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Experimental study of manufacturingand characterization ofaflow-focusingmicrochannel
to produce thermoresponsive microparticles for on-demand smart drug delivery
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ABSTRACT: In targeted drug delivery, the use of temperature-sensitive micro-drops as drug carriers
has recently been considered. In this approach, the use of N-isopropylacrylamide microparticles as
temperature-sensitive drug carriers can be effective in the topical treatment of chronic burn wounds and
diabetes. In this study, first, a flow-focusing microchannel was fabricated by photolithography. Then
N-isopropylacrylamide polymer solution was made with different percentages and used as a drop phase
in the microchannel. 10% N-isopropylacrylamide solutions and silicone oil were used as intermediate
and continuous phase currents, respectively, and N-isopropylacrylamide microparticles were produced
by microchannel. The results of the study showed that by changing the ratio of intermittent to continuous
phase flow from 0.14 to 0.84, the diameter of the produced droplets increases from 360 to 515 microns.
It was also observed that if the syringe container containing the polymer fluid is kept cold, an aqueous
solution containing 10% N-isopropylacrylamide, 0.3% BIS and 4% ammonium persulfate can be used
as the drop phase And thus produced temperature-sensitive polymer droplets. Increasing the temperature
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of the produced micro-drops from 20 to 26° C led to a 50% reduction in their diameter.

Photolithography

1. Introduction

Microfluidics and its applications in the field of biomedical
engineering have been of interest to many researchers. The
use of temperature-sensitive biomaterials in targeted drug
delivery and topical treatment of infectious and diabetic
wounds are some the examples in this field [1, 2].

N-isopropylacrylamide (NIPAM) as one of biomaterials
is considered by many researchers in drug delivery field [3-
5]. Copolymerization of this material in an aqueous solution
can lead to its temperature-controlled behavior. The critical
point of this material is about 32°C and can be changed by
copolymerizing with other polymers [6-8]. Biocompatibility
and Critical temperature compatibility of this material with
human skin temperature [9], make this a suitable and usable
candidate in the treatment of chronic skin wounds [10].
So in this study, first the poly-NIPAM microparticles were
generated using a flow-focusing device. Then the behavior of
water adsorption and diffusion was studied.

2. Methodology

This study was performed experimentally. First, a flow-
focusing microchannel was fabricated by photolithography.
The dimensions of the channel are specified in Fig, 1.

Then NIPAM solutions with different concentrations were
made and used in microchannel as drop phase. So the Paraffin
oil (containing 20% Span 80) and different NIPAM solutions
were used as continuous and drop phase respectively in
microchannel to generate NIPAM microparticles. Table 1
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Fig. 1. Flow focusing microchannel dimensions

shows the NIPAM solutions with different concentrations
that were used in the experiment.

In order to generate uniform microparticles with the same
size, the flow rate ratio between two phases of microchannel
was adjusted using syringe pumps. Also in order to prevent
polymerization of NIPAM solution in syringe, a cooling
chamber was 3D-printed. The syringe cylinder was enclosed
inside the chamber. Thus the syringe chamber was kept at
a low temperature by circulating water at zero degrees of
Celsius by a mini-centrifugal pump. Particles diameter is
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Table 1. NIPAM solutions that be used in experiment

Solution Percent of Percent of Percent of
Name NIPAM BIS! APS?
A 6 0.3 4
B 6 0.3 6
C 8 0.3 4
D 8 0.3 6
E 10 0.3 4
F 10 0.3 6

Q=0.14 Q=0.28 Q=0.42
Q=0.56 Q=0.54

Fig. 2. Images of micro droplets recorded by digital microscope
at different flow rates

an important parameter due to its importance of diffusion
behavior. So microparticles diameter and center to center
distance of them at outlet of channel were measured as a
function of flow rate ratio using image processing.

Particles generated collected in a petri dish and kept in
30°C for polymerization. After 4 hours, particles phase
changed from aqueous form to jelly form. Then some of
particles were randomly selected to investigate their response
to temperature. Each particle was placed on a thin glass and
a few drops of water were poured on it. Then the glass was
placed on a thermoelectric device to control temperature. By
change temperature step by step, particles diameters were
measured and recorded using image processing.

3. Discussion and Results

The microparticles produced were examined after 24
hours. It was observed that solution “E” has the most suitable
physical state among the solutions made. Therefore, solution
“E” was found to be suitable for use in microchannel and
micro droplets and was named as 10% NIPAM solution. In
order to produce micro droplets, the 10% NIPAM solution was
reconstituted and stored at 4° C to prevent polymerization.
The use of Span 80 as a surfactant in the oil phase showed
that it could lead to more stability of the droplets in contact
with each other. Fig. 2 shows microscopic images of micro-
droplets produced in the microchannel. “Q” is the ratio of
polymer phase flow to oil phase flow.
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Fig. 3. Diameter of the produced droplets in terms of flow rate
ratio at the outlet of channel
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Fig. 4. Microparticles diameter as a function of temp

The results showed that with increasing the flow ratio
of the two phases, the diameter of the produced droplets
increases. The results also show that this increase in diameter
is limited to flow rates upper than about 0.42 and its upward
trend decreases rapidly.

