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Abstract

A continuous microfluidic nanoprecipitation process has been investigated to prepare nanosized particles of a poorly water-
soluble drug telmisartan (TEL), thereby enhancing its solubility and bioavailability. The present work aims to overcome
agglomeration of drug particles by controlling the surface forces between the particles using various polymers like Polyvi-
nylpyrrolidone K-30 (PVP K-30), Polyvinylpyrrolidone K-90 (PVP K-90), Poloxamer 188, Poloxamer 407, and hydroxypro-
pyl methylcellulose (HPMC). The effect of process parameters such as solvent-to-antisolvent ratio, polymer-to-drug ratio,
microchannel length, and solvent flow rate on drug particle size and polydispersity index (PDI) has been studied. The drug—
polymer interaction investigated through X-ray diffraction (XRD) and Fourier transform infrared (FTIR) analysis revealed a
significant reduction in peak intensity for Poloxamer 407 with no drug—polymer interaction. Also, the surface morphology
of recrystallised TEL nanoparticles examined using field emission scanning electron microscopy (FESEM) showed clear
and nearly uniform shaped particles. Poloxamer 407-based formulation of TEL exhibited minimum drug agglomeration with
least particle size 369 nm and PDI value 0.049. The minimum particle size was achieved at solvent-to-antisolvent ratio 1:2,
1:1 polymer-to-drug ratio, microchannel length of 60 cm, and solvent flow rate of 30 mL/h. Thus, the microfluidic technique
resulted in the production of TEL nanoparticles with narrow size distribution and useful morphological characteristics.
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PDI Polydispersity index

PEO Polyethylene oxide

PPO Polypropylene oxide

PVP K-30 Polyvinylpyrrolidone K-30
PVP K-90 Polyvinylpyrrolidone K-90
TEL Telmisartan

XRD X-ray diffraction
Introduction

Over the last two decades, nanotechnology has gained great
scientific interest with a significant impact in the field of
chemistry, pharmaceutics, optics, electronics, and life sci-
ences. The two most primitive methods for nanoparticles
preparation are top-down and bottom-up approaches. In
top-down approach, the particle size is reduced, employ-
ing mechanical forces. The major limitations involved with
the top-down approach are long processing time, wider
size distribution, and product contamination (Kakran et al.
2010); whereas, the bottom-up approach produces nano-
particles through a chemical reaction, nucleation, or self-
assembly. The particles prepared by such a method suffer
from uncontrolled particle growth which results in particle
coagulation, aggregation, and agglomeration (Kaufman et al.
2012). Owing to these limitations, growth in microreactor
technology in recent years has provided alternative process
strategies.

Of late, microfluidics technology has shown its potential
for continuous production of various nanosized particles
by fluid diffusion, mixing, emulsification, or their combi-
nation (Feng et al. 2016). Benefiting from their inherent
properties such as small channel dimensions, microreactor
technology offers large surface-area-to-volume ratio, faster
heat and mass transfer, and accordingly precise control of
process parameters. Compared to the conventional batch
approaches, microreactor technique provides a smaller
particle size, smaller residence time, and narrow particle
size distribution (Mello and Mello 2004). Microfluidic pre-
cipitation is an effective methodology to prepare nanopar-
ticles and to encapsulate them. Here, the mixing time can
be tuned quicker than that of time required for reagents to
nucleate and grow. Subsequently, utilising this technology
nanoprecipitation process, i.e. nucleation and crystal growth
could be controlled separately as a component of microchan-
nel length, thus avoiding particle agglomeration (Tai et al.
2016). Additionally, higher surface area-to-volume ratio and
rapid heat and mass transfer results in monodispersed and
reproducible nanoparticles (Shrimal et al. 2019b).

