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ABSTRACT

CLAY-BASED PHOTOTHERMAL AGENTS FOR ANTIBACTERIAL
APPLICATIONS

SENA YUCE

Materials Science and Nano Engineering, M.Sc. Thesis, July 2022

Thesis Supervisor: Asst. Prof. Hayriye UNAL

Keywords: halloysite nanotubes, polydopamine, photothermal agents, light-to-heat

conversion, antibacterial activity

Light-to-heat conversion nanoparticles with effective photothermal activity play an
important role in the design of photothermal materials that are remotely heated by light.
In this thesis, novel clay-based photothermal agents and their utilization as a light-
activated antibacterial coating for air filters were presented. By coating them with
polydopamine (PDA), a photothermal polymer, halloysite nanotubes (HNTs) were
turned into nano-heaters that can be remotely activated by near infrared (NIR) light.
HNT-PDA nanohybrids were investigated in terms of their light-activated temperature
elevations and were demonstrated to heat up proportionally to the amount of PDA

coating on HNTs upon exposure to NIR light. The stability and reusability of the



photothermal activity of the HNT-PDA nanohybrids upon multiple NIR irradiation
cycles were studied. Staphylococcus aureus (S. aureus) treated with HNT-PDA
nanohybrids were shown to be physically disrupted upon NIR irradiation resulting in
6.3 log reduction in viability in 5 min irradiation. As a demonstration of the potential
use of HNT-PDA nanohybrids in antibacterial applications, their utilization as coatings
on air filtration membranes for turning them into light-activated antibacterial air filters
was studied. A commercial HEPA filter was spray-coated with HNT-PDA nanohybrids
resulting in air filters, which can be heated to temperatures sufficient to Kkill
microorganisms when exposed to NIR light. HNT-PDA nanohybrids coated HEPA
filters treated with S. aureus presented a 3.4 log Killing activity after 20 min NIR
irradiation. Furthermore, it was observed that the S. aureus biofilm established on the
filter surface was eradicated via NIR light exposure. The HNT-PDA coating on the air
filter was shown not to negatively affect the filtration performance The HNT-PDA
coated air filters presented excellent aerosol filtration efficiency in addition to their
bioaerosol removal and deactivation performance. The novel clay-based photothermal
agents presented in this thesis have a strong potential for utilization as light-activated

antibacterial agents in various applications.



OZET

ANTIBAKTERIYEL UYGULAMALAR ICIN KiL BAZLI FOTOTERMAL
AJANLAR

SENA YUCE

Malzeme Bilimi ve Nano Mithendislik, Yiiksek Lisans. Tezi, Temmuz 2022

Tez Damgmani: Dog. Dr. Hayriye UNAL

Anahtar Kelimeler: halloysit nanotiipler, polidopamin, fototermal nanohibritler, 1siktan

1s1ya, antibakteriyel aktivite

Etkili fototermal aktiviteye sahip 1siktan 1s1ya doniisiim nanopargaciklari, 1sikla uzaktan
isitilan fototermal malzemelerin tasariminda 6nemli bir rol oynamaktadir. Bu tezde,
yeni kil bazli fototermal ajanlar ve bunlarin hava filtreleri i¢in 1s1kla aktive olan bir
antibakteriyel kaplama olarak kullanimlar1 sunulmustur. Bir fototermal polimer olan
polidopamin (PDA) ile kaplanarak, halloysit nanotiipler (HNT'ler), yakin kizilotesi
(NIR) 1sikla uzaktan etkinlestirilebilen nano-isiticilara doniistiiriildi. HNT-PDA
nanohibritleri, 1sikla aktive olan sicaklik yiikselmeleri acisindan arastirildi ve NIR
151g¢1na maruz kaldiklarinda HNT'ler lizerindeki PDA kaplama miktariyla orantili olarak
isindiklart gosterildi. HNT-PDA nanohibritlerinin fototermal aktivitesinin ¢oklu NIR
1sinlama dongiileri lizerindeki kararliligi ve yeniden kullanilabilirligi incelenmistir.

HNT-PDA nanohibritleri ile tedavi edilen Staphylococcus aureus'un (S. aureus), 5 dk
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isinlamada canlilikta 6,3 log azalma ile sonuglanan NIR 1smnlamasi tizerine fiziksel
olarak  bozuldugu gosterilmistir. HNT-PDA nanohibritlerinin  antibakteriyel
uygulamalardaki potansiyel kullaniminin bir gostergesi olarak, bunlarin hava filtrasyon
membranlari ilizerinde 1s1kla aktive olan antibakteriyel hava filtrelerine donistiiriillmesi
icin kaplama olarak kullanimlart incelenmistir. Ticari bir HEPA filtresi, NIR 1s18ina
maruz kaldiginda mikroorganizmalari 6ldiirmek i¢in yeterli sicakliklara 1sitilabilen hava
filtreleri ile sonuglanan HNT-PDA nanohibritleri ile spreyle kaplanmustir. S. aureus ile
muamele edilmis HNT-PDA nanohibritleri kapli HEPA filtreleri, 20 dk NIR
1simasindan sonra 3.4 log 6ldiirme aktivitesi sergiledi. Ayrica filtre yiizeyinde olusan S.
aureus biyofilminin NIR 1s18ina maruz birakilarak yok edildigi gozlemlendi. Hava
filtresi lizerindeki HNT-PDA kaplamanin filtrasyon performansini  olumsuz
etkilemedigi gosterildi. Ek olarak, HNT-PDA kapli hava filtreleri, biyoaerosol giderimi
ve deaktivasyon performanslarinda miikemmel aerosol filtrasyon verimliligi gosterdi.
Bu tezde sunulan yeni kil bazli fototermal ajanlar, gesitli uygulamalarda isikla aktive

olan antibakteriyel ajanlar olarak kullanim i¢in giiglii bir potansiyele sahiptir..
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CHAPTER 1.INTRODUCTION

1.1 Thesis Overview

The photothermal effect is a significant concept that involves converting light energy to
thermal energy utilizing photothermal conversion materials. The temperature elevations
in photothermal materials upon exposure to light has provided vital solutions in many
different application areas such as cancer therapy’, self-healing?, solar steam
generation®, and killing bacteria®. The light-activated heating of photothermal materials
is utilized to disrupt tumors, to kill bacteria via hyperthermia, to evaporate water or to

obtain temperature-responsive shape memory materials.

In the first part of this thesis, the design and preparation of a novel clay-based
photothermal agent, that can be utilized in various different applications as light-
activated nano-heaters was studied. The light-activated heating properties and how

these can be useful for remote killing of bacteria were investigated.

In the second part of this thesis, utilization of the clay-based photothermal agents as
coatings on commercial air filter membranes was demonstrated. Resulting clay-based
photothermal agent coated air filters were demonstrated to be effective in bioaerosol

removal and light-activated killing of captured microorganisms.



1.2 Photothermal Effect

The major mechanism of photothermal conversion is that the absorbed light is
converted to heat energy. Photothermal materials with strong light absorption can
exhibit higher local temperature elevations by irradiation®. The light absorption
spectrum of a material is related to some specific properties. For example, free electrons
on the surface of metallic nanoparticles are excited by light absorption at specific
wavelengths, known as localized surface plasmon resonance (LSPR), and show higher

photothermal properties as a result of oscillation at the same frequency® .

When light with an energy equal to or greater than the bandgap between the conduction
band and the valence band is applied to a semiconductor, it absorbs photons. Afterward,
this energy is distributed to the crystal lattice, resulting in thermal energy and a

photothermal effect®.

Another way of light absorption based photothermal effect is lattice vibrations in carbon
and polymer-based materials. The incoming light energy can easily excite electrons in
the lower energy m orbital and rise to a higher energy orbital by light absorption of the
exciting electrons®. This causes vibration in the atomic lattices and an increase in

temperature is observed™.

Photothermal materials are roughly separated into two groups. These are organic and

inorganic photothermal materials.



1.2.1 Photothermal Materials

1.2.1.1 Organic Photothermal Materials

Organic materials with photothermal effects can be categorized as polymers and dyes.
Thanks to their high degree of biocompatibility and low cytotoxicity, organic
photothermal materials have achieved high success, especially in biomedical

applications .

Organic dyes with strong NIR absorption and partial conversion of optical energy into
heat are preferred as photothermal agents'?. There are dye derivatives that are
frequently used in fluorescent imaging and photothermal therapy*®. Compared with
polymers or metal nanoparticles, the low stability of dyes is a major disadvantage in
cancer treatment *. The most widely used cyanine derivatives (IR780, IR825, and
IR820) have been encapsulated in various nanocarriers such as micelles, liposomes,
polymers, and proteins'**®. Cyanine derivatives that have been approved by the USA
Food and Drug Administration (FDA) for clinical use in imaging and cancer treatments

continue to be investigated in vivo and in vitro®®.

Besides dyes, conjugated polymers including polypyrrole (PPy), polyaniline (PAN),
polydopamine (PDA), etc. present photothermal effect®. Upon excitation, the m-orbital
electrons rise to the high energy orbital resulting in the conversion of light energy into
thermal energy and heat production®’.