The results obtained from the diameter of the produced
droplets in the outlet of channel are shown in Fig. 3.
Examination of the sensitivity of polymerized droplets to
temperature showed that increasing the temperature reduces
the diameter of the droplets. Diameter as a function of temp
is shown in Fig. 4.

4. Conclusions

Diabetic wounds, burn wounds, and deep skin injuries are
some of the conditions which can prevent blood and growth
factors from reaching the wound bed. Therefore, in such cases,
the need to intervene in the treatment process is necessary.
Therefore, in this study, the production of temperature-
sensitive polymer micro-particles was investigated as a new
strategy in the production of smart skin coatings. For this
purpose, the combination of NIPAM, BIS and ammonium
persulfate in distilled water was used as droplet phase and
the combination of liquid paraffin and span 80 was used as a
continuous phase. NIPAM microparticles were produced was
shown good response to temperature and shown are suitable
candidate for drug delivery.
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Fig. 5. a: PDMS Microchannel that made in this study; b: Image of microchannel under digital microscope
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Table 2 Percentages of polymer compounds made to investigate polymerization
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Fig. 6. a: Chamber of syringe cooling containing polymer fluid; b: Scheme of syringe connections in the system
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Fig. 7. a: Scheme of equipment used in the production process of microparticles; b: Image of digital optical microscope
and microchannel connected to syringe pumps
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Fig. 9. Polymerization of the droplets phase fluid in the

microchannel and disruption of the droplet production
process
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Fig.. 8. Image of printed photo plotter to check the diam-

eter of polymer microparticles and to evaluate the tem-
perature sensitivity of the droplets
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Fig. 10. Images of microparticles recorded by optical microscope at different flow rates
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Fig. 11. The diameter of the produced droplets in terms
of the ratio of two-phase flows
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Table 3. Evaluation of equipment uncertainty in the production of microparticles
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Table 4. Diameter values of produced droplets in terms
of two-phase flow ratio
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Fig. 12. The distance from the center to the center of two
consecutive drops in the microchannel outlet
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Table 5. Center-to-center distance values of two consecutive drops for different flow rates
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Fig. 13. Optical microscope images of microparticles produced before and after polymerization
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Fig. 14. Drop diameter diagram in terms of applied
temperature

O JSs) aiads ol pady o5 il a0 Ve gles jo &l pad facy|
5485 )18 S iSllge i ol (59, (2] 0ykad wiz s
b Sy S 0a5eus sl 2y Sy TV S o
L35 IR mip 3550 Sanglgs gSg Sia 3l 5l eolinal
I, (Ko Hlg 90 Gy bl ol 8 x> 0 b ol 5 ps
o3l g leolaiwl b calizes (slalos jo ol lads S jad ¢ 5D 4599
S99 b aS ols ylis als e cpl gl .ol &b g (S 05l yy gl

¥ria

aitlygn JUS 5 slyme 55 oty b olisl 5 505
SERER N ST P
(5”9:'& o).[aé 9o alold w.cclf (S )b 99 (&° Cnas L}MJ‘)S‘ as
3,95y Jloiml wilgi o alold () jialS oS Ol asg b g oo
a1y iyl 42215 51 B o)k aix by 539 S5 s
Sllads S a5l o el S0 5l Sl o b sl gy s
pos 4 wL&e)w )| solazul X g8 ijﬁb }i;d&: O
alold ]38l Lol cianl 00405 (6 lons S8 0SS L il ylad LS5
S Jeol> anld ool o gyt Gliebl Wil e 5 0ykad 5o
gy polie 10 90 Cad e Jli8l as Ol asg b ol plo
@, Lol g anilas Olylads S plo o gy JB 51 -/FY
S FLRNrLy Q‘?"(SA ol 0l ‘;‘5...9 o).laé 99 alold w.a:lf
e I g 009 duie Glas ol b o /Y 51 e sla oo
Wigd adei /FY 5l aS Gl oo Cans jo Sl jlade S ol
Cead Ve 3 (Jlgte 0,lad 93 3550 b 35 e alold joss o) @l
5 00wl Cawds pgad (B3l 5l eslatul b oo o glp alflas
3 Blzil ao s ol ped 4 Ciie G asS VY S 0l oS
aisls Gliae iSlas bl cpl Gillae s oo i |y baws sl
el 0 (6,250l AT Lolsd Lagie Slade 4 Cand Bl o]

pae uizmed 9 Ced ol 5l eddzlseil slassls polie
G PR ULAA.AJ I\ Js» o Q—l @ .‘09_\).9 V\...:.ES

Lod @ Ol yladg So ol Sy (ow) 2 jekiie 4 (uizen



FYVE B YYDV aio OF++ o d oy o)losd F 093 1S pool (SilSlo pusiigeo 4y it

Lo (J95 9 53900y 53 Lod cons p 0lyh3 Jlad polie £ Jgua
Table 6. Drop diameter values in terms of temperature in the ascending and descending course of temperature
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