During the last two decades, nanoparticles have gained
considerable interest in pharmaceutical industries. The
major challenge for drug delivery scientists is preparation
of active pharmaceutical ingredients (APIs) with enhanced
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solubility. The solubility of drug has a vital role in the
field of drug delivery systems. At present, about 40% of
the market formulations are poorly soluble in water (Khan
et al. 2018). Solubility enhancement of poorly water-sol-
uble APIs aids in achieving the required plasma concen-
tration, thereby producing the desired pharmacological
response. The conversion of drug particles into nanopar-
ticles effectively enhances its aqueous solubility and bio-
availability. TEL is one such drug which suffers from low
aqueous solubility and poor bioavailability (Sharma et al.
2020). TEL, a well-known drug recommended to hyper-
tension patients for prevention of strokes is a Biopharma-
ceutical Classification System (BCS) class-II drug. It is
a selective angiotensin-II type-1 receptor, which acts by
blocking the angiotensin receptor. The drug has high per-
meability and 0.09 mg/mL solubility in water with 42-58%
low bioavailability (Sharma et al. 2018). It has the most
prolonged half-life compared with any other angiotensin
receptor. Hence, to improve TEL solubility, bioavailability,
and to maximise the APIs efficacy drug nanonisation is a
suitable approach according to Noyes Whitney equation
(Hu et al. 2004).

Irrespective, of the approach utilised for preparing the
nanoparticles, a major challenge in clinical translation of
nanomedicine is their tendency to re-agglomerate. In anti-
solvent precipitation, as antisolvent is added to a solvent,
rapid supersaturation is achieved resulting in production of
nanosized particles. As the magnitude of inter-particulate
van der Waal forces of attraction among formed nuclei
increases, they tend to aggregate (Huang et al. 2008). To
overcome this limitation, a stabiliser such as a polymer
(steric stabilisation), a surfactant (electrostatic stabilisa-
tion), or a combination of both is used to retain the size of
the nanoparticles. Polyvinylpyrrolidone (PVP) is an ionic,
water-soluble polymer widely used in pharmaceutical indus-
tries for dispersing and suspending drugs. Offered in vari-
ous range of molecular weight (2500-300000 g/mol) grades,
they are characterised by K number. Poloxamers, also known
by their trade name Pluronic®, are triblock copolymers con-
sisting of polyethylene oxide (PEO) and polypropylene oxide
(PPO) unit (PEO-PPO-PEO). Poloxamer, a non-ionic block
copolymer is a white, coarse powder, and polymeric micelle
carrier. Many researchers extensively use it as a solubiliser,
stabiliser, and also as a surfactant. The solubility enhance-
ment of drug using Poloxamer could be due to a reduction
in surface tension and micellar solubilisation. Hydroxypro-
pyl methylcellulose (HPMC) is a hydrophilic, biodegrad-
able, and biocompatible polymer considered safe for human
consumption. It is widely used in food and pharmaceutical
industries as a stabiliser, emulsifier, and hydrophilic gel
matrix material. Due to its excellent biocompatibility and
low toxicity, it has gained the great interest of scientists and
academicians for drug delivery applications.
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In the present study, the solubility enhancement of TEL
was attempted by drug particle size reduction using micro-
fluidics nanoprecipitation technique. For this purpose, five
different polymers (PVP K-30, PVP K-90, Poloxamer 188,
Poloxamer 407, and HPMC) have been used to prepare TEL
nanoparticles, and their impact on drug particle size and PDI
were observed. By employing one factor at a time approach,
the effect of various process and formulation parameters
such as solvent-to-antisolvent ratio, polymer:drug ratio,
microchannel length, and the solvent flow rate were investi-
gated. FTIR analysis was performed to recognise the charac-
teristic peak of pure TEL and recrystallised TEL. Moreover,
pure drug and recrystallised drug using different polymers
were analysed for XRD, and surface morphology was inves-
tigated using FESEM.

Materials and methods
Materials

Acetone and dichloromethane of analytical reagent grade
were acquired from Finar Chemicals Ltd., Ahmedabad,
India. Telmisartan was obtained from Ohm laboratory,
Shilaj, Ahmedabad, India. The polymers used in this study
were PVP K-30, PVP K-90 and HPMC purchased from Finar
Chemicals, Ahmedabad, India. Poloxamer 407 & Poloxamer
188 were purchased from Sigma-Aldrich.

