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Solid polymer nanospheres with contrasting size and surface roughness were
prepared using a V-shaped microfluidic junction device. Polymethysilsesquiox-
ane (PMSQ) polymer dissolved separately in either methanol, or ethanol, or
propanol or butanol was used, and the nanospheres produced were collected in
distilled water at two different temperatures (23�C and 100�C). Each polymer
solution together with a volatile liquid, perfluorohexane, was fed into the inlet
channels of the microfluidic device. The process of nanosphere generation was
recorded by high-speed camera imaging. Only PMSQ solutions of ethanol and
propanol generated well-defined nanospheres. The influence of the solvents and
the nanosphere collection temperature on nanosphere size distribution and
surface roughness was assessed using scanning electron microscopy, which
showed that solvent selection was crucial in tailoring the size distribution of the
nanospheres and that the nanospheres collected at 100�C had a noticeably
rougher surface. The temperature also helped to vary the size distribution of the
nanospheres. Nanospheres containing Evans blue dye were also prepared, and
those with a rough surface exhibited a very different dye release profile compared
with those having a smooth surface. In fact, the release profile changes due to a
size differential can be largely compensated for by having a rough surface.

INTRODUCTION

Considerable attention has been paid to the
microfluidic preparation of polymer nanospheres
for drug delivery because of their ability to control
drug release.1–3 The advantages of using polymer
nanospheres as drug delivery vehicles are pri-
marily dependent on their favorable physical
characteristics such as low density combined with
high surface area.4,5 Several techniques have been
used to prepare polymer nanospheres and these
include solvent evaporation, emulsion polymeriza-
tion, electrohydrodynamic atomization, coacerva-
tion, nanoprecipitation and microfluidics.6–12

Among these, microfluidic techniques including a
V-shaped microfluidic junction device have enjoyed
considerable success and interest in recent years
because they are simple, cost-effective and enable
the generation of relatively near-monodisperse
nanospheres, opening up feasibility for preparing
tailored commercially viable drug delivery sys-
tems.13–16 In particular, polymer nanospheres can

deliver improvement in the bioavailibity of drugs
via modification of dissolution rates.17–20

Although various polymers can be used to make
nanospheres for drug delivery systems in vitro,
those associated with human administration are
limited to a few types.21–24 Polymethylsilsesquiox-
ane (PMSQ) which is a stable and biocompatible
polymer is one of them.25–27 There are several
parameters such as polymer concentration, capil-
lary size and device geometry which can influence
the morphology, sphere size and size distribution in
the microfluidic preparation process and many
studies have been carried on the factors which
influence the release profile of a drug present in
polymer nanospheres.22,28–34 However, the effect of
solvents used in polymer solution preparation and
the temperature at which the nanospheres pro-
duced are collected has received less attention and
forms the basis of the present work.

Previously, we investigated the effect of polymer
concentration and process parameters such as
flow rates of solutions and the use of a volatile
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liquid on the polymer nanosphere formation using
a V-shaped microfluidic junction device.35 In ad-
dition, we reported the usefulness of the V-shaped
microfluidic junction device as a method of im-
proving the bioavailability of drug, itraconazole.14

Here, we attempted to prepare PMSQ nano-
spheres using various alcohols, i.e. methanol,
ethanol, propanol and butanol, and demonstrated
how solvent selection and the temperature at
which the nanosphere produced are collected in
water affects their size and surface features. In
addition, using a dye, we examined how size and
surface of the nanospheres produced affected their
release profile.

MATERIALS AND METHODS

Materials

Polymethylsilsesquioxane (PMSQ) polymer was
obtained from Wacker Chemie, Burghausen, Ger-
many (average molecular weight: 7465 g mol�1).
Ethanol (98%), methanol (98%), butanol (95%),
propanol (95%) and the dye Evans blue (dye content
85%) were purchased from SigmaAldrich (Poole,
UK). Liquid perfluorohexane (PFH) was supplied by
F2 Chemicals, Lea, UK (purity grade, 99.7–100%;
density 1710 kg m�1).

