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ABSTRAKT

Kéesoleva rakendusuurimusliku teadust66 autor on Kiiiinal, S., pealkiri on ,,Hdbenanoosakeste
antibakteriaalsete ning seenevastaste omaduste rakendatavus pohuehituses” ning sellega
taotletakse tehnikateaduste magistrikraadi. Magistritoo on kirjutatud Tartus, 2014, koosneb
kahest koitest, 69 lehekiiljest, 3 tabelist, 25 joonisest, 148 viitest ning on koostatud inglise

keeles. Kédesolev magistritdo on iihes kdites.

Kéesoleva magistrito6 eesmirgiks oli uurida hdbenanoosakeste antibakteriaalset ning
seenevastast moju pohust valmistatud Okoloogilistel ehitusplokkidel. Selleks viidi 1dbi

jargnevad etapid:

1. Koostati kirjanduse iilevaade Okoehituse vajadusest ning oOkoloogiliste
ehitusmaterjalidega seotud probleemidest. Teostati pdhjalik  uurimust6o
hdbenanoosakeste omaduste ning rakenduste kohta.

2. Viidi ldbi hdobenanoosakeste siintees.

3. Siinteesitud hdbenanoosakesed identifitseeriti ning karakteriseeriti nende
parameetrid.

4. Eelkatse tarvis kasvatati laboritingimustes pohust parinevate mikroorganismide
kolooniad.

5. Valmistati erineva kontsentratsiooniga hdbenanoosakeste lahused kasutades
eelnevalt teada saadud parameetreid.

6. Eelkatse kéigus Kkatsetati erinevaid kontsentratsioone kahekiimne erineva
mikroorganismi peal.

7. Eelkatsest tulenev efektiivseim hdbenanoosakeste lahuse kontsentratsioon valiti
vilja katsetuseks pohust katsekehadel.

8. Analiiiisiti saadud tulemusi ning arutleti meetodi tulususe ning ohutuse iile.

Magistritod esimene pool koosneb kirjanduse iilevaatest, milles sisalduvad teemad
Okoehituse vajadustest, voOimalikest probleemidest ©koloogiliste ehitusmaterjalidega,

nanorevolutsioonist, hGbenanoosakeste rakendustest erinevates valdkondades ning sellega



kaasnevatest vOimalikest ohtudest. Lisaks keskenduti hdbenanoosakeste

loodussobralikematele siinteesi meetoditele ning utiliseerimisvdimalustele.

Tulenevalt t66 eesmargist oli tarvis siinteesida kitsa suurusjaotusega hdbenanoosakesed.
Siinteesitud hdbenanoosakesi analiiiisiti koostods Oslo Ulikooliga kasutades TGA, XRD
meetodeid ning kdrge resolutsiooniga transmission-elektronmikroskoopi. Leiti, et siinteesi
tulemiks olid kerakujulised hdbenanoosakesed keskmise 1abimddduga kolm nanomeetrit.
Sellest tulenevalt vdis ette valmistada erinevate hdbenanoosakeste kontsentratsiooniga

lahuseid, kasutades erinevaid lahusteid (destilleeritud vesi, etanool, metanool).

Esmane katse hdlmas erinevate kontsentratsioonide katsetamist juba varem pdhust vélja
kiilvatud mikro-organismidel. Mbojutatud said pigem bakterid kui seened, kuna
tavaolukorras tagab seenorganismide  Kitiinist rakukest suurema vastupidavuse
vilispidistele mdjutustele. Eelkatse tulemused nditasid suurimat efektiivsust 1 pM/dm®
kontsentratsiooniga lahusel, sellest tingituna valiti vastav kontsentratsioon antibakteriaalse
ja seenevastase toime testimiseks pdhuplokkidel. Testimiseks valmistati rukkikortest kolm
katsekeha. Esimene leotati kraanivees, teine immutati liitri puhta etanooliga ning kolmas
liitri etanooli 1 pM/dm® hobenanoosakeste lahusega. Alkohol lasti dra auruda ning
katsekehad asetati vilitingimustesse, hoitud otsesest péiksevalgusest ning sademete eest

kaitstuna.

Mikroorganismidel lasti areneda 14 pdeva ning seejdrel tehti otsekiilv Petri tasside
sootmetele. Pirast nelja pdeva arengut 20°C temperatuuri all inkubaatoris, identifitseeriti

mikro-organismide kolooniad kdigil kolmel juhul ning vorreldi tulemusi.

Katse tulemused niitasid hobenanoosakeste 100%-list tGhusust seenorganismide vastu.
Siiski ei suutnud hdbenanoosakeste 1 ],LM/dm3 etanooli lahus mojuda pdhus
koloniseerivatele bakteritele. Antud lahuse kehva antibakteriaalset toimet voib seletada
sellega, et stressiolukorras, mida looduslik keskkond suure konkurentsi tottu on,
aktiveerivad bakterid kaitsva limakihi. Tekitatud limakihist ei suutnud jarelikult antud
kontsentratsioonis hobenanoosakesed end ldbi suruda. Eelkatse kdigus Petri tassidele
isoleeritud bakteritel ei olnud konkureerivaid mikroorganismide kolooniaid, seetottu

kaitsemehhanisme ei rakendatud ja bakterid olid hdbenanoosakeste vastu haavatavamad.



