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A novel microfluidic-device for water disinfection via diverse physiochemical effects has been

demonstrated. Firstly, a microfluidic device with embedded, multiple germicidal UV-LEDs was fabricated

Received 3rd Januaryu 2020
Accepted 9th April 2020

through the innovatively modified cost-effective soft-lithography process. Further, synthesised silver

nanoparticles were immobilized within its inner microchannel surface. Disinfection results proved the
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The expansion of micro-devices, with different functionalities,
is the need of the hour. In particular, cost-effective disinfection
of water can profoundly affect the health of the developing
world particularly children and is expected to have a huge
market. Currently, a large number of water purification systems
are commercially available, with effective performance;
however, they are exceedingly costly and have heavy mainte-
nance costs for their successful operation. In various distinct
approaches a UV light source or silver metal has been used for
water purification in large scale water purification systems.

In one of the earlier studies, the antimicrobial activity of
a doped hydroxyapatite/polydimethylsiloxane (Ag: HAp-PDMS)
composite layer, obtained by the thermal evaporation tech-
nique, proved to be active against Candida albicans.* According
to Shekhar Agnihotri et. al., the bacteriostatic/bactericidal effect
of AgNPs were size and dose-dependent and for AgNPs.>
However, in these studies, they did not immobilize the nano-
particles on any surface, rather they have directly used the
nanoparticles in suspension-form to conduct the analysis.” Ping
Y. Furlan et. al. designed a bifunctional activated carbon
nanocomposite with incorporated nanoscale-sized magnetic
magnetite and antimicrobial silver nanoparticles (MACAg) and
tested its antimicrobial efficacy against Escherichia coli (E. coli).
They concluded that only Ag nanoparticles and Ag" ions showed

“Department of Applied Sciences, Indian Institute of Information Technology
Allahabad, Prayagraj, U.P., India. E-mail: amit@iiita. ac.in

*Department of Chemistry, University of Allahabad, Prayagraj, U.P., India. E-mail:
deeptivermachem@gmail.com

‘Department of Electronics & Communication Engineering, Indian Institute of
Information Technology Allahabad, Prayagraj, U.P., India
(ESI) available. See DOI:

+ Electronic  supplementary information

10.1039/d0ra00076k

This journal is © The Royal Society of Chemistry 2020

synergistic bactericidal effect of coated AgNPs and coupled UV-light, while a suspension of bacterial
strains, were passed through the micro-device.

antimicrobial activities.® Joong Hyun Kim et. al., conducted in
situ fabrication of AgNPs on the surface of PDMS and found the
effective antibacterial activity of the nanocomposites against
both E. coli and S. aureus. Also, the nanocomposites were
observed to have no cellular toxicity and thus could be used as
implants for medical devices.* G. Ipek Yucelen and team pre-
sented a novel approach to synthesize silver nanoparticles on
aluminosilicate nanotubes by decomposition of AgNO; solution
to AgNPs at room temperature and found this hybrid to show
strong antibacterial activity towards Staphylococcus epidermidis
and Escherichia coli.® The AgNP sheets (AgNPs deposited on the
cellulose fibres of an absorbent blotting paper) exhibited anti-
bacterial properties toward suspensions of Escherichia coli and
Enterococcus faecalis, when these pathogenic bacteria were
inactivated during percolation through the sheet.® A water filter
was coated with silver paint to form silver ions (Ag") for killing
the bacteria present in dirty water and make it drinkable. An
overview of nanomaterials for water and wastewater treatment
had been recently presented by Haijiao Lu et al.” Alexandru Rus
et. al. designed a filter using additive manufacturing techniques
and coated it with different concentrations of silver solutions.®

The performance of the world's first commercial UV-C LED
water disinfection reactor (the Pearl Aqua by Aquisense) was
compared with an existing chlorination system and all the tests
showed the reactor equivalent to the chlorination system in all
aspects.” Andrej Gross and team investigated light guidance
capabilities of optical pure quartz glass with UV-C LEDs and
found the system to show increased disinfection efficiency
when tested against Escherichia coli and Bacillus subtilis.'* In
this approach, they have used the phenomenon of total internal
reflection of UV-C irradiation for disinfecting water, in which