Unlike NIR dyes, conjugated polymers are opted for cancer treatment and for use as
drug carriers because of their high stability and non-toxicity***¢. PAN nanoparticles are
the first photothermal conjugated polymer used for cancer ablation'. However, PAN,
which is affected by pH due to the neutralization of protons, loses its photothermal
effect over time. To prevent this situation, it was synthesized with stabilizer agents to

keep it stable>.



Another conjugated polymer PPy is used in biomedical and bioelectronic applications
and has received great attention for its high conductivity, remarkable stability, and
biocompatibility™. The cells were incubated with PPy nanoparticles and then exposed
to 808 nm NIR light to determine the role of PPy in cell death through heat conversion,

and it was reported that around 60-85 % of the cells have died®.

PDA is produced by the polymerization of dopamine molecules inspired by the sticky
form of mussels?’. It is used as a coating material on surfaces due to its high adhesion
property and also as a photothermal agent in coatings due to its high NIR absorption
properties. PDA has helped to impart the desired properties to metal and carbon-based
materials by coating their surfaces %. For example, PDA coatings modified the water
solubility of CNTs?®. Besides, the photothermal effect of PDA has opened up new
opportunities in biomedical fields.

1.2.1.2 Inorganic Photothermal Materials

24-26

Examples of inorganic photothermal materials are metal nanostructures ceramic

2729 and quantum dots®®*%. Metal nanostructures, which are frequently

nanoparticles
used today, have excellent abilities in converting light energy into thermal energy,
thanks to their LSPR feature®. LSPR depends on many properties of metals such as
morphology, size, composition, and dielectric constant. The metals with the greatest
photothermal properties are known as gold and silver®. Gold is found in different sizes
and shapes such as nanorods®™’, nanocages®*, and nanoshells**. Gold
nanoparticles with an absorption spectrum between 400 and 600 have shifts in the
absorption spectrum of different shapes and sizes*’. When aggregates form in
nanoparticles, the surface plasmon absorption maximum is redshifted to the NIR
region*. The absorption spectra of gold nanorods and nanoshells are compared, and a
significant shift is observed in the LSPR wavelength of the nanorods depending on the
aspect ratio®. In addition, when the gold surfaces were replaced with smart polymers
with stronger bonding, shifts were observed in the absorption peaks. Thus, changes are
made in the LSPR spectra according to the NIR region to be used™. Gold nanoparticles
are frequently used in the field of photothermal therapy because of their

biocompatibility, small diameters, direct application to the tumor surface, and the

4



ability to bind to desired molecules via bioconjugation chemistry®!. By irradiating with
a NIR light source (650-900 nm), a local temperature increase is observed in a certain
region 2. Thus, minimal light absorption in the skin and tissues enables selective tumor
tissue hyperthermia without damaging the healthy tissue®*>. Gold nanoparticles are
also used in cancer imaging due to their unique light-scattering property™°. With their
small sizes the antibody-conjugated nanorods bind specifically to cancer cells and their
binding to other healthy cells is minimal. For this reason, it shows high efficiency in the

field of cancer imaging.>”*®

In addition to gold, silver nanoparticles and silver nanostructures are also used in

981 medical imaging® and wound healing®. Silver, which

antibacterial applications
has the highest electrical and thermal conductivity among metals, is used in
photothermal and thermolytic laser applications in cancer treatment with its high NIR
region scattering and absorption when looking at the LSPR spectrum.®*®The light-to-
heat conversion properties of silver has provided an opportunity for wound healing and
tissue ablation therapies. In medical area, silver nanoparticles are used in surface
coatings, especially in the field of dentistry, coating titanium implants with silver

nanoparticles provides a long-term antibacterial effect®.

1.2.1.3 Carbon-Based Photothermal Materials

Carbon-based photothermal materials are include graphene, graphene oxide, carbon
black, graphite, carbon nanotubes (CNTSs), and carbon composites®’. The photothermal
mechanism is as follows. When the photon energy of the applied light is higher than the
bandgap of the carbon-based material, the photon energy is absorbed. This causes the
excitation of electrons and electron-phonon coupling®. Diamond, graphene, and CNTs
have perfect sp® and sp? lattice structures and are produced by heat lattice vibration. In
amorphous carbon, the disorder affects the phonon scattering and the thermal
conductivity®. Apart from that, other features it has are high physical and chemical
stability, thermal conductivity, and high mechanical strength. It is also cheaper and
more abundant than metal materials®’. In particular, graphene/graphite and CNTs are

69-74

frequently used in the field of solar steam generation apart from metals’. They

have produced rapid water evaporation as a result of exposure to light due to their

5



strong absorption band and light-to-heat conversion characteristics "° 2. In addition,
high-efficiency solar absorbers can be produced with the carbonization process applied

1379 “and mushrooms®®2. The high light absorption property of CNTs

to natural woods
is used also in biological applications which are bioimaging, drug delivery, cancer
treatment, etc. 5. With the high absorption, they convert the light energy from near-
infrared (650-900 nm) irradiation into heat energy and disrupt the targeted tumor area®.
In the field of drug delivery, functionalization of the high surface area of CNTs with
anti-cancer drugs or bio/chemical species reduces their toxicological value and can

deliver drugs by molecular cargo binding 2%



1.3 Application of Photothermal Agents as Surface Coatings for Various

Applications

Organic, inorganic, and carbon-based materials with photothermal properties have
different application areas as mentioned above. In the literature, many examples where

photothermal agents are applied in the form of surface coatings were found.

Bone implants and catheters are used for therapeutic purposes in medical applications.
After orthopedic surgery, infections on the implant surface penetrates the surrounding
tissues, therefore complicating the treatment process and posing a serious 2%, As a
way of eliminating biofilm infections, the implant surfaces are coated with
photothermal agents (polydopamine, polyaniline, gold, etc.) which have biocompatible,
non-toxic light-activated antimicrobial properties®®®*. Thus, the effect of light activated
temperature increase on biofilm formation can efficiently prevent biofilm infections and

killed the bacteria on implant surfaces®*%.

Another area of use for surface coating with suitable photothermal agents is to improve
the performance of solar collectors via the selective light absorption properties, broad-
spectrum absorption, and high photothermal conversion efficiency of photothermal
agents®. Coating of solar collector film surfaces with copper and carbon-based
photothermal agents and coating of the stainless steel mesh-based interface with

polypyrrole (PPy), have been shown the performance of solar collectors * .

In a research study to examine long-lasting photothermal coatings, gold nanostars and
silver nanoparticles with high NIR absorbance were optimized with biocompatible PVA
(polyvinyl alcohol) films, and biocompatible films were tested with viability assay to
measure the antibacterial effect on the surface.”* These research studies show that the
coating of any surface with the contribution of photothermal materials with light-heat

conversion has created a successful opportunity to obtain an antibacterial surface.*’



1.4 Thesis Structure

This thesis consists of three chapters. Chapter 1 includes a general introduction. Chapter
2 includes a published article (“Yuce, S.; Demirel, O.; Alkan Tas, B.; Sungur, P.; Unal,
H. “Halloysite Nanotube/Polydopamine Nanohybrids as Clay-Based Photothermal
Agents for Antibacterial Applications”. ACS Appl. Nano Mater. 2021, 4 (12), 13432—
13439. https://doi.org/10.1021/acsanm.1¢c02936”.) Chapter 3 includes an article that is

prepared for submission.


https://doi/

CHAPTER 2.HALLOYSITE NANOTUBE/POLYDOPAMINE NANOHYBRIDS
AS CLAY-BASED PHOTOTHERMAL AGENTS

2.1 Abstract

Nanoparticles with light-to-heat conversion properties play vital roles in the design of
photothermal materials that can be remotely heated via light activation. Halloysite
nanotubes (HNTS), versatile natural clay nanoparticles, were converted into efficient
photothermal agents by functionalizing them with polydopamine, a polymer with light-
to-heat conversion properties. By varying the polydopamine functionalization reaction
conditions such as dopamine concentration, reaction time and the nature of the HNTS,
HNT-polydopamine (HNT-PDA) nanohybrids comprising of different amounts of
polydopamine were obtained. HNT-PDA nanohybrids presented significant temperature
elevations when irradiated with 808 nm laser light reaching 250 °C in 2 min and were
demonstrated to be effective photothermal agents, whose light-to-heat conversion
properties and the degree of light-activated temperature elevations can be easily tuned
by controlling the amount of the polydopamine content through reaction conditions.
The photothermal effect of HNT-PDA nanohybrids were demonstrated to be stable over
multiple laser light-activation cycles allowing their reusability. In addition to infrared
laser light activation, HNT-PDA nanohybrids were also shown to be activated with
other light sources of more practical importance such as a solar simulator, an infrared

incandescent lamp and an LED lamp demonstrating their versatility as photothermal