Uhe versioonina vdib pdhukatsest ilmnenud hdbenanoosakeste suurt tdhusust seente vastu
selgitada faktiga, et seentel ei ole vdoimet end limakapsliga kaitsta. Katsetassis jdi toime
ndrgemaks, kuna seentel ei olnud liikidevahelisest konkurentsist tulenevat stressi ning
kaitsevoime ei olnud ilmselt héiritud. Samas agressiivses keskkonnas toidu file
konkureerides sai ilmselt hobenanoosakeste etanooli lahus otsustavaks teguriks, mis 1dpuks

seente kolooniad hévitas.

Tulenevalt katsest voib viita, et t66 kdigus siinteesitud hobenanoosakestel on téhusad
seenevastased omadused ning need sobivad rakendamiseks pdhuplokkides. Turul olevate
mitmete hallitusvastaste vahenditega vorreldes on hobenanoosakeste {ihe mikromoolise
lahuse tootmine tulus. Korvalproduktina toodetakse siinteesi kdigus ammoniaaki, mis
védrtusliku gaasina leiab enamikes laborites kasutust ja muudab antud siinteesi veelgi
kasumlikumaks. Voimalikku ohtlikku keskkonnamoju saab véltida oma aja dra elanud
hoone korrektse kditlemisega, kui lammutustodde kédigus eraldatud pdhk tuhastatakse ning
hdbenanoosakesed tuhast eraldatakse ning taaskasutatakse. Koostdds Tartu Ulikooli
Biomeedikumiga leiti esimeste katsetuste pdhjal ka kinnitust antud t66 kéigus siinteesitud
hdbenanoosakeste ohutusele, kui testiti 500 nM/dm® kontsentratiooniga lahust inimese

embiuronaalsetel neerurakkudel.

Antud magistritoost voib kokkvotteks jareldada, et hobenanoosakeste ithe mikromooline
lahus on sobilik seenevastaseks kasutuseks pohuplokkides. Siiski on tarvis edasisi
uuringuid, et leida sobiv hobenanoosakeste kontsentratsioon, mis mdjuks ka pohuplokkides
koloniseerivatele bakteritele. Samuti tuleks votta kordusproove katsete kaigus uuritud
pohuplokkidelt, et hinnata hdbenanoosakeste pikaajalist mdju. Kindlasti peaks jidtkuma

paralleelselt toksilisuse kontrollimine erinevatel kontsentratsioonidel.

Mairksdnad: hdbenanoosakesed, sool-geel-meetod, 6koloogilised ehitusmaterjalid, pdhuehitus,

antibakteriaalsed omadused, seenevastased omadused.
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INTRODUCTION

Nanotechnology consists of the chemical, physical, biological and engineering sciences at
the level of single atoms and molecules. Scope of nanotechnology research has grown over
twenty years extensively and the need for nanomaterials will increase as miniaturization
becomes more essential in various technological fields. The described tendency is
illustrated by fact that national funding in the worldwide annual total public and private
sector funding for nanotechnologies is about $13-14 billion [1]. For example, the United
States of America (USA), with its $2 billion per year, the funding is second to only the

space program investments [2, 3].

Global production of inorganic nanoparticles has increased exponentially. At the
nanoscale, materials present new properties that can be used in a broad range of
applications. Health sector and life sciences account for 18% of applications and 12% of
all applications are formed by chemicals. In addition to latter two, the energy,
communication and information technologies, transportation, and environmental
applications, account for approximately 8-9% each. Finally construction, household
products, defence and security, aerospace industry, personal care, food industry and
textiles represent 1-6% of all applications [4]. Furthermore, it is estimated that by current
year the proportion of products on the global market that have some kind of

nanotechnology incorporated into their manufacturing process exceeds 15% mark [5].

Since nanotechnology growth is global trend, it will resolve many current and future
obstacles, also in civil engineering and construction field. Construction field has always
been, is now and probably will be essential part of technology research and development.
The estimated earth’s energy consumption of the building industry reaches up to 40%.
Preceding segment includes operations from material extraction to building construction.
For example, North America is known to be major world energy consumer and one third of
its energy usage goes for housing [6]. Thus more energy efficient building technologies
should be preferred and looked for. One option to make present field more sustainable is to

concentrate on ecological building materials.



Although modern world appears to have distanced itself from “green” building materials,
still about two-thirds of the world population lives in the buildings, which are constructed
with non-industrial materials such as bamboo or earth [7]. If ecological materials are
chosen to construct, it has the potential to reduce construction life cycle energy use and
therefore the environmental impact of the building. Sustainable construction materials are
for example straw bale, earth and clay and so forth [8]. For example straw is waste
product, which decomposes poorly and its use avoids burning in the field or disposal in
landfills. One the one hand advantages are its high sound and thermal insulation properties
and being inexpensive locally sourced material. On the other hand the environment in the
ecological materials is often suitable for many living organisms and possibility of mould
development and presence of other vermin such as insects in the walls is probable [7].
Microorganism proliferation may bring inconvenience and discomfort causing many

diseases [9].

Therefore straw should be treated with agents, which limit the spreading of harmful
organisms. However if ecological material is treated with some kind of chemical, the
environmental gain could be diminished. Furthermore chemicals tend to degrade or modify
over time. Compared with other metal nanoparticles, silver exhibits higher toxicity to
microorganisms while it exhibits lower toxicity to mammalian cells [10]. Therefore silver
nanoparticles as antibacterial and antifungal agents could be used to solve this matter

appropriately.

The structure of the present thesis consists firstly of literature overview about sustainable
building materials and silver nanoparticles. For information gathering the search from the
different databases was conducted. To our knowledge this is a novel approach for
application of silver nanoparticles, which is presented in current thesis and no similar
research has been made. Secondly experimental part is presented, where silver
nanoparticles synthesis, microorganism cultivation, tests methodology is described.
Thirdly the results are analysed and present findings are compared with previous work in

discussion part.