RSC Adv, 2020, 10, 17479-17485 | 17479


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra00076k&domain=pdf&date_stamp=2020-05-04
http://orcid.org/0000-0002-4631-2734
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00076k
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA010030

Open Access Article. Published on 05 May 2020. Downloaded on 7/19/2025 10:09:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

they have coupled UV-C LEDs to a quartz tube and a glass tube
for conducting the analysis.*®

Further, none of the abovementioned approaches, in earlier
reported study, has demonstrated the cumulative disinfection
effect of UV-light source, as well as, silver nano-particle, at
micro-scale. Unfortunately, none of the existing water disin-
fection methods provides a crucial combination of key
requirements such as high antimicrobial efficiency, low cost,
easy maintenance and scalability to both small and large scale.
In our premiere approach, a novel cost-effective microfluidic
device for water disinfection, with multiple physiochemical
effects has been projected in the current study for effective and
faster disinfection.

The water disinfection system described here, resolves such
problems by providing a simple, cost-effective and efficient
water disinfection method with the utilization of silver nano-
particles and ultraviolet (UV) light in a microfluidic system via
a synergistic effect. The bacteria-infested water was disinfected
in the microscopic volumes per unit time. Further, similar
multiple microchannels can be arranged in a parallel manner to
obtain the required flow rate and quantity of water, needed to be
disinfected. The system also ensures safety against silver
leakage and excessive human exposure to ultraviolet (UV) light.

Fabrication method

The proposed microfluidic device is fabricated by a customized
soft-lithography technique, using PDMS polymer. The height
and width of the presented microchannel for the microfluidic
device were taken as 500 um and 300 um, respectively. Further,
as the UV-LEDs were embedded as a side-wall of the same
microchannel (with 300 pm width & 500 pm height), hence the
dimensions of the UV-LED chambers were identical to the
microchannel geometry.

This process requires the fabrication of a SU-8 master
mould, using general photolithography process,""** which
served as a patterned template for casting PDMS, for creating
the desired microstructure. As usual, the initial steps consists of
a selection of wafer, SU-8 Spin coating, Pre-Exposure Bake, SU-8
UV-Exposure, Post Exposure Bake, SU-8 Development and Rinse
Drying. After the fabrication of the SU-8 master structure, the
microchannels of desire dimension in PDMS needs to be
formed using a novel procedure. Further, in an original fabri-
cation process, after the fabrication of SU-8 master, a few UV
LEDs were securely placed over SU-8 patterned microstructure.

For this purpose, the top/front face of UV-C LEDs were coated
with the mixture of 10 : 1 ratio of PDMS pre-polymer & its curing
agent, and further semi-cured to make it sticky/gluey. Afterwards,
the top-face of UV-C LEDs were glued to the SU-8 master at
appropriate places as mentioned in Fig. 1c and d and 5. Subse-
quently, the mixture of 10 : 1 ratio of PDMS pre-polymer & its
curing agent was poured on aforesaid UV-C LEDs glued SU-8
master arrangement; and the whole setup was cured
completely at room temperature for 24 hours (Fig. 1e) to create
the final device. Ultimately, the aforementioned prepared PDMS
based microdevice was peeled off from the SU-8 master.
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Fig.1 Schematic diagram for fabrication of device: (a and b) fabricated
SU-8 master (c) placement of UV LEDs over SU-8 patterned channel,
(d) casting of mixture of 10 : 1 ratio of PDMS pre-polymer and curing
agent and further curing this mixture at room temperature for 24
hours. (e) Peeling off the PDMS device from the SU-8 master and,
further, bonding on to the glass substrate using semi-cure PDMS layer
as adhesive layer. (f) Hydrophilic surface treatment of internal micro-
channel layer, silanisation, and further AQNPs immobilization on it.