Methods

Solution Preparation

Amounts of 5, 10, 20, 30, 40 and 50 wt.% of
polymer were dissolved in one of four different al-
cohols (methanol, ethanol, propanol and butanol). In
addition, to investigate the release profile and en-
capsulation of active ingredient in the polymer na-
nospheres, a small amount of Evans blue dye
dissolved in ethanol was used. Solutions were sealed
and magnetically stirred in a conical flask for at
least 1800 s at the ambient temperature (�23�C)
until the polymer/dye was apparently fully dis-
solved.

Solution Characterization

The polymer solutions used were characterised by
measuring their density, surface tension and vis-
cosity. Density was measured using a standard 25-
mL density bottle. Surface tension was measured
using a tensiometer K9 (Kruss, Germany; standard
Wilhelmy‘s plate method). Viscosity values were
obtained using an Ostwald‘s U-tube viscometer and
a VISCOEASY-L rotational viscometer (Schott
Geräte, Germany). All experiments were performed
at the ambient temperature (�23�C). Ethanol was

Fig. 1. Schematic illustration of preparation of polymer nanospheres using a V-shaped microfluidic junction device.
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used as a calibration medium and a cleaning agent
in all the experiments.

Microfluidic Device and Experimental Setup

A V-shaped microfluidic junction was used to
prepare the polymer nanospheres. This device has
been described in detail previously14,35 and as
shown in Fig. 1 comprises of four channels, two of
which are for infusion of the polymer solutions and
dye solution. The other placed alongside is for in-
fusion of a gas or a volatile liquid and the remaining
channel below the mixing area serves as the exit
channel where droplets generated are collected.
High-speed camera images showing details of na-
nosphere preparation are also shown in Fig. 1.
Syringes filled with solutions and the volatile liquid
were coupled to the V-shaped microfluidic junction
device via calibrated high precision pumps to mea-
sure flow rate throughout the process, and are ca-
pable of delivering controlled infusion. The 30�-
angled channels in the device is the infusion point of
a known polymer solution, which can also be made
to contain a small quantity of active ingredient (e.g.
dye, drug). The selected polymer solutions were in-
fused using 10-mL plastic syringes (Becton–Dick-
inson, Oxford, UK) using mechanical couplers and
the rates of infusion were digitally controlled using
Harvard pumps (PHD 4400; Apparatus, Eden-
bridge, UK) to deliver stable flow rates. Once pro-
cessing conditions were optimised, droplets were
generated at the junction of the device and collected
as droplet clusters in insoluble media (distilled wa-
ter) at the exit channel (Fig. 1). For electron mi-
croscopy investigations, droplet samples were
collected in distilled water both at 23�C and at
100�C in a snapcap vial and allowed to generate
polymer nanospheres. Subsequently, the nanopsh-
eres produced were transferred to a glass slide.

High-Speed Imaging

High-speed images of droplets during the polymer
nanospheres generating steps were captured using
a Phantom V7 high-speed camera at 3082 frames
per s with 1-ms delay and constant exposure time of
60 ms.

Characterisation of Polymer Nanospheres

Polymer nanospheres were examined using a
scanning electron microscope (JEOL JSM 6301 F).
Dried samples (48 h) were sputtered-coated with
gold for 3 min prior to scanning electron microscopy
at an accelerated voltage of 3–5 kV. ImageJ (1.47n;
Wayne Rasband National Institute of Health, USA)
image analysis software was used to assess ap-
proximately 200 polymer nanospheres.