9



agents. As one of the potential applications of HNT-PDA nanohybrids, their light-
activated antibacterial activity was evaluated. The viability of Staphylococcus aureus
(S. aureus) treated with HNT-PDA nanohybrids was reduced by 6.3 log when irradiated
with infrared laser light for 5 min, whereas bacteria not treated with the nanohybrids
stayed alive under the same irradiation conditions. Comprising of natural, non-toxic,
cost-effective components, HNT-PDA nanohybrids are promising nanoparticles as
versatile clay-based photothermal agents that can be utilized in various photo-driven

applications.
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2.2 Introduction

Photothermal nanoparticles with light-to-heat conversion properties generate heat when
irradiated with light. The light energy absorbed by photothermal nanoparticles is
emitted via nonradiative decay and results in temperature elevations, which can be
remotely controlled via light-activation®. The light-activated temperature elevations
obtained via photothermal nanoparticles can be uniquely exploited for many different
purposes that require remote heating. Although cancer therapy applications of
photothermal nanoparticles involving near infrared light-activated destruction of tumors
is at the forefront®, photothermal nanoparticles find many unique applications in the
field of materials science such as sterilization of surfaces via heat-killing of bacteria and
biofilms*®, sunlight-activated evaporation of water for desalination’®, light-activated

self-healing of materials'®'*

equipment'®*.

or inactivation of viruses on personal protective

105-110

Various metals , carbon-based materials such as carbon nanotubes or graphene

1114 and organic dyes™**® have been demonstrated to present significant light-

oxide
to-heat conversion properties mainly originating from their plasmonic effect and/or
strong near infrared absorption. Semiconducting polymers such as polyaniline,
polypyrrole and polydopamine also present strong light-to-heat conversion properties™
2! Specifically, polydopamine, which can be easily coated onto almost any surface due
to its unique mussel-inspired adhesive properties™®, can impart photothermal properties
to nanoparticles on which it is coated™?* %, While available photothermal
nanoparticles present light-to-heat conversion efficiencies to different extents,
depending on the application in which they will be utilized, their toxicity, cost-
effectiveness and environmentally friendliness mostly become a concern'®*%.
Considering the wide spectrum of applications where remote heating of nanoparticles

can be benefited, new photothermal agents that have strong light-to-heat conversion
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properties but are also cost-effective, non-toxic and can be easily integrated into

nanocomposite materials are needed.

In this work, halloysite nanotubes (HNTSs), which are clay nanoparticles with a hollow
tubular structure are imparted photothermal character by simply coating them with
photothermal polydopamine to obtain clay-based, natural, non-toxic photothermal
nanohybrids with strong light-to-heat conversion properties. HNTs, which have been

demonstrated to be important agents of nanotechnology in different applications as

126-129 130-132
H

drug delivery agents , hanocarriers for sustained release coatings and films
electrochemical sensors™? and reinforcing agents*>***®, have been functionalized with
polydopamine before for different purposes including increasing the dispersion stability
of HNTs™, immobilizing enzymes onto HNTs via the polydopamine coating®, site

° or obtaining adsorbents'*®***. But, in this

specific/selective nanofunctionalization®®
work, polydopamine coated HNTs (HNT-PDAs) have been systematically studied in
terms of their potential as cheap, non-toxic photothermal agents, for the first time.
HNTs were functionalized with polydopamine at different concentrations and reaction
times and the relationship between polydopamine content on HNTs and the
photothermal effect of resulting nanohybrids was investigated. Furthermore, HNT-PDA
nanohybrids were demonstrated to be effective photothermal agents that exert
significant lethal effect on bacteria by generating high temperature elevations when

activated by NIR light.
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2.3  Experimental

2.3.1 Chemicals

HNTSs were provided by Eczacibasi ESAN (Turkey). Dopamine (3-hydroxytyramine
hydro- chloride) was purchased from Acros Organics Inc. Ultrapure Tris base (Tris-
(hydroxymethyl) aminomethane) was purchased from MP Biomedicals, LLC. Tryptic
soy broth (TSB) and agar powder were procured from Medimark (Italy). Deionized

(DI) water was used in all experiments.

2.3.2 Preparation of HNT-PDA nanohybrids

An aqueous dispersion of neat HNTs at 10 mg/mL concentration was prepared. HNTs
were dispersed in water by ultrasonication (QSonica, Q700, Newtown, CT, USA) for 20
min at 50% amplitude with 5 s pulse on and 2 s pulse off in an ice bath. Dopamine was
added to the HNT dispersion at different concentrations (2 mg/mL, 4 mg/mL, 8
mg/mL). The pH was adjusted to 8.5 by adding Tris and the dispersion was stirred
vigorously for different reaction times (1 h, 6 h, 24 h) at 30 °C. Following the reaction,
the dispersion was centrifuged at 11 000 rpm and the pellet containing the HNT-PDA
nanohybrids was washed 6 times using deionized water to remove residual Tris base
and unreacted dopamine monomer. Obtained HNT-PDA nanohybrids were dried at 70
°C for 24 h.

Polydopamine (PDA) particles were synthesized as controls. An aqueous dopamine
solution at 8 mg/mL concentration and pH 8.5 was stirred vigorously for 24 h at 30 °C

until the color of the solution turned dark. The resulting PDA particles were separated
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by centrifugation at 11 000 rpm for 10 min and washing 6 times with water followed by
drying at 70 °C for 24 h.

2.3.3 Characterization of HNT-PDA nanohybrids

The amount of polydopamine on the HNT-PDA nanohybrids was determined by
Thermogravimetric Analysis (TGA) (Shimadzu Corp. DTG-60H (TGA/DTA)).
Samples were heated up to 1000 °C at a rate of 10 °C/min under nitrogen flow. The
weight percent of polydopamine on each HNT-PDA nanohybrid was calculated by
dividing the difference in total weight loss of HNTs and HNT-PDA from 200 °C to
1000 °C by the total weight loss of the PDA control under the same conditions.

Fourier Transform Infrared (FT-IR) analysis of samples was performed with a Nicolet
IS10 FT-IR spectrophotometer.

Dynamic light scattering (DLS) measurements of aqueous dispersions of HNT, HNT-
PDA and PDA particles were carried out using a Malvern Zetasizer Nano—ZS,

(Malvern Instruments Ltd., UK) at 25 °C at a sample concentration of 0.3 mg/mL.

HNT and HNT-PDA nanohybrids in powder form were visualized with Zeiss LEO
Supra 35VP scanning electron microscope (SEM). Samples were coated with Au-Pd,

and images were taken at 6 kV using the secondary electron detector.

For the transmission electron microscopy (TEM) analysis, samples of HNT and HNT-
PDA nanohybrids in powder form were prepared on lacey carbon coated TEM grids.
TEM analysis was performed using JEOL JEM ARM200CF operated at 200 kV.

The absorbance spectra of aqueous dispersions of HNTs and HNT-PDA nanohybrids
prepared at 5 mg/mL concentration were recorded using Agilent Carry 5000 UV-VIS-
NIR Spectrophotometer in the spectral range of 300 to 1000 nm.

2.3.4 Photothermal properties of HNT-PDA nanohybrids
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The time-temperature profiles of HNTs and HNT-PDA nanohybrids with different
polydopamine contents were constructed under light irradiation by recording the
temperatures of the samples. The following light sources and light densities were
utilized: i) 808 nm laser module (STEMINC, SMM22808E1200) (Doral, FL USA) at
800 mW/cm? (light source was positioned 25 cm away from the sample), ii) near
infrared incandescent light bulb (Philips, 250 W Incandescent 230-250V BR125) at 330
mW/cm? (light source was positioned 5 cm away from the sample), iii) solar simulator
(Oriel, LCS-100) at 3 sun (300 mW/cm?) (light source was positioned 9 cm away from
the sample), iv) full spectrum LED grow lamp at 38 mW/cm? (light source was
positioned 7 cm away from the sample). 0.2 g HNT or HNT-PDA sample was placed
onto a Teflon holder under the light source and temperatures were recorded with a FLIR
E6xt thermal camera. For each time-temperature profile, average temperatures and

standard error values obtained from three different measurements were reported.

To investigate the photothermal stability and the reusability of HNT-PDA nanohybrids,
HNT-PDA (8 mymL) 24 h Samples were exposed to 5 consecutive cycles of laser on-off
treatments. Samples were exposed to laser light for 2 min, followed by turning off the
laser light to allow samples to cool down to room temperature. This cycle was repeated
5 times while the temperature of the sample was continuously recorded with a thermal

camera.