Using this novel approach, a few UV-LEDs were efficiently
embedded at various sections of the microchannel (Fig. 1e and 5),
for proper coupling of UV rays inside the microchannel, so that
appropriate UV disinfection can be made. Furthermore, the
fabricated polymer microchannel was sealed with a glass
substrate, after making inlet and outlet holes, to create a close
microfluidic device (Fig. 1f). The schematic diagram for aforesaid
novel fabrication steps of device fabrication is presented in
Fig. 1a-f. The fabricated device's microchannels were having
10 cm length and 300 microns channel width.

Reproducibility of the proposed method for micro-device
fabrication had been assured by a precisely following photoli-
thography method to create the accurate SU-8 master (for

This journal is © The Royal Society of Chemistry 2020
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a potential definite microchannel via the soft-lithography
process); as well as, scheming a suitable marker in the UV-
mask design of SU-8 master, to place the aforesaid LEDs at
a definite place in the proposed microchannel during the
aforesaid soft-lithography process.

Synthesis of silver nanoparticles

For the synthesis of silver nanoparticles, excessive reducing
agent i.e. sodium borohydride, NaBH, is added to silver nitrate,
AgNO; to react in following way:

2AgNO3 + 2NaBH4 - ZAg + Hz + B2H6 + 2NaN03

It has been explained in details, in section-1 of ESL{

In this synthesis, the concentration of silver nanoparticles*
were 26.95 pg ml~*. The particle size as observed in the system
were in between 20.83 nm to 42.10 nm. The optical properties of
colloidal silver nano-particle solution were determined in a UV-
Vis-spectrophotometer with the appearance in the electronic
absorption spectrum of a band located at 396 nm, associated
with the presence of small spherical silver nanoparticles.?

Several batches of AgNPs suspension were recovered during
the synthesis of AgNPs, using the standard protocol.**** Some-
times, due to unfavourable synthesis/storage condition, a high
polydispersity of the AgNPs sample appeared (possibly due to
aggregation) which is evident with the result of UV-VIS spec-
troscopy (i.e. multiple peaks at around 396 nm and 500 nm) and
Dynamic light scattering (Fig. S-3 and S-2 of ESI{). However, the
graph revealed only one peak at around 396 nm and no other
elongated peaks, under the favourable synthesis/storage
condition of AgNPs preparation (Fig. 2e). Additionally, as the
disinfection process discussed in our present reported study
was based on immobilised AgNPs, hence, any possible variation
in the disinfection process was not realized experimentally, in
any of the aforesaid cases (i.e. either with poly-dispersity of the
AgNPs, or with uniform-sized AgNPs). In fact, the AgNPs
aggregation process seems to enhance the surface density of
AgNPs on the microchannel surface, which may enhance the
disinfection efficiency.

AgNPs immobilization protocol
followed

The PDMS-microchannel surfaces need to be coated with silver
nanoparticles to obtain the effective bactericidal effect of silver
nanoparticles. The bactericidal action using contact killing by
immobilized AgNPs shows better results than colloidal AgNPs.

To achieve the immobilization of AgNPs inside micro-
channel, firstly, the micro-channels are made hydrophilic by
flowing the Piranha solution through it, followed by KOH
solution treatment'*"” (Fig. 2 and 3).

Further, quite analogous to earlier reported studies," the
microchannel was treated with amino-propyl-tri-ethoxy silane
(APTES) for its silanization process, followed by the introduc-
tion of AgNPs solution (Fig. 2 and 3).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Experimental Set-up during the treatment of internal wall of
device microchannel for creating a hydrophilic surface and AgNPs
immobilisation on it; as well as for the general disinfection process; the
real picture of: (b) microfluidic device with embedded UV-LEDs; (c)
microfluidic device, while LEDs power-supply is switched on; (d)
schematic experimental set-up for determining the leaching of the
immobilised Ag-NPs from the device's microchannel; (e) UV-Vis
spectrum of Synthesized AgNPs and DI Water after 12 hours of its
recirculation through the device.