Following investigations will estimate the possibility of using silver nanoparticles as an
antimicrobial and antifungal treatment for straw block implemented in green housing

construction, instead of conventional available chemical treatments.
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1. LITERATURE OVERVIEW

1.1 Sustainable construction

To reduce the proportion of construction field energy consumption, several steps can be set
up towards it. One possible approach of the problem is focusing on sustainable building
materials. By definition the sustainable building material is harvested, produced or
manipulated to be a usable building with a way that has no negative impact on future

generations during the material’s life cycle and disposal [6].

“Green buildings” consist of these sustainable materials such as straw bale, cob, adobe,
rammed earth, compressed earth block. The material choice should be based on the
location of intended building. Material should be in the vicinity of construction and readily
available. For example straw is basically a waste material from grain harvest and earthen

construction takes material from available soils near the building [6].

During the harvest of various cereal (e.g. rye, wheat, barley, or rice), the heads of the grain
are harvested, and the remaining stalks are left in the field to dry. Straw can be used for
different agricultural and insulation uses, such as winter protection and livestock bedding.
Usually there is an excess of straw. Straw as a waste product is mostly burned or cleaned
from the field and utilized. Even though straw is a waste problem with its slow
decomposition properties, the poor degradation in nature [11, 12] generates other
opportunities, such as an option for being used as sustainable building material. The origin
of straw bale construction is linked with Nebraska area in the USA in the late 1800’s [8]
and nowadays it is becoming once again popular. Dry cereal grain stalks are collected and
made into compressed bales, which can be applied for construction as building blocks.
This can reduce ecological impact, because only in China 90 million tons of straw is
annually produced of which large amount is burned in the fields thereby inducing air

pollution and participating to the global warming [12].

Straw is similar to wood in terms of structure. Likewise, it is considered as a natural

composite consisting of polysaccharides (cellulose and hemicellulose) and lignin [13].
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Hence, making building blocks out of straw appears to be a promising alternative. Bale
size varies and depends on the packing density; one cubic metre usually can weigh from 70
to 130 kg. For illustrating the dimensions, most commonly used bales are approximately
381x584x1220 mm (15x23x48 inches) and accordingly with approximate volume of
0.27 m* [6].

Besides availability, straw has excellent sound insulation [14] and thermal insulation
properties. Furthermore, the production of straw is a low energy process compared with
other building materials [15]. However, there are also some risks involved with straw bale
buildings. These include fire, relatively low compressive and flexural strength, aerobic or
anaerobic decay. Also straws contain nutrients which can sustain life (e.g. rodents, insects,

microorganisms), which can lower the living standards [16].

If conditions are kept in accordance of requirements, life inside straw bales could be
prevented. Although, mould growth can occur in extreme conditions such as -5C°, with a
relative humidity (RH) level as low as 62%, it is generally not the case. Predominately, the
optimum ranges of development are from +20°C to +28°C, and at RH levels of 95% and
above [17]. In addition to humidity and temperature, two other factors can affect the rate of
development of microorganisms and thereby the rate of straw decomposition. These two
other important factors are nutrients contained in the straw and the amount of available
oxygen. 15% of straw bale humidity mass content seems to be safe [18], which
corresponds to 70% of RH. Over that, moulds begin to grow; yeasts usually need 80% RH
and bacteria above 90% RH. Studies have shown that straw can withstand relatively high
RH% and usually near 100% of RH is needed for complete degradation. Still the damage
inside wall will occur before total deterioration and therefore the humidity should be kept

as low as possible [19].

As described, home dampness may lead to proliferation of microorganisms, which can
affect the construction and indoor air quality. Taken into account, that nowadays more than
80% of time is spent in an indoor environment [20], the air quality is of crucial importance.
Spending long periods in poor air conditions, where airborne contaminants are present, can
cause “The sick building syndrome” [21]. Microbial activities, which deteriorate the straw,
release toxins that can affect the health of the persons, who are living in the house. In fact,

the endotoxins coming from the cell wall of Gram-negative bacteria may cause severe

12



respiratory disorders [22]. Furthermore, mould growth associated with cellulose based
materials and dampness causes symptoms, such as allergies, upper respiratory complaints,
headache, eye irritation, epistaxis, nasal and sinus congestion, cough, “cold and flu”
symptoms, as well as gastrointestinal problems [9, 23]. Naturally, chemicals applied
against microorganisms can also be dangerous to environment and affect in the same way
the inhabitant, therefore alternative solution against the sick building syndrome may be the

use of nanomaterials.

The implementation of nanomaterials in construction industry is not rare. However, civil
engineering being considerably traditional field is yet to discover the possibilities of
nanotechnology. Currently, among worldwide nanotechnological applications construction
field form over one per cent [4]. Properties, such as corrosion resistance, high chemical
reactivity, durability and strength, are of particular interest to civil engineers. For example
nano-reinforcement of construction elements is applied to reduce the need for steel [24].
Carbon nanotube (CNT) composite reinforced structures can increase the tensile stress
value 50 to 150 fold compared with traditional steel-reinforced structures [25].
Furthermore CNT have a hardness equivalent to a diamond and can be additive in concrete
to improve crack resistance. However, the cost of production of CNT remains quite high,

limiting the possibility of applications [24].