2.3.5 Light-activated antibacterial properties of HNT-PDA nanohybrids

S. aureus (ATCC 29213) cells were grown in 3 mL TSB growth medium at 37 °C for
24 h in a shaker incubator at 200 rpm. Grown cells were centrifuged, washed twice with
sterile Tris buffer (pH 7.5), and suspended in Tris buffer at a concentration of 10’
CFU/mL. Aqueous dispersions of HNT-PDA (g mgmL) 24 n and control HNTs were
prepared at 20 mg/mL followed by ultrasonication for 20 min at 50% amplitude with 5
s pulse on and 2 s pulse off in an ice bath to eliminate agglomerated particles. 100 uL of
the prepared bacterial suspension was added to the wells of a 96 well plate and mixed
with 100 pL of the nanohybrid dispersion to obtain test samples or with 100 uL of Tris
buffer to obtain control samples lacking the nanohybrids. 2 sets of samples (each

sample in triplicate) were prepared. While one set of samples were kept in dark, for the
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second set of samples each well was exposed to 808 nm laser light for 2 min and 5 min.
All bacterial suspensions (both the ones that were kept in dark and the ones that were
irradiated) were serially diluted and plated on TSB agar plates. After the plates were
incubated for 24 h at 37 °C, colony counts were performed, and viability was calculated

as logip CFU/mL.
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2.4 Result and Discussion

HNTs were imparted photothermal character by the formation of a polydopamine
coating on their surfaces. The oxidative polymerization of the dopamine monomer in
the presence of neat HNTs allowed the formation of a polydopamine coating on the
surface of HNTs (Figure 1a). Following the reaction, the white HNT powder turned into
a black-colored powder indicating the successful coating of HNTs with polydopamine

and the presence of HNT-PDA nanohybrids (Figure 1b).

a) b)

/ d Dopamine
/ pH 8.5,30 °C

Polydopamine coated
halloysite nanotube
(HNT-PDA)

Halloysite nanotube
(HNT)

Figure 1. a) Schematic representation of the synthesis of HNT-PDA nanohybrids, b)
visual appearance of HNT and HNT-PDA powders.
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Table 1. Reaction conditions for the preparation of HNT-PDA nanohybrids.

Dopami ne Ref_acti on

Sample name HNT type concentration time

(mg/mL) Q)
HNT-PDA ; \miy 1n neat 2 1
HNT-PDA ; 1oLy 6 h neat 2 6
HNT-PDA; .imL) 241 neat 2 24
hydroxy HNT-P DA gLy 24 h hydroxylated 2 24
HNT-PDA ; om) 241 neat 4 24
HNT-PDA g . oimL) 241 neat 8 24
hydroxy HNT-PDA g /miy 241 Nydroxylated 8 24

HNT-PDA nanohybrids were prepared at varying dopamine concentration, reaction
time and chemical nature of the HNT surface in order to understand whether the amount
of the polydopamine coating can be controlled with polydopamine functionalization
reaction conditions (Table 1). The polydopamine content of the HNT-PDA nanohybrids
was determined by TGA (Figure 2). HNT-PDA nanohybrids presented an additional
thermal decomposition starting at 250 °C, coinciding with the decomposition of PDA
particles synthesized by self-polymerization of dopamine as controls, which confirms
that HNTs were coated with polydopamine. Furthermore, different HNT-PDA
nanohybrids prepared at different reaction conditions presented different total weight
losses between 200 °C and 1000 °C indicating that they have different amounts of
polydopamine coating. The weight ratio of the polydopamine to HNT-PDA
nanohybrids were calculated as the difference between the total weight loss of HNT-
PDA nanohybrids and uncoated HNTSs, normalized by the weight loss of PDA particles
under the same conditions. As shown in Table 2, the polydopamine content on HNT-
PDA nanohybrids varied by the reaction conditions. At constant initial dopamine
concentration, the amount of the polydopamine coating on HNT-PDA nanohybrids
increased by increasing reaction time. Similarly, increasing the initial dopamine
concentration at constant reaction time resulted in larger amounts of polydopamine
coating on HNTSs. The surface chemistry of HNTs had also significantly affected the
yield of the dopamine polymerization. Alkaline treated HNTs (hydroxy HNTS) with
increased number of -OH groups on the outer surface were coated with a larger amount

of polydopamine relative to neat HNTs under the same reaction conditions. Apparently,
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the increased hydrophilic character of hydroxy HNTs facilitated the dopamine
polymerization on the HNT surface resulting in larger amount of polydopamine coating.
The highest amount of polydopamine coating was obtained when hydroxy HNTs were

reacted at 8 mg/mL dopamine concentration for 24 h.

100 =
90
80
HNT-PDAG mgimLy 1h
— HNT-PDAG mgmL)y 6 h
70 — HNT-PDA 5 gmiy 24 h
—hydroxy_HNT-PDA@ g/mi) 24 h
HNT-PDA 4 /L) 24 h
60 |- HNT-PDA@g mg/mL) 24 h

hydroxy_HNT- PDA(8 mg/mL) 24 h

Weight (%)

100 {=——eee,

80

60

= HNT
40 H ~— HNT-PDA@ mgmL)24h
PDA patrticles

T T T T T T T T
200 400 600 800 1000

Temperature (°C)

Figure 2. Thermogravimetric analysis of HNTs, HNT-PDA (g mg/mL) 24 n» Nanohybrids and
PDA particles, thermogravimetric analysis of HNT-PDA nanohybrids prepared at

different reaction conditions.
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Table 2. The polydopamine content of different HNT-PDA nanohybrids.

Polydopamine

Sample name coating
(Wt%)
HNT-PDA 2 mgmi 11 10.0
HNT-PDA 2 mgmi 61 145

HNT-PDAG mgmy24n  17.10

hydroxy_HNT-PDA zmgimi) 24 h 20
HNT-PDA4 mgimL) 24 h 19.2
HNT-PDA@g mgimL) 24h 26.8

hydroxy HNT-PDA gmg/mL) 24 1 33.9

HNT-PDA g mgimL) 24 h Nanohybrids were further investigated in terms of their chemical,
physical and optical properties. The presence of the polydopamine coating on HNTs
was evidenced by the appearance of new bands at 1613 cm™, 1494 cm™ and 1296 cm™
on the FTIR spectrum of HNT-PDA nanohybrids corresponding to the -NH bending,
aromatic C=C bending and C-N stretching vibrations, respectively (Figure 3a). DLS
analysis was performed on aqueous dispersions of HNT-PDA nanohybrids in order to
qualitatively compare their length distributions to those from neat uncoated HNTs and
control PDA particles (Figure 3b). The size distribution of HNTs at smaller
hydrodynamic diameter shifted to a size distribution at larger hydrodynamic diameters
indicating that HNT nanoparticles were modified with a polydopamine layer.
Furthermore, HNT-PDA (g mgimL) 24 h Nanohybrids presented a unimodal size distribution
that was completely different than the size distribution of control PDA particles, which
were prepared via self-polymerization of dopamine under the same reaction conditions.
This result demonstrated that the reaction of dopamine and HNTS resulted only in PDA

coated HNTs, and neat PDA particles were not obtained.

Whether the polydopamine coating imparted HNTs with the enhanced absorption
properties that are required for NIR light-activated photothermal conversion was
studied (Figure 3c). Compared to the neat HNTs, HNT-PDA nanohybrids presented a
significantly enhanced, broad absorbance in the UV-VIS-NIR region, potentially due to
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the m-m* transition of the benzenoid ring of the PDA backbone* indicating that they

can be utilized as NIR light-activated photothermal nanoparticles.

— HNT

HNT —— HNT-PDA

—— HNT-PDA
——PDA 3

% Transmittance
Intensity (%)
o
Absorbance
N

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 1000 300 400 500 600 700 800 900 1000

Wavenumber (cm™) Size (d.nm) Wavelength (nm)

Figure 3. a) FTIR spectra of HNTs and HNT-PDA g mg/mL) 22 n nanohybrids, b) DLS
analysis of HNTs, HNT-PDA g mgmi) 24 n nanohybrids and PDA particles, c)
Absorbance spectra of aqueous dispersion of HNTs and HNT-PDA (g mgmL) 24 n

nanohybrids.

The polydopamine coating on HNT-PDA nanohybrids was visualized with TEM
(Figure 4a). While HNTs preserved their hollow tubular nanostructure following the
reaction with dopamine, their smooth surface was shown to become textured indicating
the presence of a homogeneously coated polydopamine layer on their outer surface.
Furthermore, the hydrophilic polydopamine coating on the HNTs allowed a more
homogeneous, agglomeration-free dispersion of HNT-PDA nanohybrids relative to neat
HNTSs as seen in the SEM images (Figure 4b). A similar result demonstrating the effect
of the polydopamine coating on the dispersion stability of HNTs was reported before™”.
Electron microscopy images also confirmed that the dopamine was polymerized on the
surface of HNTs rather than self-polymerization, as individual polydopamine particles

were not observed.
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HNT

HNT-PDA

Figure 4. a) TEM, b) SEM images of HNT and HNT-PDA g mgimL) 24 » Nanohybrids.

