 mN/m, respectively. The
absolute surface tension values of solutions at any CA
concentration were higher in BB than in BB/IPA solution.
On the contrary, the relative variation of surface tension
between that of pure solvent and of the highest tested
concentration of CA (0.5 mg/mL), named ΔS0−S0.5, was more

pronounced in BB than in BB/IPA, being 28.44 and 12.43
mN/m, respectively. The presence of CH does not influence
markedly the surface properties of CA, being the surface
tension values measured for CA alone comparable to those in
the presence of CH, as well as the calculated ΔS0−S0.5 values
(12.43 mN/m vs 14.64 mN/m, respectively). The surface-
active role of IPA is also clear, without significantly changing
the viscosity of the system at the operative concentrations. As a
co-surfactant and because of its miscibility with water in all
proportions, IPA is expected to decrease the interfacial tension
between both solvents and significantly facilitate the
interdiffusion, thereby enhancing the mass diffusivity and the
rates of formation of the self-assembled ANSs. Additionally,
whether or not IPA may be placed at the interface mainly
interacting with the polar heads of lipids and surfactants is an
outcome that cannot be ruled out. However, we consider this
view less plausible due to the very large amounts of water, even
at low FRRs (IPA mole fraction < 0.055 at FRR = 4), that is
supposed to perfectly solubilize (and solvate) single molecules
of IPA.71 At FRR = 20, the FRR employed to investigate the
CH effect, the IPA volume results even < 5% (IPA mole
fraction < 0.012).

Figure 4. Surface tension and microcalorimetry measurements. (a)
Surface tension (mN/m) vs concentration (mg/mL) of CA in BB pH
= 9, BB/IPA (20:1 v/v), and BB/IPA (20:1 v/v) + 1 mg of CH. (b)
Micro-DSC traces of CA and CH/CA mixtures at different molar
ratios in BB/IPA (20:1 v/v).
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Microcalorimetry enables the characterization of the thermal
behavior of CA and CH/CA dispersions. The main detectable
transitions are broad endothermic events in the temperature
range between 15 and 55 °C, in which the mean transition
temperature can be calculated from the peak value of the
micro-DSC trace and the transition enthalpy (J/g of
dispersion) from the associated area (Figure 4b). Thermal
transitions are more evident for CH/CA samples at different
ratios (CH/CA 0.2:1, 0.4:1, and 0.6:1) than for CA alone
dispersion. The calculated values are 35.2 ± 4.2 °C and 0.294
± 0.012 J/g for CH/CA 0.2/1 sample; 30.3 ± 2.8 °C and
0.136 ± 0.024 J/g for CH/CA 0.4/1 sample; and 30.0 ± 2.5
°C and 0.118 ± 0.021 J/g for CH/CA 0.6/1 sample, whereas
an endothermic event associated with much lower energy is
observed for CA alone (transition temperature 43.6 ± 0.5 °C
and 0.014 ± 0.008 J/g). The presence of CH affects both the
transition temperature and the associated energy. Indeed, CH
determines a marked decrease in the transition temperature
(from ∼44 to ∼30 °C) and a remarkable increase of enthalpy
(from ∼0.015 to ∼0.300 J/g). The formation of nanovesicles is
confirmed by the presence of a main thermal transition that is
always preceded by some other pre-transitions (see Table S3),
significantly favored by the addition of CH that, in accordance
with TEM data, stabilizes the formation of vesicles (in place of
micelles) and lowers the temperature at which these
nanostructures form. This confirms the very large size
variability observed at temperatures as low as 22 °C (Figure
2a) and the optimum choice to operate at temperatures in the
range of 35−50 °C.

■ CONCLUSIONS
Continuous flow microfluidics operating in a laminar regime is
proposed as an alternative method to prepare amphiphile
nanostructures based upon CA, a lipid mixture distilled by the
cashew nut shell liquid, which also shows surface-active
properties in its anionic form. At different thermal conditions,
spherical micelles consisting of pure charged CA are formed.
The incorporation of a lipid, CH in this case, favors a change in
the form of assembly promoting the condensation of CH-
stabilized closed vesicles and their extent of formation is
accordingly related to the amount of CH. This trend exhibited
by the system anionic CA−CH is perfectly consistent with the
conventional three-stage framework of surfactant−lipid
assemblies according to which when only the surfactant is
present in the reaction mixture, CA herein, micelles are
formed. The incorporation of a lipid, CH in our case, promotes
the existence of mixed micelles, whereas the progressive
addition of lipids stabilizes the formation of a larger amount of
vesicles.72,73 The CH-assisted micelle-to-vesicle changeover is
read in the light of the geometric packing, a parameter that
takes under consideration the interfacial mean curvature. The
interaction of the lipid alters, according to its content, the
original molecular shape of the anionic CA surfactant, given
that both reagents set at the interface.
The experimental approach contributes to stabilizing the
formation of those amphiphile structures, indeed, the variation
of solubility following the water and IPA reciprocal
interdiffusion during continuous flow microfluidics provides
the energy to the system for the condensation of a new
phase.74 Only viscous forces regulate the laminar regime, thus
the lack of turbulence makes the diffusion process the only
mechanism of mass transfer, significantly enhanced at the
microscale. The hydrodynamic focusing approach allows

smaller consumption of reagents, limited waste production,
and to carry out the process at a temperature lower than via the
conventional methods because of the large heat transfer. By
optimizing flow and temperature conditions, nanostructures as
large as 100 nm or smaller are obtained. FRR results as a
critical attribute to indirectly manipulate the concentration of
reagents within each stream and therefore to change the
conditions of growth.
The development of amphiphile-based green nanosystems
obtained via sustainable practices tackles two important
challenges of the scientific community: (i) to solve the issue
of “green choices”, a moral imperative of Chemistry and
Engineering sectors and (ii) to provide appealing support to
the personalized medicine that could satisfy the persistent
demand of innovative therapeutic models in the healthcare
sector.
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