Methods
Nanoprecipitation of TEL

Continuous microchannel nanoprecipitation was used to pre-
pare TEL nanoparticles. Five different polymers like PVP
K-30, PVP K-90, HPMC, Poloxamer 407 and Poloxamer 188
were reported to be used were screened for selecting suitable
polymer to prepare TEL nanoparticles. Each of them was
dispersed in the aqueous phase (water). The organic phase
was prepared dissolving 100 mg of telmisartan in 18 mL

Fig. 1 Experimental setup for
TEL nanoparticles preparation
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acetone and 2 mL dichloromethane. Two syringe pumps
were used to deliver the solvent and antisolvent phase from
Dispovan syringe to particular microchannel. The microflu-
idic device was fabricated in the lab using a 0.8-mm L.D. sili-
cone tube. Silicone tube was mounted over a glass plate in a
serpentine manner, as shown in Fig. 1. The serpentine shapes
of the microchannel are used to accelerate mixing. Both the
phases (solvents and antisolvent) were passed using silicon
microchannel and at T-junction for the first time mixing of
organic and aqueous phase begins because of micromixer
geometry. Due to the inherent property of microreactor, the
flow regimes in microchannels are generally laminar owing
to diffusion-controlled mixing throughout (Patil et al. 2015).
The turbulence created due to turns in microchannel ensures
rapid nucleation and causes the breakdown of the particles,
thereby preventing them from growing to a large size. From
one end of silicon tube continuous product was obtained in
a beaker, kept on stirring at 600 rpm for 45 min to evaporate
the solvent. The resultant product was then centrifuged for
20 min at 15 °C and 17000 rpm. The pellet obtained after
centrifuge was air-dried and stored for further analysis. The
influence of various process and formulation parameters like
a solvent-to-antisolvent ratio, polymer-to-drug ratio, micro-
channel length and solvent flow rate on nanoparticle size and
PDI were evaluated. Solvent-to-antisolvent ratio was studied
over 1:1.5 to 1:3 ratio; whereas, polymer-to-drug ratio was
varied from 0.5 to 1.5. The effect of length of microchannel
on particle size and PDI was investigated from 40 cm to
80 cm length. The solvent flow rate was varied between 20
and 50 mL/h.

Characterisation
Particle size and polydispersity index (PDI)

Particle size and PDI of prepared TEL nanosized particles
were investigated using Zeta Sizer (Nano ZS90, Malvern
Instruments Ltd., Worcestershire, U.K.) at 25 °C. The results
reported in the present study for particle size are on the basis
of volume distribution. Generally, the volume mean diameter

Nanoprecipitation

Centrifuge
17000 RPM
20 Minutes

Product

Tubular Microchannel
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is utilised to represent the stability of prepared particles
(Malvern 2004).

Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of raw TEL and recrystallised TEL nano-
particles using PVP K-30, PVP K-90, HPMC, Poloxamer
407 and Poloxamer 188 were recognised through FTIR spec-
troscopy (FTIR-8400S with DRS, Shimadzu, Japan). For
analysing the prepared formulation, 40 mg of KBr and 1 mg
of prepared formulation was mixed to obtain the pellets. The
spectra were recorded in the 4000-400 cm™' wavelength
range.

Field emission scanning electron microscopy (FESEM)

The surface morphology of recrystallised TEL formulation
was characterised by FESEM (FESEM-S 4800, Hitachi,
Japan). The operating conditions were 20 kV accelerating
voltage and 15.2 mm working distance. Using double-sided
tape, the prepared TEL particles were mounted over metal
stub and gold-coated (Hitachi E1010) under vacuum.

X-ray diffraction (XRD) analysis

The raw and prepared TEL formulation obtained using PVP
k-30, PVP K-90, HPMC, Poloxamer 407 and Poloxamer 188
were characterised using X-ray diffraction (XRD-6100, Shi-
madzu). The investigation utilised Cu K« radiations with
40 kV monochromator voltage and 30 mA current. The con-
tinuous scan at 2 deg/min speed with step size 0.02° was
performed in angle range 10° <26 < 80°.

Results and discussion

Effect of various polymers on drug particle size
and PDI

As described in a classical nucleation theory by Ost-
wald—Miers, crystallisation begins as the degree of super-
saturation becomes greater than the critical supersaturation
ratio, nucleation occurs followed by crystal growth (Ozaki
et al. 2012; Sangwal 2007). When the nuclei size formed
is less than the critical size, the increment in interfacial
energy is more than that of decrement in volume energy,
and hence crystal does not grow further. Consequently, to
retain a super-saturable state, an extra additive is required
which controls the growth of formed nuclei. The presence of
polymer/stabilisers, which undergo preferential adsorption
at the particle surface further stops the growth of particles
through steric or electrostatic stabilisation (Matteucci et al.
2006). Numerous hydrophilic and amphiphilic polymers,
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such as PVP, PEG, HPMC, Soluplus, and Poloxamers are
recognised as effective excipients for nanoprecipitation (Li
et al. 2010; Warren et al. 2010). In the present study, five
different polymers were used to prepare TEL nanoparticles;
these were HPMC, PVP K-30, PVP K-90, Poloxamer 407,
and Poloxamer 188. The effect of these polymers over parti-
cle size and PDI of formed TEL nanoparticles was observed,
as shown in Fig. 2.