The light-activated heating properties of HNT-PDA nanohybrids were studied by
monitoring their temperature under NIR laser light irradiation. Figure 5a demonstrates
thermal camera images of HNTs and HNT-PDA (g mgme) 24 » Nanohybrids that have been
irradiated with 808 nm laser light for 2 min. While HNT’s remained close to room
temperature, HNT-PDA nanohybrids in the powder form were heated to 224 °C in only
2 min laser light irradiation due to their photothermal character imparted by the
polydopamine coating. Time-temperature profiles of HNT-PDA nanohybrids containing
increasing amounts of polydopamine obtained under NIR irradiation are shown in
Figure 5b. While the temperature of neat HNTs and hydroxy HNTs without the
polydopamine functionalization stayed constant at room temperature when irradiated
with NIR laser light for 2 min, the temperature of HNT-PDA nanohybrids with different
polydopamine concentrations reached temperatures in the range of 180 °C to 250 °C
under the same conditions. The PDA coating turned HNTs into efficient light-to-heat
conversion agents, which present significant light-activated temperature elevations of
150-220 °C These NIR laser light-activated temperature elevations obtained from HNT-

PDA nanohybrids are comparable to or higher than those obtained from many other
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metal-based, carbon-based or organic molecule-based photothermal agents reported in
the literature®*®. The degree of light-activated temperature elevations in HNT-PDA
nanohybrids was shown to be related to the polydopamine content. As the
polydopamine weight ratio in nanohybrids increased, the maximum temperature the
nanohybrids can reach upon NIR laser light irradiation has increased. The temperature
of the hydroxy-HNT-PDA (g mgimwy24 » Nanohybrids, which had the highest polydopamine
content of 33.9 wt.%, has reached an average temperature of 250 °C following a 2 min
NIR laser light irradiation. Under the same laser light irradiation conditions neat PDA
particles, which were synthesized via self-polymerization of dopamine as controls
reached the same temperature as the hydroxy-HNT-PDA (g mgmiy22 n nanohybrid,
demonstrating that the polydopamine functionalization of HNTs have turned them into
photothermal clay nanotubes, that present the same photothermal conversion efficiency
as neat PDA particles. HNT-PDA nanohybrids were shown to be effective photothermal
agents, whose light-to-heat conversion properties and the degree of light-activated
temperature elevations can be easily tuned by controlling the amount of the
polydopamine content through reaction conditions.

a) b) 350 ] = HNT

—@— hydroxy_HNT
4 HNT-PDA (2 mg/mL) 1h

300 4 v HNT-PDA; ng/miy 6 h
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Figure 5. a) Thermal camera images of HNT and HNT-PDA (g mgimL) 24 n Nanohybrids in
powder form acquired after 2 min 808 nm laser light irradiation, b) Time-temperature
profiles of HNT and HNT-PDA nanohybrids with varying polydopamine content under

808 nm laser light irradiation.
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The reproducibility of the photothermal effect of HNT-PDA nanohybrids was studied.
HNT-PDA nanohybrids, which have been irradiated with laser light for 2 min were
allowed to cool to room temperature and re-exposed to laser light. The maximum
temperature HNT-PDA nanohybrids can reach upon multiple consecutive irradiation-
cooling cycles did not change and HNT-PDA nanohybrids reached the same
temperature they have reached in the first cycle by 2 min light activation even after 5
irradiation cycles (Figure 6). This result demonstrated that the HNT-PDA nanohybrids
presented a stable photothermal effect and can be re-used in applications where light-

activated temperature elevations need to be obtained multiple times.
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Figure 6. The time temperature profile of HNT-PDA (8 mgmi) 22 n nanohybrids
constructed under consecutive cycles of 2 min 808 nm laser light irradiation followed

by turning the laser light off.

To demonstrate the versatility of HNT-PDA nanohybrids as photothermal nanoparticles
in different applications, their photothermal activity under irradiation with different
light sources of different light densities was investigated. hydroxy HNT-PDA (g mg/mL) 24
n nanohybrids which were shown to have the highest polydopamine content were
exposed to different NIR light sources of different nature/different light densities and
the light-activated temperature elevations they present were evaluated (Figure 7). A

solar simulator, an infrared incandescent light bulb and a full spectrum LED lamp were
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used as light sources. When irradiated with sunlight at 3 sun light density HNT-PDA
nanohybrids were heated up to 105 °C in 15 min demonstrating that the HNT-PDA
nanohybrids were able to present efficient light-to-heat conversion with sunlight as well
and can be utilized in various sustainable sunlight-driven applications. A commercial
infrared incandescent light bulb was also able to activate the HNT-PDA nanohybrids to
generate heat. HNT-PDA nanohybrids were heated up to 102 °C in only 2 min
irradiation with the infrared light bulb. While significantly slower, irradiation with a full
spectrum LED lamp also led to a significant temperature elevation in HNT-PDA
nanohybrids where they were heated up to 50 °C in 1 h. The fact that HNT-PDA
nanohybrids have a broad absorption spectrum covering the visible and infrared region
due to the polydopamine functionalization makes these nanohybrids absorb light of
different wavelengths at different light densities and convert to heat to different extents.
Compared to irradiation with laser light, irradiation with a solar simulator, infrared light
bulb and a full spectrum LED lamp resulted in higher nonspecific heating of the control
HNTSs without the polydopamine modification, which can be explained by the broad
spectra of the light sources. Nevertheless, the fact that the photothermal effect of the
HNT-PDA nanohybrids is not limited to irradiation with laser light and can be activated
with many commercial and practical light sources with large illumination areas make

the HNT-PDA nanohybrids versatile photothermal agents.
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Figure 7. The time-temperature profiles of HNT and HNT-PDA (g mg/m) 24 » Nanohybrids
constructed under irradiation with a) sunlight, b) light from an infrared incandescent

light bulb, c) light from a full spectrum LED grow lamp.
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The utilization of photothermal HNT-PDA nanohybrids with light-to-heat conversion
properties in light-activated killing of bacteria was studied as one of the many potential
applications of these photothermal agents. Viability of S. aureus treated with HNT-
PDA  mgimL) 24 n Nanohybrids in aqueous suspension was evaluated before and after
irradiation with 808 nm laser light (Figure 8). In the presence of HNT-PDA
nanohybrids, S. aureus were killed by 1.8 log (98.4 %) with irradiation for 2 min,
whereas almost all bacteria were killed with a 6.3 log (>99.9999 %) reduction in
viability when irradiated for 5 min. Under the same conditions, S. aureus that were not
treated with HNT-PDA nanohybrids were not affected by the laser light irradiation and
stayed alive. Due to the light-activated heat generated by the HNT-PDA nanohybrids,
bacteria were exposed to temperatures which allow their hyperthermia related physical
destruction'®. These results have demonstrated that HNT-PDA nanohybrids can be
utilized for light-activated elimination of bacteria. Like other photothermal agents, as
they offer a heat-based physical bacterial killing mechanism, HNT-PDA nanohybrids
are expected to be effective against bacteria that have gained resistance to antibiotics
and also other pathogenic microorganisms that are sensitive to temperature elevations

such as viruses**.

10

B s.aureus

[ ]s.aureus + HNT-PDAg mg/mL) 24 h
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Figure 8. Viability of S. aureus treated with HNT-PDA (g mgimt) 24 n» under 0 min, 2 min
and 5 min irradiation with 808 nm laser light.
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2.5 Conclusions

Natural, versatile clay-based nanoparticles, HNTs were converted to -effective
photothermal agents by simply coating them with polydopamine. The relationship with
the polydopamine coating reaction conditions and the polydopamine content of
resulting HNT-PDA nanohybrids was determined which allows to control the degree of
the photothermal activity and the amount of the light-activated temperature elevations
obtained from these nanohybrids. HNT-PDA nanohybrids were shown to be activated
with infrared laser light and quickly heated to temperatures ranging from 180 °C to 250
°C in less than 2 min with a photothermal stability over multiple laser on-off cycles.
Other light sources with larger illumination areas were also shown to be useful to
elevate the temperature of HNT-PDA nanohybrids demonstrating their versatility in
different applications. As one of the many potential applications HNT-PDA
nanohybrids as light-activated nanoheaters, their ability to kill bacteria under laser light
irradiation was demonstrated. Temperature elevations caused by the remote heating of
HNT-PDA nanohybrids with light caused physical disruption of S. aureus cells. HNT-
PDA nanohybrids demonstrated in this work are the first examples of clay based
photothermal agents allowing utilization as non-toxic, natural, and cost-effective

nanoheaters.
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CHAPTER 3.APHOTOTHERMAL AGENT-BASED COATING FOR AIR
FILTERS AND THEIR ANTIBACTERIAL PROPERTIES

3.1 Abstract

Nowadays, air pollution poses a major problem for human health. The bioaerosols that
accumulate over time in air filters cause secondary contamination and diseases. For this
reason, natural clay-based photothermal agents with strong light-to-heat conversion
properties have been incorporated into commercial air filters to create photothermal air
filters that can kill retained bacteria when exposed to NIR irradiation. Clay-based
photothermal agents prepared by functionalization of HNTs with PDA were dispersed
by adding WPU and commercial HEPA filters were coated by spray method. Thanks to
the photothermal activity of the HNT-PDA nanohybrids on the filter surface with the
applied light, coated filters presented local temperature elevations. The temperature of
the HNT-PDA coated filter reached 60°C in 2 min irradiation from an infrared lamp. To
study the light-activated antibacterial properties of the HNT-PDA coated HEPA filter,
the viability of S. aureus on the coated filter surface was analyzed before and after NIR
irradiation. After 20 min of irradiation, the HNT-PDA coated HEPA filter showed 3.4
logs of killing activity. In addition, a S. aureus biofilm was formed on the coated filter
as a simulation of microorganisms accumulating on the filter surface with a CDC
bioreactor, and 2.2 log biofilm killing activity was observed after NIR irradiation for 35

min. The aerosol filtration performance of the filters was tested in the aerosol device
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with the organic, inorganic, and bioaerosol particles in the indoor air. The filtration
efficiency (1, %), quality factor (QF), and pressure of HNT-PDA coated HEPA filters
were calculated, and it was demonstrated that the coating nanohybrids did not
negatively affect the filtration properties. The light-activated HNT-PDA coated HEPA
filter was analyzed before and after NIR irradiation to analyze the killing activity of the
S. Aureus bioaerosol. After 20 min of irradiation, killing activity was observed in HNT-
PDA coated HEPA filter 5.5 log. A new approach to antibacterial filtration systems has
been realized by incorporating non-toxic, light-activated photothermal clay-based

nanohybrids into the commercial air filter.
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3.2 Introduction