Long-lasting properties of materials are essential for construction. Thus nanostructures are
added to prevent deterioration under ambient conditions. Relatively small amounts of
nanoparticles in materials or coatings can have a large effect on surface properties, such as
resistance to wear, corrosion, prevention of condensation, mould and microbes, due to the
high surface to volume ratio of these nanostructures. As stated before, one substantial
application for nanoparticles is to keep environmentally friendly materials (e.g. wood,
straw blocks, reed, flax, straw-clay mixture, etc.) free from all kinds of bacteria, fungi,

viruses, algae and vermin [26].

One example, how inorganic nanoparticles can be used as antimicrobial agent, is the
semiconductor titanium dioxide (TiO,). This compound is known for its photocatalytic
properties under UV light. After absorbing radiation, electrons have more energy to
promote themselves into conduction band. Both electrons and formed electron holes move

to the surface and produce reactive oxygen species such as superoxide anions, hydroxyl
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radicals. These species damage cell membrane of bacteria and fungi and are the main
reason of using TiO, nanoparticles for the prevention of the fungal damage in materials.
For example it is efficient against fungi with the fastest destructive impact to wood
(Hypocrea lixii, Mucor circinelloides). In the experiments the nano-treatment kept 100%
of wood area safe after 50 days of contact. Fungi failed even to grow in the surrounding
culture medium, because there is always some diffusion of particles. For the aesthetic point
of view the treatment did not change even the appearance of materials [26]. However,
antimicrobial photocatalysts, such as TiO, need regular radiation have an effect.
Therefore, absence of UV radiation in terms of sunlight, limits the applicability indoors or

inside constructions.

1.2 Overview about nanoparticles

The origin of the term nano is from the Greek word vavog (nanos), which means dwarf.
When it is used as a prefix, it describes a fraction of metric unit times 10°. As described
nanometre (nm) is one billionth of a metre, illustratively seven silver atoms side by side.
To give a comparison the DNA molecule is 2.5 nm wide, a protein approximately 50 nm,
flu virus about 100 nm, bacteria and red blood cells about 2.5 um (2500 nm) and human
hair exceeding the 10 um of diameter [27]. In general, material (nanoparticles, nanotubes,
nanorods, nanoplatelets, etc.) is considered as nanomaterial, when at least one of the
dimensions is less than 100 nm. Consequently nanostructures can be classified according
to the hierarchical order of dimensionality. First classification group is zero-dimensional
systems, which have all dimensions in the nanoscale, (e.g. ceramic nanopowders,
nanoclusters or nanoparticles). Secondly there are one-dimensional systems, where one
dimension is out of the nanoscale, such as nanofibres, nanowires, nanorods and hollow
nanotubes. Thirdly two-dimensional systems have only one dimension in nanoscale and
others are extended in the other two directions. Examples of these materials are nanodiscs,
nanoprisms or layers such as nanofilms and nanomembranes [28]. Then there are three-
dimensional nanosystems such as nanomaterials with improved features for example bulk

material with nano-porous structure [29].
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Zero-dimensional nanoparticles are of great scientific interest as they cover the gap
between bulk materials and atomic or molecular structures. More specifically, the range of
1 to 20 nm is the bridge between small molecules with discrete energy states and bulk
materials with continuous energy states [30]. When in nanoscale, the properties (electric,
catalytic, magnetic, etc.) of the bulk material will be modified, and these properties are
highly dependent on the size of the particle. Several common bulk materials have been
found to have unconventional properties, when studied in the nanoscale. Comparison may
be roughly drawn between behaviour of water molecule or a big lake filled with water.
Difference in the processes which take place is vast. Subsequently reasons for interesting
properties lie in the facts that nanoparticles possess a very high volume to surface aspect
ratio, which affects their properties and leads to a higher reactivity. Furthermore, there is
phenomenon called quantum effect, which begin to affect the behaviour of matter at the
lower end of the nanoscale. The smaller the particle is the higher proportion of atoms it has
on the surface of the material. For example 30 nm particles have 5%, 10 nm particles 20%
and 3 nm particles 50% of its atoms on its surface. Hence surface effects, rather than bulk

material properties, prevail [31].

Roots of nanotechnology lead back to 9" Century, where Mesopotamian artisans added
noble metal nanoparticles to glass and ceramics. Consequently the metallic glittering and
light scattering of gold and silver nanoparticles have attracted the minds of people since the
medieval times. The scientific explanation of optical effects induced by the noble metals
was not really understood before the 19" Century. In 1857, Michael Faraday published
“Experimental relations of gold (and other metals) to light”. Hypothesis was made that for
example ruby colour of gold in colloidal solution was a result of the particle size
approaching to the wavelength of light. However, necessary technology to prove that
hypothesis was not yet available and was only proven to be correct later. The first concepts
of engineering possibilities in nanoscale emerged in 1959, when ideas about machines built
with atomic precision were introduced. It gradually started the development of novel

approaches at the nanoscale in the scientific world [32].

Although nano-revolution started with the paper “An approach to the development of
general capabilities of molecular manipulation” in the early 1980’s, the breakthrough in the
medicine field already started over a decade earlier in the end of 1960’s. After some years

of research and investments, the first nanoparticles for drug delivery were developed [32].
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Certain metal nanoparticles have useful properties in that area. When reduced to the
nanoscale, some magnetic materials exhibit a magnetic property named
superparamagnetism. For example, decreasing the size of iron oxide to a few nanometres,
the nanoparticle is reduced to single magnetic domain and then exhibits superparamagnetic
property. In contrast to multiple domain ferromagnetic materials that retain their
magnetism even after the removal of the magnetic field, superparamagnetic nanoparticles
lose their magnetization and become highly dispersed when the magnetic field is switched
off [33]. As mentioned, for clinical applications, this feature is important, because metallic
nanoparticles tend to aggregate due to their ferromagnetic properties, which complicates
biomedical applicability. Dispersion of superparamagnetic nanoparticles makes the foreign

particle removal for the immune system easier [34].