The particles size of these batches ranged from
2302.6 nm to 1227.3 nm. Nanoparticles prepared using
Poloxamer 188 reported the maximum particle size of
2302.6 nm with a PDI value of 0.36. The greatest parti-
cle size reduction was reported for Poloxamer 407, which
might have shown greater adsorption potential at TEL sur-
face. The driving force for Poloxamer 407 adsorption is
the hydrophobic moiety of the copolymer. Lee et al. 2010
also reported that amphiphilic polymers such as Poloxam-
ers are generally more efficient stabilisers for nanoparti-
cles compared to hydrophilic polymers (HPMC, PVP) as
they can decrease the interfacial tension and increase the
wettability of nanocrystals (Lee et al. 2010). The value of
particle size for five investigated polymers increases as fol-
lows: dpgjoxamera07 <dpvix-30 <dupmc <dpypc—90 <dpoloxamenss:
Therefore, Poloxamer 407 showed the highest compatibility
with TEL for particle stabilisation. The TEL particle size of
1227.3 nm and 0.316 PDI was reported for Poloxamer 407
keeping all other parameters constant. Bhise et al. 2011 also
reported Poloxamer 407 as the best polymer among PVP
K-30, HPMC E4, PEG 6000, and Gelucire 43/01 to enhance
the dissolution rate of TEL (Bhise et al. 2011). Additionally,
Khan et al. 2018 also reported Poloxamer 407 as a most suit-
able polymer among PVP K-30, HPMC 15 Cps, and Polox-
amer 407 for preparing dexibuprofen nanocrystals using
microchannel fluidic reactor (Khan et al. 2018).

X-ray diffraction patterns of pure TEL along with the
formulation prepared using HPMC, PVP K-30, PVP K-90,
Poloxamer 407, and Poloxamer 188 are shown in Fig. 3. The

mmm Particle size —e=—PDI

2500 0.8
= 2000 07
g ) - 0.6
£ 5
g 15001 - 0.5
': - 0.4 E
g 1000 L 0.3
Tt
£ 500- i
L 0.1
0- -0
QD N O S
& &S F
K\s L & &
< ] & &
» Nl
]° ]°

Fig.2 Effect of various polymers on TEL particle size and PDI
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Fig.3 XRD chromatogram of T
raw drug and recrystallised drug 13.2
using different polymers

Intensity (a.u)
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TEL with Poloxamer 188

TEL with PVP K-90

TEL with PVP K-30
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diffractogram of TEL showed characteristic intensity at a
diffraction angle of 20 at 13.2°, 14.5°, 15.6°, 18.2°, 21.6°,
22.1°, and 25.2° revealing that raw TEL present as crystal-
line form. The reduction in significant drug peak intensi-
ties was observed in all the formulations. It was noted that
the major decrement in peak intensity was with PVP K-30.
Moreover, Poloxamer 407 also showed nearly the same
reduction in peak intensity. The trend observed for peak size
reduction using different polymer was PVP K-30 < Polox-
amer 407 < PVP K-90 < HPMC < Poloxamer 188. Thus,
reduction in peak intensity of TEL, after processing by
antisolvent precipitation supports the view that crystalline
state has been shifted towards the amorphous solid state.
This marked decrement in peak size explains the significant
enhancement in the dissolution rate of TEL. Additionally,
the same peak position of raw TEL and the nanosized TEL
formulation proved that antisolvent precipitation of TEL
nanoparticles did not alter the physical characteristics of
the raw drug.