In the last few years, the decline in indoor air quality has significantly reduced the
quality of life for many people. Hence, the impact of air pollution on health has begun
to raise concerns**. Research studies have reported that exposure to accumulated
airborne bacterial microorganisms and other particles causes various diseases such as
allergies, asthma, cardiovascular diseases, Legionnaire’s disease and sick building

syndrome 1474,

Especially in heating, cooling, and air conditioning systems,
microorganisms captured on air filters may grow on the air filter surface and their
rapid spread to the indoor environment constitutes an important source of secondary

microbial contamination*®.

In this view, numerous studies have focused on improving air quality via development
of air filters for bioaerosol removal™***. The most commonly used technique is the
mechanical filtration method which is based on simply capturing and retaining air
pollutant particles **°. There are different types of filters depending on the particle size
and area of use. The most common is the high efficiency particulate air filtration
(HEPA) media. HEPA filters have high efficiency, removing 99.95% of particles with a
diameter of 0.3 pum and larger with a pressure drop of 25-50 mmAq ***’. However,
there is no contribution to preventing accumulated microorganisms from causing

secondary contamination on the filter surface.

There are other air cleaner systems aiming to decrease bioaerosol related air pollution

based on adsorption, ozonation®®*®° ultraviolet germicidal irradiation®®,

162163 "and electrostatic precipitator with ionization'®. Although these

photocatalysis
technologies remove bioaerosol particles from the air, they may have a detrimental
impact on human health and the environment because of disadvantages such as
unhealthy UV irradiation and ozone, toxic and decomposition products, heavy

155,159,165

hazardous particles, and pollutant emission products Alternatively,
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antimicrobial agents have been incorporated into air filters for bioaerosol removal and

deactivation of retained microorganisms ***.

Metal nanoparticles and carbon nanotubes (CNTSs) as antibacterial agents have been
demonstrated to be incorporated into air filtration systems resulting in antibacterial air
filters, which allow elimination of microorganisms from the filter surface '°*°2166167,
But the fact that contact and exposure of nanoparticles causes health problems such as

153,166,168

skin irritation, mucosal inflammation and necrosis raises concerns on the use

of antibacterial air filters containing metal nanoparticles.

Alternatively, some plant extracts such as Melaleuca alternifolia (tea tree)'®,

Eucalyptus'”® and Sophora flavescens*™ have begun to be used promisingly as natural
antibacterial agents in in air filters'>*". It has been observed that an antimicrobial air
filter coated with tea tree oil has inactivated 99% of the bacterial aerosol while organic
antimicrobial agents are harmless to human health with their less toxic content
compared to inorganic materials™>". However, the satisfactory antibacterial properties

of plant extracts may decrease by external factors such as humidity and temperature *°°.

The ideal air filter medium to be used for bioaerosol removal should not only have
effective filtration properties, but also needs to be cost-effective, non-toxic, harmless
for human health, reusable, and most notably should be able to deactivate
microorganisms accumulated on the filter surface. In this study, commercial air filters
were coated with photothermal nanohybrids obtained by functionalizing natural
halloysite nanotubes (HNTs) with polydopamine (PDA) to develop light-activated
antibacterial air filters. The antibacterial properties of HNT-PDA photothermal
nanohybrids have been demonstrated in previous studies'’. Here, a novel antibacterial
air filter that physically inactivates microorganisms accumulated on the filter surface,
was obtained by coating commercial HEPA filters with HNT-PDA nanohybrids. HNT-
PDA nanohybrids were coated on the filter surface using the spray-coating method, and
bioaerosol filtration properties and the light-activated antibacterial activity of the

resulting air filters were presented.
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3.3 Experimental

3.3.1 Chemicals

HNTs were provided by Eczacibasi ESAN (Turkey). Dopamine (3-hydroxytyramine
hydrochloride) was purchased from Acros Organics Inc. Ultrapure Tris base (Tris-
(hydroxymethyl)- aminomethane) was purchased from MP Biomedicals, LLC. Triton X-
100 for analysis was purchased from Merck Company. Tryptic soy broth (TSB) and agar
powder were procured from Medimark (Italy). The model organic aerosol Bis(2-
ethylhexyl) sebacate > 97.0 % (GC) was obtained from Aldrich Chemistry, while the
model inorganic aerosol Sodium Chloride was obtained from Sigma Aldrich. Deionized
(DI) water was used in all experiments. Commercial HEPA-13 (H13) air filters were
provided by Fersan Vac Bag Industry. Anionic, aqueous polyurethane (WPU) dispersion
based on a polyester—polyol was kindly supplied by Punova R&D and Chemicals Inc.
(Turkey) with a 30 wt % solid content.

3.3.2 Preparation of the HNT-PDA nanohybrids

An aqueous dispersion of pure HNTs at a concentration of 10 mg/mL was prepared.
After the HNTs were dispersed in water by ultrasonication (QSonica, Q700, Newtown,
CT, USA) for 20 min with 5 s pulse on and 2 s pulse at 50% amplitude in an ice bath,
then dopamine was added to the HNT dispersion at a concentration of 8 mg/mL. The
pH was adjusted to 8.5 by adding Tris (Tris-(hydroxymethyl) aminomethane)) and the
dispersion was stirred vigorously for 24 h at room temperature. After the reaction, the
dispersion was centrifuged at 11,000 rpm and the pellet containing the HNT-PDA

nanohybrids was washed several times with deionized water to remove any residual
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Tris base and unreacted dopamine monomer. The resulting HNT-PDA nanohybrids

were dried at 70 °C for 24 hours."”.

3.3.3 Preparation of the WPU/HNT-PDA dispersion for spray-coating

To prevent agglomeration and precipitation of the HNT-PDA nanohybrids, an aqueous
dispersion of HNT-PDA in 5% Triton X-100 at a concentration of 0.16 g/mL was
prepared. The dispersion was ultrasonicated (QSonica, Q700, Newtown, CT, USA) for
20 min at 50% amplitude with 5 s pulse on and 2 s pulse off in an ice bath. Then, the
WPU dispersion (30 wt % solids) was added to the HNT-PDA dispersion resulting in a
HNT-PDA concentration of 0.05 g/mL.

3.3.4 Spray-coating of the HEPA filter

The airbrush for spray coating (Magicbrush Airbrush Kit Ab-101a) was set up in a
chemical hood by adjusting the air pressure to 15-35 psi. Prepared HNT-PDA
dispersion was placed in the chamber of the airbrush and sprayed onto the HEPA filter
by hand. The spray-coated filter was dried at room temperature.

3.3.5 Characterization of the HNT-PDA coated HEPA filters

The amount of HNT-PDA on the coated HEPA filter was determined by
Thermogravimetric Analysis (TGA) (Shimadzu Corp. DTG-60H (TGA/DTA)). Under
nitrogen flow, samples were heated to 1000 °C at a rate of 10 °C/min. The weight
percent of the HNT-PDA nanohybrids on each coated HEPA filter was calculated by
finding the difference in total weight loss of neat HEPA 13 filter and HNT-PDA
nanohybrids from 200 °C to 1000 °C and normalizing this difference by the remaining
weight of the HNT-PDA nanohybrids under the same conditions. To determine the
stability of the HNT-PDA coated filters isothermal TGA was applied by keeping the
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samples at 180°C for 1 h under nitrogen flow and monitoring the weight loss due to any

potential decomposition.

HNT-PDA coated HEPA filters were visualized with Zeiss LEO Supra 35VP scanning
electron microscope (SEM). Samples were coated with Au-Pd, and images were taken

at 6 kV using the secondary electron detector.

3.3.6 Photothermal properties of HNT-PDA nanohybrids

Time-temperature profiles of the HNT-PDA coated HEPA filters were constructed
under NIR irradiation from a 100W Infrared UVA+UVB3 Full Spectrum Animal &
Plant Growth light source (General Electric) was used with a light intensity of 100
mW/cm? and from a 808 nm laser module (STEMINC, SMM22808E1200) (Doral, FL
USA) at 800 mW/cm? light density by recording the temperature of the samples with a
FLIR E6xt thermal camera. For each time-temperature profile, coated and neat filters
were exposed to NIR light for 2 min and their measurements were taken with thermal
camera temperatures were recorded. Mean temperature and standard error values of

three different measurements were reported.