Earlier studies have reported the silanization process per-
formed on PDMS polymer surface also, however, the organo-
silane used may be different. In one of the prior study,"> AgNPs
were immobilized on a functionalized glass substrates; via the
[3-(2-amino-ethyl-amino) propyl] tri-methoxy-silane (AEAPTMS)
as a cross-linker molecule (used for silanization process) and
then silver nanoparticles were anchored/immobilized on to it.

In another approach, K. Mohammad et al*® immobilized
AgNPs on PDMS surface in a microfluidic chip via using 3-
amino-propyl-tri-ethoxy silane (APTES), after the oxygen-plasma
treatment of PDMS surface. In our present report, PDMS
surfaces of microchannel were treated with 2% 3-amino-propyl-
tri-ethoxy silane (APTES) solution for its silanization process.

RSC Adv, 2020, 10, 17479-17485 | 17481
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Fig. 3 Flowchart of protocol for hydrophilic surface treatment of
PDMS polymer, silanisation, and further AGQNPs immobilization on it.

Fig. S-6 (ESIf), presents the schematic of the silanization
process for PDMS surface. For aforesaid silanization
process, the microchannels were treated with 2% APTES
(CoH,3NO;Si) solution for more than 30 minutes, where 2% v/v
APTES is prepared in 5 : 2 ethanol to the acetic acid solution,*®"
which introduces amine functional groups onto the micro-
channel surface. Consequently, the silanised PDMS surface of
micro-channels was immobilized with AgNPs.

Fig. 4 3D AFM images of AgNPs immobilized PDMS surface of the
inner lining of the microfluidic channel.
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To confirm the immobilization of AgNPs, the same immo-
bilization protocol was followed on an unsealed replica of
PDMS microchannels to get AFM images of untreated PDMS
surface and AgNPs-immobilized PDMS surface. The result of 2D
& 3D AFM-images is displayed in Fig. 4; as well as, in
Fig. S-7.1, $-7.2, $-8.1, §-8.2, S-9.1, $-9.2, $-10.1, and $-10.2 of
ESI.} As evidence of proper AgNPs immobilization process, the
AgNPs immobilized PDMS surfaces shown higher roughness as
compared to plane PDMS surface. However, from the 2D & 3D
image (Fig. 4, Fig. S-7.1-10.2 of ESI{), it is apparent that some of
the AgNPs immobilised on PDMS surface has more the 100 nm
height. In this concern, a very similar metal-nanoparticle
immobilisation technique has been elucidated/characterised
in our earlier reported studies,'® which highlight few crucial
facts. The theoretical analysis, along with, the experimental
validation, in this study,'® explains the process of aggregation of
nanoparticles on the silanised substrate surface, during its
immobilisation process. In this reference, it is highly expected
that few of the aggregated AgNPs nanoparticles (i.e. integer
multiple of the average size of an AgNPs i.e. up to 40 nm-160
nm...sized aggregates) may appear in AgNPs immobilised
surface during its AFM analysis. In fact the AgNPs aggregation
process seems to augment the surface density of AgNPs on the
PDMS-microchannel surface, which may aid in the disinfection
efficiency.

The whole AgNPs immobilisation protocol has been
systematically explained, in Section-2 of ESL.