Also advancements in transmission electron microscopy, atomic force microscopy and
dynamic light scattering, made the increase in nanotechnology explode. At his very

moment the nanotechnology is considered as the future to all technologies [33].

Bright future is also illustrated in the funding tendencies. Currently worldwide annual total
public and private sector funding for nanotechnologies is about $13 to 14 billion. There are
1317 nanoproducts produced by 587 companies located in 30 countries [1]. Furthermore
the contribution of nanotechnology to the global economy is expected to grow $3.1 trillion
by the year 2015 [35]. Also, the National Science Foundation (NSF) estimated that at least
two million workers will be employed in nanotechnology field by the aforementioned year
[36].

However research in nanotechnology is rapidly increasing all over the globe, USA is still
leading the worldwide development of nanotechnology with $18 billion. The sum has been
appropriated by the Congress over the last decade and increasing, estimated annual funding
from private sector with $3.5 billion [37]. Considering the aforementioned facts, USA
priorities are important. The US government budget supplement for 2014 fiscal year
provides $1.7 billion to the US National Nanotechnology Initiative (NNI) [3]. The NNI
published a 2014 edition of its strategic plan. The latter describes vision, goals and

strategies. Four goals remain the same [38]:

1. Advance a world-class nanotechnology research and development program.
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2. Foster the transfer of new technologies into products for commercial and
public benefit.

3. Develop and sustain educational resources, a skilled workface, and a dynamic
infrastructure and toolset to advance nanotechnology.

4. Support responsible development of nanotechnology.

The NNI has 20 federal agencies and departments and the strategic plan emphasizes
interagency activities in particular thematic areas; these are the Nanotechnology Signature
Initiatives such as solar energy; sustainable manufacturing; next-generation electronics;
informatics; sensors. These are national priority collaborations to accelerate the
development in the field [38].

1.3 Properties and applications of silver nanoparticles

In general metal based nanoparticles have possible applications in many areas such as
optical engineering [39], electrical engineering [40], medical theranostics [33, 34],
environmental engineering [41] antimicrobial coating [42], etc. Commonly, metal
nanoparticles have a wavelength below the critical wavelength of light, which is due to
their dimensions. Therefore metal nanoparticles appear transparent and could be used in
many applications especially in coatings [27]. Coating development is one of the key
directions for research in metal nanotechnology [42]. The fact that metal nanoparticles can
be induced to merge into a solid at relatively low temperature, often due to small size
without melting, is contributing element to improvement of the coatings for different

applications [43, 44].

Noble metals appear to be the most promising metal nanoparticles due to their unique
properties. Since the first encounters to mankind, gold and silver have been associated with
the prosperity of civilizations. The bulk scale noble metals show minimal reactivity, which
explains their noted use in jewellery [45]. However the nanodimensional silver and gold

reveal distinctive properties from the bulk form [46, 47].

The significance of silver nanoparticles is illustrated by the fact that these are one of the

most produced materials in nanoindustry. Silver production is close to 10 000 tonnes
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annually and silver nanoparticles represent approximately 5% of it, which corresponds to
500 tonnes a year [48]. Furthermore, silver is found to be second most referenced
nanomaterial after carbon in the scientific literature, making it the leader for commercial
applications among all metals [49]. The cause of this interest in silver nanoparticles is
related to their unusual optical, electronic, and chemical properties, which are highly
dependent on their size, shape, composition, crystallinity, and structure [50].

1.3.1 Optical properties and applications

Silver, similar to few other noble metals, has useful optical properties, which have attracted
the extensive research interest. Light interacts intensively with the free electrons in silver
nanostructure and this leads to a collective excitation of the conduct electrons. As a result,
the electromagnetic field on the surface of the material is also enhanced leading to an
increase of the down-falling and the scattered light intensity. This phenomenon is called
surface plasmon resonance [51]. Since silver is the only material whose plasmon resonance
can be tuned to any wavelength in the visible spectrum, the material has universal optical
applications. Furthermore, the optical excitation of plasmon resonances in silver
nanoparticles is the most efficient mechanism known by which light interacts with matter.
Subsequently the light interaction cross-section compared to geometric cross-section can
be up to ten times greater, which means the silver nanoparticles capture much more light

than is physically falling to them [43].

Aforementioned properties are essential for many measuring and biosensor applications.
For example high-resolution microscopes are constructed to use short wavelength
plasmons with amplifying high energy [52]. Moreover silver, can enhance the Raman
scattering 10°-10™ fold, which leads to very sensitive analytical detection down to single
molecule levels [53].

1.3.2 Electrical properties and applications

Silver nanoparticles demonstrate an ability to improve the optical absorption and thus, to
increase electric field in the photoactive layer. Silver nanoparticles are therefore used in
photovoltaic applications [54]. The potential of silver nanoparticles in that field has led to
the development of solar cells and coatings using silver nanoparticles for solar energy

absorption [55, 56]. Solar cells have been demonstrated as a credible alternative to
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conventional energy production. Solar cells represent a clean and renewable method
contributing to more sustainable energy management [54].

Silver nanoparticles are used in electronics for their electric conductivity. Silver is among
single metals the one that present the lowest electrical resistivity and differing from other
metals because its oxide form is in fact also conductive. These properties are main reason
why silver as conductive filler has been replacing hazardous tin-lead conductive adhesive
materials in electronic connects [57, 58]. Furthermore, silver nanoparticles melting point
can be significantly reduced due to high surface energy of the particles. This contributes to
the easy fabrication of micro-interconnections using for example ink-jet printing of silver

nanoparticle suspensions and taking advantage of low sintering temperatures [59].