FTIR spectroscopy was performed as well to evaluate the
molecular structure of TEL nanoparticles prepared using dif-
ferent polymers by microchannel precipitation technique. A
possible interaction among TEL and polymer could result in
change of functional group bonding which could be detected
using FTIR spectroscopy. The drug molecule is dispersed
inside the polymeric matrix, which enhances the interaction
stability. The interaction between drug and polymer usu-
ally results in peak broadening and shifting of molecules
functional groups (Frizon et al. 2013). Figure 4 shows the
FTIR spectrum of raw TEL and recrystallised TEL using

T T T T T T T T T T
30 40 50 60 70 80

different polymers. The typical TEL spectra exhibit charac-
teristic peaks at 1701 cm™! assigned to the carboxyl group,
and 1334 cm™! for C-N stretch. In case of Poloxamer 407
all intrinsic absorption band of TEL was reported with no
shift in wavenumber. It could be attributed to no interaction
between TEL and Poloxamer 407; whereas, in the case of
Poloxamer 188, the characteristic peak of carboxylic group
at 1701 cm™! was found absent. Also, for PVP K-30, PVP
K-90, and HPMC, the presence and absence of characteristic
peak related to TEL were observed. For PVP K-30, and PVP
K-90 peak shifting or broadening was seen at 1701 cm™!
wavenumber. The shift observed in vibrational frequency
corresponding to carboxylic acid suggests the TEL and poly-
mer (Poloxamer 188, PVP K-30, PVP K-90, and HPMC)
molecular interaction (Chae et al. 2018; Sharma et al. 2019).
Moreover, for HPMC, both the characteristic peaks of TEL
were absent. Hence, it could be summarised that no inter-
action between TEL and polymer was observed in case of
recrystallisation with Poloxamer 407; whereas, for Polox-
amer 188, PVP K-30, PVP K-90, and HPMC recrystallised
drug interact with polymers (Sangwai and Vavia 2013).

Effect of solvent-to-antisolvent ratio on drug
particle size and PDI

The impact of the solvent-to-antisolvent ratio on TEL crystal
size and PDI was examined over four different ratios, i.e.
1:1.5, 1:2, 1:2.5, and 1:3, at drug-to-polymer ratio 1:1, with
tube length 70 cm, and solvent flow rate 20 mL/h. No large
variation in crystal size was observed while changing the
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Fig.4 FTIR spectra of raw drug 2060
and recrystallised drug using
different polymers
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solvent-to-antisolvent ratio. As the amount of antisolvent m=m Particle size —e=PDI
was increased from 1:1.5 to 1:2, the nanoparticle size was 800 0.6
decreased from 602.7 to 508.4 nm with PDI variation from L 05
0.355 to 0.236. It could be due to a large amount of aque- E 600 -
ous phase volume resulting in higher nucleation rate and % - 0.4
generation of smaller nuclei, and simultaneously particles = 400 L 03 2
grow. In the growth section, with increase in antisolvent vol- § ~
ume diffusion distance increase, and consequently diffusion E 200 - 02
becomes a limiting step for growing crystal (Kakran et al. ~ - 0.1
2012). In comparison with crystal growth supersaturation 0 Lo

greatly affects the nucleation rate. Therefore, high super-
saturation results in more nuclei production and ultimately
smaller size particles (Wang et al. 2007). Moreover, the
increased antisolvent amount lowers the particle colliding
frequency which reduces the particle aggregation possibil-
ity, which could also be justified by the low value of PDI.
The smaller crystal size at a high solvent-to-antisolvent ratio
was also obtained by Othman et al. 2015 in the production
of polymeric nanoparticles through nanoprecipitation using
flow focusing glass capillary microfluidic device for phar-
maceutical application (Othman et al. 2015). However,
further, increase in organic-to-aqueous phase volume ratio
from 1:2 to 1:2.5 and 1:3 crystals with increased particle
size was observed. This situation can be ascribed to the
fact that the viscous forces become less significant as the
volume of aqueous phase increases. The increase in PDI
value from 0.236 to 0.429 also reveals the particle aggrega-
tion at higher antisolvent volume as shown in Fig. 5. Simi-
larly, de Solorzano et al. 2016 also reported that increasing
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Fig.5 Effect of solvent-to-antisolvent ratio on TEL particle size and
PDI

aqueous-to-organic phase ratio there was an increase in
particle size of cyclosporin-loaded PLGA nanoparticles by
using interdigital microfluidic reactor. The best results were
obtained when antisolvent-to-solvent ratio was 2 (de Solor-
zano et al. 2016).