Moreover, insignificant leaching of the immobilized AgNPs,
from the microchannels was observed, while continuously
flowing the water (to be disinfected) in microchannel; which is
quite similar to earlier reported studies.” For determining the
leaching of the immobilised Ag-NPs from the device-
microchannel, an alternative experimental protocol was adop-
ted; whose schematic set-up, have been elucidated in Fig. 2d. In
this process, we pumped a defined 5 ml volume of DI-water (at
different flow-rate) through the Ag-NPs coated microchannel, in
a cyclic manner (i.e. the input & output of -channel were kept at
same water reservoir, and DI-water was re-circulated through
microchannel via the peristaltic micro-pump). Further, after
>12 hours of recirculation of DI-water (through the AgNPs
coated microchannel), the UV-VIS absorbance-spectra of the
re-circulated water sample (collected form aforesaid water
reservoir) was recorded. Furthermore, a negligible peak absor-
bance for the aforesaid absorbance-spectra of flushing/re-
circulated DI-water was observed, compared to the prepared
Ag-NPs suspension (Fig. 2e). Hence it was realised that an
insignificant amount of total silver nanoparticle/ions deposited
on the microchannel may leach into the water after 12 hours of
extensive flow through the microchannel.

Initial bacterial count and counting
living/dead bacteria

Two bacterial strains used for disinfection experiments were
Gram-negative, E. coli MTCC 443 (ATCC 25922), and Gram-
positive, B. subtilis MTCC 441 (ATCC 6633). The initial

This journal is © The Royal Society of Chemistry 2020
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bacterial count was performed using serial dilution method
which showed bacterial colonies for E. coli and B. subtilis as 7.20
x 10” and 7.28 x 10’ CFU ml " respectively.

This disinfection unit was further tested for the working and
the amount of disinfection achieved at the end of the micro-
channel once the impure water is passed through the unit. The
flow rate of impure water was maintained at 0.5 ml min~*, with
a target sample output volume of 5 ml to be collected at the
outlet in a falcon. For differentiating the living/dead bacteria
present in the water sample received at the aforesaid outlet of
the micro-device, the PI (Propidium Iodide) “staining method”
was used. Propidium iodide is a light-sensitive, fluorescent red
nuclear counterstaining dye, which is impermeable to living
cells, hence it is used for staining dead cells present in the
water-sample to verify the disinfection-efficiency of the micro-
device. This dye binds to the DNA of dead cells, and its excita-
tion peak is at 493 nm. The stained samples are then viewed
under a fluorescent microscope with a green light source since
the absorption maxima of PI (around 496 nm) lies in the
wavelength range of green light (495-570 nm) in the visible
spectrum. Since PI stains the dead bacterial cells only, they will
appear red under the microscope. The procedure for the
bacterial count and counting living and dead bacteria, as well
as, AgNPs immobilisation protocol has been systematically
explained, respectively in Sections 3 and 2 of ESL.}

Water disinfection by UV exposure

To obtain germicidal effect the system were embedded with UV
light which in combination with silver nanoparticles provided
a synergistic effect when used simultaneously for water disin-
fection. The UV radiation used for germicidal applications lies
in the wavelength range of 100-280 nm. It is called UV-C radi-
ation.”*** The peak wavelength for germicidal activity is at
265 nm. Even though the peak wavelength is at 265 nm, but
254 nm is also absorbed by the DNA and RNA.

UV light in this range is absorbed in the DNA and RNA of
bacteria. The absorbed UV energy leads to the formation of
dimmers by forming new bonds between DNA nucleotides.
Dimmer formation, especially thymine, causes major photo-
chemical damage, which stops bacteria from replicating and
thus brings disinfection.

The unit of lethal UV-dose is microwatt second per square
centimetre (UWs cm™?) or millijoule per square centimetre
(mJ em™?). The lethal UV-dose calculated for the given 7.20 x
10" CFU ml " and 7.28 x 10’ CFU ml ™" of E. coli and B. subtilis

suspension, respectively are approximately to be 26.54 mJ cm 2.

Experimental set-up

The experimental set-up for our disinfection application has
been partially presented in Fig. 2. The inlet and outlet of the
microfluidic device were coupled respectively with syringe-
pump and a collecting-reservoir via the silicon tubing. In our
presented water disinfection purpose, a microchannel
embedded array of 5 UV-C LEDs (30 mW) were used (Fig. 5).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Schematic diagram AgNPs Immobilized microfluidic device
embedded with UV-LEDs, (a) top view: showing the movement of
bacterial infected solution from input to output reservoir during the
disinfection process; (b) cross-sectional view: showing disinfection
process via AgNPs contact killing and UV light rays (from UV-LEDs)
while the movement of bacterial infected solution from input to output
reservoir. (c) Zoomed cross-sectional view: showing bacterial killing
process inside a microchannel, via AgNPs contact killing and UV light
rays.