Other electronic applications of silver nanoparticles include semiconductors [60], single-
electron transistors [39], high-density data storage devices [40, 61], optical wireless

interconnections [62], etc.

1.3.3 Antibacterial properties and applications

For thousands of years, silver has been used for wounds, burns and water treatment.
However, in the 1940’s the penicillin was introduced and the use of silver for the treatment
of bacterial infections minimized [63, 64]. Still nowadays it is not unusual to find silver
used as antibacterial agent in burn wounds bandages too. Silver is also used in dental work
[65]. Moreover, with the development of antibiotic resistance among the common
pathogens, it is necessary to develop a new generation of antibacterial agents [66]. Since,
silver is reported to be antibacterial to over 150 different pathogens [30], silver appears as
the most appropriate candidates to fill with its unique antibacterial properties once again
the need in medical field [67].

Compared to all antimicrobial nanomaterials, silver nanoparticles are the most widely
implemented. Silver nanoparticles can be found in over 100 consumer products with great
variety [68, 69]. Examples of disinfectant applications are household agents such as
antibacterial nanopaint [70], household devices such as washing machines and refrigerators
coated with silver [71], and different silver coated medical devices [41, 72] or photoactive
disinfectants [73, 74].
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In the modern world, one essential antibacterial application is for the purification of
groundwater, where silver nanoparticles can be used as water purification agents [75].
Moreover, for wastewater treatment iron(ll,111)oxides (FesO4) combined silver
nanoparticles are already used. These nanoparticles can be easily removed after using
magnetic field to avoid contamination of environment [76]. Another way for water
purification is to use polyurethane (PU) foam coated with silver nanoparticles. Particles
inserted in PU are stable and cannot be washed away even after extended period of using.
That material can also be developed to be used for an antibacterial packing or air filtration
[77]. In addition to PU foam, activated carbon fibres are also coated with silver
nanoparticles and used as air filters. These have efficient removal of hazardous gaseous

pollutants and therefore have potential for large scale production [78].

Wide spread of silver nanoparticles as an antimicrobial agent is due to its high efficacy.
Concentrations of 35 ppb of silver itself have been reported to already show a bactericidal
effect. This corresponds to 35 micrograms per kilogram [79]. Silver nanoparticles take it a
step further, whereas as little as one gram of silver nanoparticles may change hundreds of
square metres of surface to antibacterial area [27]. Still, one fact that has to be kept in mind
Is the silver nanoparticles behaviour in liquids. In fact, their low colloidal stability induces
aggregation and sedimentation in solutions. Therefore if solution is not stabilized, these

unique biocidal effects can suffer from this problem [46].

Nanoparticles have large surface area to volume ratio, which gives its high reactivity. The
antimicrobial effect is related to the size of the silver nanoparticles. The smaller
nanoparticles present higher antimicrobial activity due to the increasing release of silver
ions into the solution and more efficient contact with pathogens [67]. The bactericidal
effect is stated to be highest for nanoparticles with diameter in the 1 to 10 nm range [80].
Subsequently, under 5 nm of diameter, if the nanoparticles are uncharged, these present the
ability of entering into the bacterial cells easily. Within that range they are sufficiently
small to pass through transmembrane pores for transport across cell membranes [81]. Also
the scope of that size has the best interaction with HIV including HIV-1 preventing the
virus biding to the host cells, implying that the attachment to the viruses is also size-
dependent [82, 83].
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One of the antibacterial effects is induced by silver the presence of ions. The bonding of
silver ions to tissue proteins induces structural changes in the bacterial cell wall and
nuclear membrane when released [80, 84]. The dismantling of the respiratory chain of
bacteria leads to cell distortion and death [85, 86]. Silver can also bind to bacterial DNA
and RNA, thus denaturing and inhibiting bacterial replication [84, 87]. In addition to Ag
ion shedding the nanoparticles themselves may impact the bacterial cells. Subsequently,
membrane permeability, potential and energy transport (ATP) levels are affected due to

expression of crystal defects, which increases the surface reactivity [88, 89].

Comparing one to another, silver nanoparticles and dissolved silver ions may have 1000
fold difference between their antibacterial efficiency. In the case of silver nanoparticles,
these already have an antibacterial effect in nanomole range, the latter needs a

concentration in micromole range [90].

Biocidal effect is still greater when ambient conditions support the silver ion generation.
However, it was stated that in anaerobic conditions, where ions could not be generated, no
measurable effect on examined bacteria, compared to similar conditions with ions, was
noticed [91]. Consequently, particles themselves do not always affect biological activity of
the microbes and toxicity may be dependent on the presence of air. It is predominately
generalized that antibacterial properties of silver nanoparticles are defined by parameters
such as size, shape, surface coating and charge. However, all the aforementioned are
factors which affect the ion release rate, extent, location and timing, thereby are

responsible for toxicity [92].