Effect of polymer-to-drug ratio on drug particle size
and PDI

The ratio of polymer:drug is an important factor in the
present investigation. The polymer-to-drug ratio was
investigated between 0.5 and 1.5 by keeping constant
solvent flow rate 20 mL/h, microchannel length 70 cm,
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Fig. 6 Effect of polymer-to-drug ratio on TEL particle size and PDI

solvent-to-antisolvent ratio 1:2. The influence of polymer-to-
drug ratio on TEL nanoparticle size and PDI was observed
and summarised in Fig. 6. From the figure, it was observed
that an increment in polymer concentration leads to a dec-
rement in nanoparticle size from 1227.3 to 508.4 nm. This
could be due to the ability of Poloxamer 407 to reduce the
interfacial tension and hence the interfacial free energy,
which reduces the nanoparticle size and enhances the sta-
bility. The decrement in PDI value from 0.316 to 0.236 sup-
ports the improvement in nanoparticle stability. As it can be
noticed, the smallest crystal size was obtained with a for-
mulation having drug-to-polymer ratio 1:1. It might be due
to the fact that at same molar ratio of TEL and Poloxamer
407, the amount of polymer was sufficient to retain the par-
ticle stability (Dora et al. 2010). Further increasing the poly-
mer concentration, larger nanoparticles were formed. Such
behaviour can be understood as more polymers could be
absorbed into each nanoparticle so that its volume might be
increased. Principally, at higher concentration, non-uniform
supersaturation occurs, which results in bigger size nanopar-
ticles through agglomeration or crystal growth (Zhang et al.
2010). The increase in polymer concentration increases the
viscosity of the aqueous phase, which exerts the stabilising
effect of Poloxamer 407. Enough high viscosity results in
smaller crystal size and narrow particle size distribution.
But, as the concentration of polymer was increased hydro-
philic part of one crystal may interact with a hydrophilic part
of another crystal, and this interparticle interaction of chain
might create the particle agglomeration at higher concen-
tration. Moreover, at greater concentration, the growth of
formed nanoparticles occurs through condensation and coag-
ulation phenomenon; hence larger size crystals are formed.

Effect of microchannel length on drug particle size
and PDI

In this set of experiments, the microchannel length varied
from 40 to 80 cm to study its effect on TEL particle size and

PDI, while keeping other parameters constant (1:2 solvent-
to-antisolvent ratio, polymer-to-drug ratio of 1:1, and solvent
flow rate at 20 mL/h). As the microchannel length increases,
TEL crystal size decreased to 423.65 nm at 60 cm length as
compared to 729.6 nm at 40 cm microchannel length. Also,
the PDI value decreased from 0.65 to 0.115 while increas-
ing the microchannel length. Thus, microchannel length has
a vital role in decreasing the drug particles size as well as
for producing the nanosuspension with reduced tendency
of particle agglomeration. This phenomenon could be due
to the presence of many free drug particles in outlet sus-
pension while the microchannel length was comparatively
short due to inadequate mixing time, which leads to larger
size crystals. Furthermore, at less residence time nanopar-
ticles agglomerates, and many drug particles cannot diffuse
together (Zhang et al. 2018). In case of larger microchannel
length than 60 cm, the particle size of TEL crystals was
found to be increasing from 423.65 to 935 nm. The PDI
value also showed the same trend of increment from 0.115
to 0.85. According to Wu et al. 2017 at a higher length of
the microchannel, the increase in drug crystal size could
be due to the growth of particles through Ostwald ripening
(Wu et al. 2017). Moreover, at greater tube length bigger
size particles are produced since free TEL nanoparticles are
almost incorporated. The results of the relationship between
the particle size and PDI value with microchannel length are
shown in Fig. 7.