These set of microchannel coupled UV-LEDs were powered via
suitable drivers.

A variety of microdevices were fabricated with different
numbers of embedded UV-LEDs. However, theoretically as well
as experimentally it was realised that only an array of 5 UV-C
LEDs (30 mW) were sufficient for the disinfection process.
Hence, only 5 UV-C LEDs (30 mW) were switched on (for the
devices with more than 5 integrated LEDs); or microdevice with
only 5 UV-C LEDs (30 mW) were fabricated.

Moreover, in place of aforesaid microchannel embedded UV
LEDs, a different experimental set-up with a single 1 W UV-lamp
kept in close vicinity to the fabricated plain AgNPs coated
microfluidic chip (made without embedded LEDs), were also
utilised. However, disinfection via the LEDs embedded micro-
fluidic chip was found more effective, as it required ~8 times
lesser optical power than the aforesaid UV-lamp. Which is
because in our embedded LEDs based disinfection approach
the LEDs were in 10 times closer proximity to the flowing
infected water sample.

The flow rate of impure (i.e. bacteria-infested) water was
maintained at various different rates ie. 0.1 ml min~?, 0.5

RSC Adv, 2020, 10, 17479-17485 | 17483
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mlmin~*, 1 mlmin~' and 1.5 ml min~'. However, the optimum
flow rate for the suitable combined disinfection was found to be
at 0.5 ml min~" (Fig. 6). Further, based on the optimum flow
rate (i.e. 0.5 ml min~ ") for disinfection and 0.0045 ml volume of
the microchannel, the exposure-time was calculated to be
around 0.5 seconds which also agreed with literature.”™ Addi-
tionally, at the optimum flow rate (i.e. 0.5 ml min~'), the water
disinfection via only AgNPs coated microchannel and UV-LEDs
caused ~94.8% and ~96.7% of bacterial disinfection, respec-
tively. However, the combined effect of AgNPs coated micro-
channel and UV-LEDs caused ~99.4% disinfection efficiency, at
the equivalent optimum flow rate (i.e. 0.5 ml min™%).

Results and discussion

It may be assertively understood that both silver nanoparticles
and germicidal UV have a synergistic disinfection effect on the
bacterial cells, although their disinfection mechanism is
entirely different. Silver nanoparticles kill the bacteria by
damaging the cell membrane; however, UV-C produces only
“point” disinfection which inactivates the bacteria and prevents
them from replication. However, when bacterial cells are
together treated with both silver nanoparticles and UV-C light
then the effect gets multiplied; as the bacteria which remain
untreated due to one method could be rendered useless by the
other method.

Experimental results indicate that the water disinfection via
the LEDs embedded microfluidic chip is more effective, as it
required ~8 times lesser optical power than the aforesaid UV-
lamp. It may be due to the fact that, in our embedded LEDs
based disinfection approach, the LEDs were in 10 times closer
proximity to the flowing infected water sample. Water disinfec-
tion via only AgNPs coated microchannel and UV-LEDs caused
~94.8% and ~96.7% of bacterial disinfection, respectively.
However, the combined effect of AgNPs coated microchannel and
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Fig. 6 Showing the disinfection efficiency of the device with UV-
disinfection coupled with AgNPs disinfection principle, while the
impure water with 7.20 x 107 CFU m(~* (series-1) and 7.28 x 107 CFU
ml~! (series-2) of E. coli and B. subtilis, respectively, were passed
through the microfluidic device at different flow rates.
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UV-LEDs caused ~99.4% disinfection efficiency, at the same flow
rate of bacteria-infested water, through the microdevice. Addi-
tionally, the optimum flow rate for AgNPs combined with UV-
disinfection were found to be at 0.5 ml min ™.