Increasing market for applications of nanotechnology in biomedical science, electronics,
cosmetics and pharmaceutical industry has already exceeded 60 000 tons of engineered
nanoparticles in a year. Such increase has potential also to raise the release of nanoparticles
into environment [50]. Even though metallic silver has antibacterial and -fungal properties,
it is been viewed to be a minimal health risk and relatively non-toxic to mammalian cells.
Nonetheless, it should be taken into account that in nanoscale many materials show
significant increase of toxicity compared to bulk size material and as silver nanoparticles
are toxic to certain bacteria and fungi, they could still be toxic also to the whole

environment, human body included [93, 94].
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1.4 Toxicity and environmental concern

In the 1970’s was the peak of silver levels released in the environment. It was
predominantly induced by photographic industry. The estimated amount was around 2.5
million kilograms of silver. Soon after that, silver use in the photographic industry was
declined and concentrations have decreased ever since [95]. Due to the commercialised
nanodimensional silver products that have spread to everyday life within the last decade,

toxicity problems of silver and especially nanoparticles have risen on the agenda [50].

Aforementioned specific antibacterial properties of silver nanoparticles may have a
flipside. This characteristic, which is useful in many fields, turns problematic for the
environment. Despite very efficient bacterial membrane disrupting ability of silver
nanoparticles, these are also causing production of free radicals via accepting easily
electrons. Reactive oxidant species (ROS) are being produced by these free radicals. ROS
compounds lead to oxidative stress and then damage DNA and other proteins [96, 97].
Consequently, the ROS are one of the main reasons for the toxicity of silver nanoparticles.
This phenomenon can unfortunately have a supporting role for the growth of some bacteria
[82].

Engineered nanoparticles become a toxicity concern with diameters lower than 30 nm. In
that range many particles have dramatic crystalline changes in the structure and therefore
unique properties will prevail [44]. The crystalline defects occurring on the surface of the
nanoparticles are the fundamental cause of the ROS when in contact with biomolecules
[88] and also smaller the particle, more ions it will release due to the higher reactivity of
the surfaces [80].

Ultra-fine particles produced by combustion have been a problem for a long time due to
industrial revolution, spreading air pollution. Black carbon, which can also be nanoscale,
may carry very toxic, often carcinogenic compounds such as polycyclic aromatic
hydrocarbons (PAH) [90]. In addition to seemingly imminent atmospheric pollution,
nanodimensional silver also draws intention to some potential effects on health. In fact, its
daily use in healthcare and hygiene spray products should be carefully controlled. Particles

of diameter lower than 2.5um can get through breathing down to the alveoli.
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Commercialized nanoparticles are way under 2.5 um as nanoparticles are by definition
between 1 and 100 nm in size. Therefore, health risk using silver nanoparticles is a reality
[68]. Also the oxidative stress induced by silver nanoparticles due their catalytic activity,
could lead to cancer or other diseases and complete toxicity study is therefore necessary
[98]. Furthermore, possibility of inhaled nanoparticles entering the brain through
translocation via nose nerves is worrying fact favouring the penetration across blood brain
barrier [99, 100].

Obviously, the respiration is only one way nanoparticles to enter an organism. Skin for
example plays major role providing protection to the underlying organs. Even though
evidence shows that nanoparticles can penetrate into human hair follicle upper regions or
outer layer of skin. Nonetheless, the penetration of the barrier of intact skin without
chemical enhancers, electromagnetic field or skin treatment has not been reported yet [101,
102].

Also the gastrointestinal tract is a gateway to the organism. Particles which are over 2.5
um cannot reach alveoli, however these particles can easily go through gastrointestinal
way. Liver is the first checkpoint before spreading in the bloodstream, and toxicity against

liver has been reported in vitro [103, 104].

As described many ways exist to penetrate the human body. However the buffering
capacity of organism should not be underestimated. For example due to daily oral
incorporation people may have some silver in the bloodstream. The concentration of 200
ug in one kilogram, depending on the form of the silver in the bloodstream, is considered
as normal [105]. Also if silver ion is bounded, it is no more active [106]. However, the
quantity of silver ions exceeding over 300 ppb (300 pg per kg) in the bloodstream damage
the liver and kidney and also form of leukopenia has been reported [107, 108].
Consequently, the harmful potential concentration differs very little from the harmless and

may be different for everyone.

In contrast with human body, there are more primitive organisms that can tolerate a lot less
silver contamination in the environment. For example, increasing the amount of silver
nanoparticles can also interfere with our modern waste water treatment systems. In fact,

essential nitrifying microorganisms involved with waste water treatment are extremely
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sensitive to silver nanoparticles. As the amount of silver grows, biological nutrient removal
from the waste water with conventional methods could suffer [109]. The sensitivity to
silver compounds of different bacteria is common phenomenon. In addition to bacteria,
free silver ions toxicity is reported against a wide variety of organisms; planktonic species
such as algae, [110] zooplankton [111] and fish [112].

It has already been pointed out that size is one of the most important factors when getting
in contact with nanoparticles. In addition to the aforementioned, for example, laboratory
rats became extremely affected with 15 nm diameter silver nanoparticles that were found
to present the highest toxic response on alveolar macrophages in comparison to larger
nanoparticles (i.e. 30 to 55 nm) [113]. Yet the shape difference appears to be a significant
factor in terms of toxicity. Silver nanoparticles have variety of shapes which behave
differently in interaction with various organisms. For example, triangular silver
nanoparticles are stated to have stronger biocidal action against Gram-negative bacterium
Escherichia coli than spherical or rod-shaped nanoparticles. This could be mainly
attributed to the arrangement of atoms in the crystalline structure present on the surface of
the nanoparticle. Recent studies showed that 1 ug of triangular nanoparticles had similar
effect with twelve-fold amount of spherical particles and 50 to 100 times more rod-shaped

particles are necessary to get the similar result [114].

Furthermore, it was observed that silver nanoplatelets are more toxic compared to some
other shapes. The comparison of the toxicity between nanowires and spheres to
nanoplatelets showed that the latter were several times more toxic to zebrafish embryos
[88].