Effect of solvent flow rate on drug particle size
and PDI

The fluid flow in the microfluidic device is a diffusion-
based laminar flow due to low Reynolds number (gener-
ally less than 500). Within the microchannel, mixing of
the aqueous phase and organic phase occurs only through
diffusion, and the solvent flow rate is considered as a criti-
cal parameter to control drug nanoprecipitation process.
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Fig. 7 Effect of microchannel length on TEL particle size and PDI
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Fig. 8 Effect of solvent flow rate on TEL particle size and PDI

Moreover, this parameter directly influences nanoparticles
features greatly. The influence of solvent flow rate on the
resulting drug crystal size and PDI of TEL nanoparticles
were investigated at 20, 30, 40, and 50 mL/h (Fig. 8). In
this study, the solvent-to-antisolvent ratio of 1:2, polymer-
to-drug ratio 1:1, microchannel length of 60 cm were kept
constant. It has been observed that on increasing solvent
flow rate from 20 to 30 mL/h, the particle size and PDI of
formed TEL nanoparticles decreased significantly. This
might be because of increase in flow rate increases the
jet velocity, the Reynolds number, and shear forces thus
increasing to the extent of mixing between organic phase
and aqueous phase per unit time (Kakran et al. 2012).
Zhang et al. 2018 also reported that at high Reynolds
number, better mixing performance consumes more free
drug particles to generate crystal nuclei individually, con-
tributing to smaller size nanoparticles (Zhang et al. 2018).
A fast flow results in rapid convective mixing, avoiding
the formation of bigger size crystals (de Solorzano et al.
2016). As solvent flow rate increases, the crystal size
was decreased to 369.9 nm with PDI of 0.049. Further, it
was noted that with at a fast solvent flow rate, large size
nanocrystals were formed. As the increased solvent flow
rate caused inadequate blending of solvent and antisol-
vent in the mixing channel due to which solvent diffusion
and the transfer was not completed, and it could generate
non-uniform region supersaturation, subsequently forming
larger size crystals. This effect dominated over the posi-
tive contribution of the increase of Reynolds number and
hence resulted in increased crystal size (Wang et al. 2010).
Moreover, increased flow rate results in enhanced mixing,
which will improve particle concentration and increase
the probability of particle aggregation (Dong et al. 2019).
The increase in PDI value also reports the broad particle
size distribution as the flow rate increased from 30 mL/h
to 40 and 50 mL/h.
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Particle size distribution and polydispersity index

Figure 9 shows the particle size distribution statistic by vol-
ume graph for TEL nanoparticles using Poloxamer 407 at a
solvent-to-antisolvent ratio of 1:2, polymer-to-drug ratio 1:1,
microchannel length 60 cm, and solvent flow rate 30 mL/h.
The average TEL nanoparticle size at these conditions was
observed to be 369 nm with a PDI value 0.04. The PDI value
smaller than 0.2 indicates the narrow particle size distribu-
tion of the crystals under investigation (Landry et al. 2008).
Thus, the decrement in TEL particle size would result in
TEL solubility enhancement and bioavailability improve-
ment (Shrimal et al. 2019a).

Field emission scanning electron microscopy
(FESEM)

Figure 10a exhibits the surface morphology of raw TEL par-
ticles and Fig. 10b shows the FESEM image of the recrystal-
lised TEL nanoparticles prepared through microfluidics at
a solvent-to-antisolvent ratio of 1:1, polymer-to-drug ratio
1:1, microchannel length 60 cm, and solvent flow rate of
30 mL/h. It was observed that raw TEL showed rod-shaped,
large, and irregular surface characteristics. The average par-
ticle size of raw TEL particles was about 10 um. Moreover,
the prepared TEL formulation showed a marked reduction
in drug particle size and altered the morphology of TEL in a
clear and nearly uniform shape. The drastic changes in shape
and appearance in the particles suggest the effectiveness of
microchannel nanoprecipitation technique.

Conclusion

Here, in the study microfluidic nanoprecipitation technique
was found to be a promising technology for drug crystal
size reduction to nano-range. The most suitable polymer was
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Fig.9 Particle size distribution statistic graph for prepared TEL nan-
oparticles at optimum condition
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Fig. 10 FESEM images of a raw drug b recrystallised drug using microfluidics at optimum conditions

found to be Poloxamer 407 with respect to minimum particle
size and particle aggregation. The minimum particle size
of 369 nm with PDI value 0.049 was obtained for solvent-
to-antisolvent ratio 1:2, polymer-to-drug ratio 1:1, micro-
channel length 60 cm, and solvent flow rate 30 mL/h. The
recrystallized TEL nanoparticles showed clear and nearly
uniform shape surface morphology.
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