Dye Release Study

In order to assess the encapsulation and release
characteristics of PMSQ nanospheres, Evans blue

dye (characteristic UV peak: 610 nm) solution was
added to PMSQ nanospheres via V-shaped mi-
crofluidic junction device during preparation (see
Fig. 1) before nanosphere collection in a snapcap
vial (see ‘‘Microfluidic Device and Experimental
Setup’’ section). Subsequently, nanosphere suspen-
sions were centrifuged at 420 rpm for 30 min. The
supernatant was removed and its absorbance was
measured using a UV spectrometer (Lambda 35;
Perkin Elmer, UK) to determine dye release from
the PMSQ nanospheres. The UV spectrometer
measurements were performed over a period of 1 h
and this investigation was limited to nanospheres
prepared using ethanol and propanol with a collec-
tion at two different temperatures (23�C and
100�C).

RESULTS AND DISCUSSION

Preparation Method

The experimental set up (Fig. 1) consists of im-
miscible liquids (PMSQ polymer solutions and
PFH), a V-shaped microfluidic junction device, and
collection liquid which was distilled water. Both
polymer solutions and PFH are infused into the
mixing area to generate droplets. Time-sequenced
photographs of droplet formation were taken by a
high-speed camera and they indicate that droplets
generation takes 24.8 ms when both PMSQ solu-
tions and PFH flowed in at 300 lL min�1 (Fig. 1).
The resultant droplets moved down the outlet cap-
illary to the channel exit, where they were gathered
in water in which PMSQ is insoluble. A cluster of
polymer nanospheres becomes evident when the
collected groups of droplets make contact with the
aqueous environment in the vial. A spontaneous
high density of nanospheres appeared from bursting
of the droplets much like in an explosion. Thus, the
volatile liquid, PFH, evaporates and the PMSQ na-
nospheres shrink and adopt their morphology
(Fig. 1). This is the solidification stage of polymer
nanosphere formation in the collection liquid.

Influence of Solvents

Surface tension and viscosity are the two crucial
physical properties which affect nanosphere gen-
eration.36 These values are shown in Fig. 2. The
solubility of PMSQ in alcohols is different and de-
creases as the molecular weight of the alcohol de-
creases.32 The small amount of water in the alcohol
is also important as PMSQ does not dissolve in
water. As expected, both viscosity and surface ten-
sion values of all solutions show an increase with
increasing amounts of PMSQ polymer. Both vis-
cosity and surface tension can be used to predict the
size of the polymer nanospheres generated. As de-
picted in Fig. 2, the lowest viscosity value of all so-
lutions prepared was observed to be 0.9 mPa s for
5 wt.% PMSQ in methanol whereas the highest
value observed was 6.8 mPa s for 50 wt.% PMSQ in
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Fig. 2. Physical properties of PMSQ solutions obtained in this study. Error bars indicate standard deviation of the values. The viscosity and
surface tension of PFH are 1.1 ± 0.11 mPa s and 12 ± 1.1 mN m�1, respectively, calculated using five measurements. Vis and ST indicate
viscosity and surface tension, respectively.

Fig. 3. SEM images of the PMSQ nanospheres prepared with (a) methanol, (b) ethanol, (c) propanol, and (d) butanol; 5 wt.% PMSQ con-
centration in all solutions. PMSQ solution and perfluorohexane flow rates were 300 lL min�1.
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butanol. PFH has a viscosity of 1.1 mPa s and the
difference in viscosity will account for variations in
nanosphere size, shape and distribution37 as the
evaporation of the volatile liquid, PFH, from the
droplet core will be determined by this. The max-
imum value of surface tension was observed in the
PMSQ-butanol solutions but much lower than that
of water (�70 mN m�1) and variations in surface
tension will account for differences in characteris-
tics of polymer nanospheres.38,39