To determine the stability of the HNT-PDA surface coating on the filters, time-
temperature profiles of the coated samples under NIR irradiation were constructed
before and after washing in water. Samples that were dipped in water for 2 min and
dried were irradiated with NIR light and temperatures were monitored with the thermal

camera.

To determine the stability of the HNT-PDA surface coating on the filters, time-
temperature profiles of the coated samples under NIR irradiation were constructed
before and after exposing the filters to air flow. Samples that were exposed to air flow
from a pressurized airline 15 psi for 30 min were irradiated with NIR light and

temperatures were monitored with the thermal camera.

34



3.3.7 Light-activated antibacterial properties of the HNT-PDA coated filters

S. aureus (ATCC 29213) cells were grown in 3 mL of TSB growth medium at 37 °C for
24 h in a shaker incubator at 200 rpm. After centrifugation, the growing cells were
washed twice with sterile Tris buffer (pH 7.5) and suspended in Tris buffer at a
concentration of 10’ CFU/mL. 200 pL of the prepared bacterial suspension was
dropped onto 1 cm x 1.5 cm HNT-PDA coated and neat filters. For each filter two
sample sets were prepared while one sample set was kept in the dark, the second sample
set (each sample in triplicate) was exposed to 100 mW/cm? (General Electric 100W
Infrared UVA+UVB3 Full Spectrum Animal & Plant Growth Light) for 10 and 20 min.
Following the NIR irradiation each sample was added into 400 puL of Tris buffer and
vortexed to transfer all bacteria into the buffer. All bacterial suspensions (both the ones
that were irradiated and the ones that were kept in dark) were serially diluted and plated
on TSB agar plates. Plates were incubated at 37 °C for 24 h and viability was calculated

as logip CFU/mL by counting colonies.

3.3.8 Antibiofilm properties of the HNT-PDA coated HEPA filters

The CDC bioreactor (Biosurfce Technologies, CBR 90 Standard) was used to grow S.
aureus (ATCC 29213) biofilms on the HNT-PDA coated and neat HEPA filter surfaces
for 48 hours. S. aureus cells were grown in 3 mL of TSB growth medium at 37 °C in a
shaker incubator at 200 rpm for 24 h. TSB growth medium was prepared in two
different concentrations; 350 ml batch phase (30 g/L) and 20 L continuous phase (1.5
g/L). After the CDC reactor and prepared TSB media were autoclaved, 2 cm x 2 cm
coated, and neat filters were mounted in the coupon holders inside the CDC reactor in a
sterile hood. 350 mL batch phase was transferred into the reactor in the sterilization
environment using a burner flame and the reactor outlet line was clamped. S. aureus
cells at a concentration of 108 CFU/mL were inoculated into the reactor. The completed
assembly was incubated at 37 °C for 24 hours with stirring (120 rpm). After this batch
phase growth, the effluent line was opened, and the reactor medium was constantly
renewed at 11.70 mL/min 12.54 rpm for 24h. The samples were aseptically removed

from the reactor and placed on a Teflon plate. The set of the coated and neat filter
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samples (each sample in triplicate) were prepared. While one set of samples were kept
in the dark, the second set of samples were exposed to NIR light (Infrared UVA+UVB3
Full Spectrum Animal & Plant Growth Light (100 mW/cm?) for 35 min. All samples
were transferred into 10 mL Tris base. Bacterial suspensions were serially diluted and
plated on TSB agar plates. The plates were incubated for 24 h at 37 °C, colonies were

counted, and viability was calculated as logig CFU/mL.

For imaging, the biofilms on the filters were fixed with 1.5 mL glutaraldehyde (2.5%).
After 2 h, the samples were washed with Tris base and kept in ethanol solutions of 30,
50, 70, and 100 % for 5 min. The samples were transferred to a petri dish and left to dry
at room temperature. Then, the biofilm on the filter surface was visualized with Zeiss

LEO Supra 35VP scanning electron microscope (SEM).

3.3.9 Bioaerosol removal and deactivation properties of HNT-PDA coated HEPA
filters

Following to the exposure of the air filters to 50 min of S. aureus aerosol flow in the air
filter test system, filters were aseptically removed from the test module and irradiated
with NIR light for 20 min. Bioaerosol particles retained on the surface of all filter
samples (before and after irradiation) were transferred to 20 mL Tris buffer and
vortexed vigorously. Bacterial suspensions were serially diluted, and bacteria plated on
TSB agar plates were incubated at 37 °C for 24 h. Colony counts were made, and

viability was calculated as log;o CFU/mL.

3.3.10 Air filtration performance of the HNT-PDA coated HEPA filters

The air filtration performance of the HNT-PDA coated HEPA filters were determined
by using aerosols of neutralized charged monodisperse solid NaCl (0.5 g/mL), DEHS in
ethanol (solvent) (1 g/mL) and S. aureus cells in Tris buffer (10® CFU/mL) were used
as models for inorganic, organic and bioaerosols, respectively. The custom-made

filtration test system included an aerosol generator (TSI, Six-Jet Atomizer 9306)
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connected to pressured air line (Fairchild, 30252 Model 30 Precision Regulator), a
diffusion dryer (TSI, Diffusion Dryer 3062-NC) an optical sizer (TSI, Optical Particle
Sizer (OPS) 3330), a differential pressure gauge, a laminar flow meter and a stainless

steel filter module (Hata! Basvuru kaynag bulunamada.).

OPS
NIR
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Laminar

Diffusion
dryer ’ flowmeter . l A0

aerosol
generator
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module
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compressed
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Figure 9. Filtration test system

Aerosols were generated at an airflow of 0.5 L/min and 0.02 m/s velocity for 50 min.
While the pressure drop was recorded with the manometers at the inlet and outlet of the
filter system, the particle numbers were measured with the particle sizer. The quality
factor (QF) was calculated and tabulated by measuring the filtration efficiency (y, %)

and the pressure drop with Eq.1

n(%) =1— g“—f Eq. 1
-1\ _ —ln(1—1]
QF(Pa™") = — — Eq. 2
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3.4 Result and Discussion

To obtain photothermal air filters, which can kill captured bacteria upon NIR
irradiation, natural clay-based photothermal agents with strong light-to-heat conversion
properties were incorporated into commercial air filters. Clay-based photothermal
agents were prepared by functionalizing HNTs with PDA,*" resulting in HNT-PDA
nanohybrids with excellent light-activated heating properties. To obtain an optimal
coating dispersion, that allows homogeneous coating of HNT-PDA nanohybrids on the
air filter with minimal agglomerations, HNT-PDA nanohybrids were dispersed in
aqueous solutions containing varying amounts of a surfactant. Furthermore, to obtain a
stable coating on the air filter, that is not removed by washing or airflow, the coating
dispersion also contained waterborne polyurethane (WPU) that was expected to act as
an adhesive that fixes the HNT-PDA nanohybrids on the filter surface. Variations of
HNT-PDA, surfactant and WPU concentrations, that were used in the coating
dispersion were presented in Table 3. The commercial HEPA filter was spray-coated
with the coating dispersion prepared using an airbrush and air dried (Figure 10a). The
color of the spray-coated filter surface changed from white to black, demonstrated that
the black-colored HNT-PDA nanohybrids were homogeneously coated on the filter

surface (Figure 10b).

Table 3. Content of the coating dispersions
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Sample HNT-PDA wpPU Triton

(9/mL) (g/mL) (viv)
1 3
2 01 i 5
3 3

0.16 -
4 5
5 0.001
6 0.16 0.02 9
7 0.05
b)
-

Figure 10. (a) Spray-coating of the HEPA filter with HNT-PDA nanohybrids, (b) visual
appearance of neat and HNT-PDA coated HEPA filters.

Light-activated heating properties of the HNT-PDA coated HEPA filters were studied
under irradiation from a NIR incandescent bulb to understand whether the coated filters
can be heated to temperatures that suffice the physical killing of the surface-attached
bacteria (Figure 11). While neat HEPA filters did not heat up under 2 min NIR
irradiation, filters coated with HNT-PDA dispersions at a concentration of 0.1, 0.16
g/mL presented temperature elevations of 20 to 30 °C. This result demonstrated that the
HN-PDA coating on the filter has imparted the HEPA filter with photothermal
properties. The concentration of the surfactant or the WPU in the coating dispersion
was demonstrated not to effect the light-to-heat conversion properties of the coated
filters.
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Figure 11. (a) Time-temperature profiles of neat and HNT-PDA coated HEPA filters
with varying surfactant and HNT-PDA concentrations under NIR irradiation at 100
mW/cm? light density. (b) Time-temperature profiles HEPA filters coated with
dispersions containing varying WPU concentrations under NIR irradiation at 100

mW/cm?.