The overall cost of the proposed microdevice is majorly
determined by the cumulative cost of related consumables for the
complete AgNPs immobilisation process (inside the micro-
channel); as well as, cost of the items and microfabrication-
process for the production of LEDs integrated microdevice.
Additionally, as per requirements, the volume-rate for water-
disinfection may be scaled-up via coupling the multiple units
of the proposed device. Simple and economical abovementioned
factors, in favour of the reported micro-device (calculated-cost =
5 USD per unit, approx.) reason it to be a 5 to 10 times cost-
effective substitute in comparison to any UV-C based water-
disinfection unit (present in several existing commercial
devices), with comparable sterilization capability [9-10]. Hence,
the reported device may be considered as a compact, efficient, as
well as, low-cost solution for any similar purpose.

The successful reusability of the micro-device was tested via
analysing its disinfection efficiency during a cycle of several
hours of the disinfection process. It displayed a parallel disin-
fection capability even after 24 hours of the continuous disin-
fection process, disinfecting >1000 ml volume (approx.) of
infected water. Theoretically, the disinfection capability of the
device relied upon the cumulative optical power of the micro-
channel embedded UV-C LEDs, in addition to, the integrity of
immobilized AgNPs on the microchannel surface. Further, the
optical power of the embedded UV-C LEDs were observed
constant throughout the experiments; as well as, AgNPs leach-
ing experiments (elucidated in Fig. 2d and e) have earlier evi-
denced about the insignificant leaching of AgNPs (which were
immobilised over the microchannel surface), during 12 hours of
continuous flow water through the micro-device.

We have observed the maximum disinfection (at the
minimum flow-rate via the syringe pump Z.e. 0.5 ml min~ "), with
the individual effect of AgNPs and UV-LEDs as 95% and 97%
respectively; however, with the combination of Ag-NPs and UV-
LEDs effects, the percentage disinfection was 99.4% (on
average) at same flow-rate. Additionally, we have also observed
complete disinfection (i.e. up to 99.99%) in most of the exper-
iments with the combination of Ag-NPs and UV-LEDs effects;
which seemed improbable with individually either AgNPs or
UV-LED based disinfection.

The real gain in the percentage disinfection with the combined
effect of Ag-NPs and UV-LEDs, in contrast to, individually either
AgNPs or UV-LED may be comprehended as follows. Experimen-
tally, the observed numbers of survived microbes after the
abovementioned disinfection process, is almost ~10 times higher
for individual AgNPs or UV-LED based disinfection, in compar-
ison to, the disinfection with the combination of Ag-NPs and UV-
LEDs effects. The survived microbes after the disinfection
process, may have much higher significance if the number
density of microbes in the impure input water is 10-100 times
higher (i.e. 7.2 x 10% to 7.2 x 10° CFU ml™"). Hence, a combina-
tion of Ag-NPs and UV-LEDs based disinfection-effects have
greatly elevated importance in this aspect.

This journal is © The Royal Society of Chemistry 2020
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Conclusion

An innovative water disinfection microdevice has been
demonstrated, working via diverse physiochemical effects.
Initially, a microfluidic device with coupled, multiple germi-
cidal UV-LEDs was fabricated, through the suitably modified
cost-effective soft-lithography process. Further, synthesised
silver nanoparticles were immobilized inside the microchannel
surface via an innovative method.

Further, experimentally, both silver nanoparticles and
germicidal UV-C were cumulatively found to have a synergistic
effect on the bacterial cells present in water, although their
disinfection mechanism was entirely different. The microscopic
volume of bacteria-infested water was disinfected in its
continuous flow. The system also ensures safety against silver
leakage and excessive human exposure to ultraviolet (UV) light.
In future, multiple microchannels can be arranged in parallel to
obtain the required flow rate and quantity of water to be
disinfected.
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