Only 5 wt.% PMSQ in alcohol was used to prepare
nanospheres and this is because the others were too
viscous for the use of the device to generate nano-
spheres. From Fig. 3, it is clearly seen that only
ethanol and propanol based polymer solutions pro-
duce well-defined nanospheres, while those pre-
pared from methanol and butanol give mixed
products, i.e. some nanospheres dispersed in flakes
of polymer. However, the diameter of the PMSQ
nanospheres formed from 5 wt.% PMSQ-ethanol
solution were found to be about 320 nm with a
polydispersity index of 15%, while those generated
from the 5 wt.% PMSQ-propanol solution were
about 650 nm with a polydispersity index of 26%,
indicating that the solvent system can be used to
control the polymer nanosphere size distribution.
Yun et al.40 reported that the average sphere size
increased from 30 nm to 800 nm, when changing
the alcohol from methanol to butanol using a sol–gel

method. The above-mentioned discussion refers to
the nanospheres collected at 23�C. In addition, it
can be seen from the SEM images (inset) that PMSQ
nanospheres prepared using ethanol and propanol
gave a relatively smooth surface.

Influence of Collection Temperature

SEM images were used to characterise the mor-
phologies of both the PMSQ nanospheres obtained
at 23�C ± 2�C (Fig. 4a) and at 100�C ± 2�C
(Fig. 4b). Figure 4a shows that the PMSQ nano-
spheres exhibited a spherical shape and smooth
surface. In comparison, Fig. 4b indicates that the
nanospheres had near-spherical shape but rough
surface. In addition, the size of PMSQ nanospheres
were influenced by the collection temperature. As
shown in Fig. 4c, when the temperature of distilled
water was increased from 23�C to 100�C, the di-
ameter of PMSQ nanospheres increased from
320 nm to 480 nm. Moreover, this increase of tem-
perature of the distilled water affected the polydis-
persity of the PMSQ nanospheres, increasing from
15% to 26%. This could be due to the fact that a
temperature change in the distilled water has an
effect on its surface tension. An increase in the
temperature of distilled water leads to a clear de-
crease in the surface tension of distilled water, de-
creasing from 70 mN to 60 mN m�1.41

Fig. 4. SEM images of PMSQ nanospheres prepared under different collection temperatures, (a) 23�C ± 2�C, (b) 100�C ± 2�C. In both (a) and
(b), inset shows a view of the PMSQ nanosphere surface (c) Corresponding size distributions of PMSQ nanospheres prepared. 5 wt.% PMSQ in
ethanol was used, the flow rate of PMSQ solution and PFH was 300 lL min�1.
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In Vitro Dye Release

The encapsulated Evans blue dye was released
from the PMSQ nanospheres over 60 min (Fig. 5).
When PMSQ nanospheres prepared by using etha-
nol (320 nm) loaded with Evans blue were collected,
it took �20 min to release �52% of dye, compared
with 32% for PMSQ nanospheres prepared using
propanol (650 nm) over the same time. However,
this difference can be compensated for by having a
rough surface. Release from PMSQ nanospheres
(480 nm) with rough surface prepared using ethanol
at 100�C was �48% in 20 min (Fig. 5). Although the
mean size of the nanospheres generated has also
increased, this is probably due to the fact that in
addition to dye encapsulated in the nanospheres; it
is also trapped in the undulations resulting from the
rough surface.

CONCLUSIONS

Microfluidic preparation of polymer nanospheres
using various alcohols and at two different collec-
tion temperature in the V-shaped microfluidic
junction device has been successfully achieved. By
varying the alcohols and the collection temperature
of the system, the mean diameter and surface
morphology of the nanospheres were changed. Well-
defined polymer nanospheres have been success-
fully prepared using ethanol and propanol. In ad-
dition, the sphere diameters obtained ranged from
320 nm to 650 nm, (polydispersity index: 15%–
26%). The surface of the nanospheres can be chan-
ged from smooth to rough by collecting them at
different temperatures, with a higher temperature
achieving the formation of a rough surface. In ad-
dition, polymer nanospheres were encapsulat-
ed/coated with Evans blue dye using this
microfluidic device. The release of dye from the na-
nospheres shows that surface roughness can com-
pensate for size difference in normalising the
release profile.
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