HNT-PDA coated HEPA filters were visualized by SEM (Figure 12a). The images have
shown that the fibers in the control neat filter have a reticulated structure, and when
successfully coated with photothermal HNT-PDA nanohybrids, its structure became
relatively rough but did not deform. To analyze the amount of HNT-PDA nanohybrids
present on the filter surface, neat and coated HEPA filters were tested with TGA. The
difference in weight loss of both samples between 200 and 1000 °C demonstrated that
the coated filter contained 27.56 wt % HNT-PDA nanohybrids (Figure 12b). Isothermal
TGA (Figure 12c) of the HNT-PDA coated filters allowed to understand whether the
temperature increases due to the HN-PDA photothermal agents included in the filters
would cause any decomposition of the filter. The weight of the coated air filters
remained constant at 180 °C for 1 hour, demonstrating that there was no decomposition

in the structure of the filter at high temperatures.
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Figure 12. (a) SEM images of neat and HNT-PDA coated HEPA filters, (b) TGA of
neat and HNT-PDA coated HEPA filters, (c)lsothermal TGA of HNT-PDA coated
HEPA filter.

The light-activated heating properties of the HNT-PDA coated filters were also
investigated under NIR laser light irradiation. Figure 13 shows the time-temperature
graphs of the neat HEPA filter and the HNT-PDA coated HEPA filter irradiated with
808 nm laser light for 2 min. While there was no temperature increase in the uncoated
control filter, the coated HEPA filters were heated to 173°C by laser irradiation for 2
min because of their photothermal properties. This result demonstrated that with
irradiation from different light sources at different light densities, different light-
activated temperature elevations can be obtained, which would allow utilization of these

coatings for different applications requiring different temperature elevations.
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Figure 13. The time-temperature profiles of neat and HNT-PDA coated HEPA filters

under irradiation with a 808 nm laser module at 800 mW/cm? light density.

The resistance of the HNT-PDA coated filters to environmental factors was analyzed.
As shown in Figure 14, the photothermal profiles of the coated filters were obtained
before/after the filters were rinsed with water and before/after the filters were exposed
to air flow to determine whether the photothermal coating remained on the filter under
these conditions. The effective temperature increase of the HNT-PDA coated filter
under laser light irradiation was monitored for 2 min. The measurement was repeated
under the same conditions after the coated filter was rinsed and dried (Figure 14a). The
fact that the same temperature elevations were obtained after the rinse showed that the
nanohybrids on the filter surface did not break off after rinsing and adhered to the filter
surface perfectly. Similarly, after 30 min exposure to nitrogen gas flow, the same
temperature elevations as the untreated filter was obtained (Figure 14b) demonstrating

that the HNT-PDA nanohybrids and their photothermal properties remained stable.
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Figure 14. Time-temperature profiles of the HNT-PDA coated HEPA filter before and

after a) rinsing with water b) exposure nitrogen flow for 30 min.

To study the light-activated antibacterial properties of the HNT-PDA coated HEPA
filters, the viability of S. aureus on the surface of these filters was evaluated before and
after NIR irradiation for 10 and 20 min (Figure 15). When the HNT-PDA coated HEPA
filters were irradiated for 10 min, a 0.5 log decrease was observed in the viability of S.
aureus, while a 3.4 log decrease in the viability of the bacteria was observed when
irradiated for 20 min. Under the same conditions, control filters without photothermal
nanohybrids were not affected by NIR lamp irradiation, and there was no change in S.
aureus viability. The results showed that commercial air filters coated with
photothermal nanohybrids physically killed bacteria by light and the HNT-PDA coating

converted commercial HEPA filters to light-activated antibacterial air filters.
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Figure 15. Viability of S. aureus dropped on neat, and HNT-PDA coated filters treated
with NIR light for 0, 10, and 20 min.

The coating of photothermal nanohybrids with light-activated properties on
commercial air filters provided an effective solution for eradicating biofilms as well.
Dynamic S. aureus biofilms were established on the surface of filters (neat and HNT-
PDA coated HEPA filters) by using a CDC bioreactor and visualized with SEM images.
(Figure 16a). The number of viable cells in the biofilm was determined before and after
35 min NIR irradiation. In HNT-PDA coated filters a 2.2 log reduction in the number of
viable cells was observed after the NIR lamp irradiation (Figure 16b). For neat filters
without nanohybrids, the viability of S. aureus biofilm after light irradiation under the
same condition did not change. Hence, an important solution has been provided to a
problem in the field of air filtration, which is that accumulated microorganisms retain
on the filter surface and form biofilms. The photothermal HNT-PDA coating imparted

light-activated antibiofilm properties to air commercial air filters.
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Figure 16. (a) SEM images of biofilm on the filter surface (b) Viability of S. aureus
biofilm established on neat and HNT-PDA coated HEPA filters after 0 and 35 min NIR

irradiation.

The effect of the HNT-PDA coating on the filtration performance of a commercial
HEPA filter was studied by using a custom-made air filtration test system (Table 4).
Aerosols of NaCl, DEHS and S. aureus were generated with an aerosol generator as
model inorganic, organic and bio aerosols, respectively. The filters were exposed to
aerosol flow at 0.5 L/min flow rate for 50 min, and the filtration efficiency (1, %) was
calculated by measuring the inlet and outlet particle numbers with an OPS. In addition,
the upstream and downstream pressure difference (AP) was measured, and the quality
factor (QF) was calculated. For the organic and inorganic aerosol, the pressure
difference of the coated HEPA filter samples is 60 Pa, and the quality factors are
calculated as 0.11 Pa™, showing the same value as the neat HEPA filter. The HNT-PDA
coating did not have a negative impact of the permeability of the filter. The filtration
efficiency of coated HEPA filters was above 99.90% for organic and inorganic aerosol
particles and when compared to neat filters a decrease in filtration efficiency was not
observed. Furthermore, when the filters were tested with S. aureus bioaerosol, the
pressure difference remained constant at 60 Pa and the filtration efficiency was 99.99%.
Based on these values, the quality factor of the coated HEPA filter was 0.12 Pa™. As a

result, it can be concluded that the filtration performance of the commercial air filters
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was not negatively affected by the HNT-PDA coating and the prepared light-activated
antibacterial/antibiofilm air filters presented excellent filtration performance.

Table 4. Filtration performance of neat and HNT-PDA coated HEPA filters.

Concentration Concentration AP QF
Sample name down stream up stream n ;
a (Pa-1)
(#/cm?) (#/cm?) (%) (Fa)
.l'narganic Aerosol HNT-PDA Coated Filter 2646 2114 999204 60 01
(Nacl)

Neat Filter 3322 1.340 99.9596 50 omn

Orgam'c Aerosol HNT-PDA Coated Filter 4337 4,276 99.9013 60 0N
(DEHS) )

Neat Filter 4576 3,521 99.9014 60 0

Bacterial Aerosol | INT-PDA Coated Filter 4129 0,322 999922 60 012

(S. Aureus)
Neat Filter 3402 0,748 99.9780 60 0.12

Whether the bacteria retained on the HNT-PDA coated filters following S. aureus
aerosol flow can be killed by light activation was studied. After the HNT-PDA coated
filters were exposed to S. aureus flow for 50 min, filters were removed from the test
module and irradiated with the NIR light with 100 mW/cm? light density for 20 min. It
was observed that the HNT-PDA coated HEPA filters killed almost all of the 10° S.
aureus bacteria retained on the filter via light-activated heating (Figure 17). Under the
same conditions approximately 10° S. aureus cells retained on the neat HEPA filters

remained alive after light irradiation, as there was no change in the number of cells.

0

I 1eat Filter

7 ] HNT-PDA Coated Filter

Mumber of cells {log,.)

0 min 20 min

Irradiation Time

Figure 17. Viability of S. aureus cells retained on the neat and HNT-PDA coated HEPA

filters before and after 20 min NIR irradiation.
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3.5 Conclusions

Photothermal HNT-PDA nanohybrids were successfully coated onto commercial HEPA
filters via spray-coating resulting in light-activated antibacterial air filters. Strong
photothermal effect, uniformity and stability was achieved by optimizing the
concentration of the HNT-PDA nanohybrids, surfactant and WPU in the coating
dispersion. HNT-PDA coated HEPA filters were demonstrated to heat up to 60 °C and
173 °C upon 2 min irradiation with a NIR laser and c, respectively. The light-activated
temperature elevations of the coating applied to HEPA filters has provided a solution to
indoor air pollution that adversely affects human health by microorganisms remaining
and growing on the filter surface. The coated HEPA filters were activated with an 808
nm laser module for 20 min, and it was observed that the bacteria in contact with the
filters were killed with a reduction of 3.4 log. In addition, the eradication of biofilm
accumulated in the HNT-PDA coated filters by light was investigated by forming a
dynamic S. aureus biofilm on the filter surface. The temperature elevations of the filters
upon 35 min NIR irradiation removed the biofilm with a 2.2 log reduction in the
number of viable bacteria. The HNT-PDA coated filters were shown to present similar
aerosol filtration performance as the neat filters demonstrating that the coating did not
adversely affect the filtration performance. Following a S. aureus bioaerosol, all of the
bacteria retained on the filter were killed by NIR irradiation. In this study, antibacterial
air filters that improve indoor air quality have been obtained via a new approach by
integrating the excellent photothermal properties of the non-toxic, natural, and cost-

effective HNT-PDA nanohybrids into commercial air filter.
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