The comparison of the two mechanisms, in terms of toxicity, showed different result
among the data published in the scientific literature. It is presently stated that there is no
reason to consider silver nanoparticles more dangerous to ecosystems than silver ions.
Therefore the environmental risks do not exceed risks related to contamination by soluble
silver salts [115, 116]. According to the data presently known, it is even considered that
ionic silver can be around 10 000 times more toxic than nanoparticles in water. Therefore,
it appears that the release of silver in the environment in form of nanoparticles may be less
relevant compared to the release of ionic silver coming from nanoparticles [48].

Furthermore, silver nano-compounds are poorly water soluble and therefore silver ions

24



released into surroundings should be in low concentrations [117].

To point out more comparison, organisms that are living in the salty water are more likely
to bioaccumulate silver under equivalently contaminated conditions than the ones living in
fresh water. Difference between freshwater organisms and marine organisms is due to

chloro-complex concentrations, which let the silver ions be free [118].

In contrast with previous statements, silver nanoparticles do appear being significantly
more toxic than silver ions towards E. Coli bacteria [119]. The fact that fish have shown
difference in uptake of silver compounds from the aquatic environment indicates that the
impact of silver nanoparticles may differ a lot compared to silver ions. For example, one
study shows that silver nanoparticles aggregates were incorporated into blood vessels, skin,
brain, heart and yolk, whereas silver ions concentrated in organelles, the nucleus and the
yolk only [112]. To sum it up, it can be implied that silver nanoparticles have stronger
impact for suppressing autotrophic organisms (e.g. some bacteria), whereas silver ions

affect more heterotrophic species [109].

Toxicity aspect of current work should not be excluded. Although, there is still room for
debate about correlation between ion release and actual damage, all this depends on the
given organisms. It could be said that toxicological effects are rather caused by crystalline
defects of the silver nanoparticles. As spherical particles, which are the present shape of
the nanoparticles used in research work, do not have so many defects in the structure than
other shapes, it is therefore expected that the toxicity of these nanoparticles should not be a
critical problem [88]. However, the study of their toxicity is presently investigated in

collaboration with the Biomedicum of the University of Tartu.

1.5 Silver nanoparticles syntheses

A wide range of applications in aforementioned fields depend on the ability to synthesize
particles with exact chemical composition, shape, size, and monodispersity [46]. Usually
those features are major reasons for the choice of the method of synthesis. Therefore, the
great majority of synthesis processes are not environmentally friendly, with only 24% of

the reported methods relying on “green” techniques. The reason of this fact lies in the high
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controllability of non-green methods that provide monodisperse silver nanoparticles with
peculiar characteristics [120]. Since harmfulness appear to be an inevitable phenomenon
accompanying nanoparticles, syntheses methods could be chosen considering the safety

and environmental impact.

1.5.1 Conventional bottom-up syntheses

In recent years many methods of silver nanoparticles synthesis have been developed. These
methods include chemical and photoinduced reduction, template, electrochemical methods,
microwave-assisted synthesis [83], and so forth [121]. Top-down syntheses, where
particles are created from the bulk material, may cause the surface imperfection and are not
considered as the most reliable and this leads to the decrease of particles applicability.
Therefore, bottom-up syntheses, where nanoparticles are formed from the smaller

structural units, are more commonly used and preferred.

In the conventional bottom-up synthesis, the first step consists of choosing the metal salt
precursors. In the silver nanoparticles production, the most widely used silver salt is silver
nitrate (AgNOs). That particular precursor accounts for over 80% of all synthesis
generated. Low cost and chemical stability are the properties responsible for that interest.
Solvents can be organic or inorganic, but over 80% of synthesis use water as main
solvents. In a third step a reducing agent is necessary. This reducing agent could be
chemical, biological, plant extract or irradiation method that provides the free electrons
needed to reduce silver ions and to form silver nanoparticles. The principle is, that stronger
reducing agents such as sodium borohydride (NaBH,) produce narrow range of small
monodispersed nanoparticles, whereas weaker agents, such as ascorbic acid, produces
larger particles with larger size distribution. Another important component is the
stabilizing agent or capping agent, which is used in the synthesis process to prevent
nanoparticles from aggregation and to control the final size of the nanoparticle. Stabilizing
agents have electrostatic repulsion force coming from surface charge or steric properties,
which keep nanoparticles apart from each other. Sodium citrate (CsHsNasO-) is one of the
most commonly used electrostatic capping agents and is present in almost 30% of all
syntheses. The choice and concentration of the stabilizing agent affects greatly the

nanoparticle properties [89].
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1.5.2 Green synthesis

Due to the growing demand researchers are looking for synthesis methods which are at the
same time inexpensive, rapid, safe, with narrow size distribution, morphology and more
particularly environmentally friendly. Therefore, emphasis is now being placed on greener
methods in which toxic reducing agents, such as potassium bitartrate and sodium
borohydride, are replaced with agents that do not produce any hazardous by-products. The

present investigations focus on microorganisms and plants.

The three main concepts in the preparation of the nanoparticles using green approach are
the choice of the solvent medium, preferably water, an environmentally friendly reducing
agent and the nontoxic material for the stabilization of the nanoparticles [122].
Furthermore, the synthesis processes should occur near ambient temperature and pressures
and a pH close to neutral. Therefore, the biological systems appear to be the most suitable
for natural chemistry conditions. Hence, it is reasonable to use biological approaches to

produce inorganic materials in low impact mode.

Currently there are three main directions of investigation based biological synthesis
method for producing silver nanoparticles. Firstly microorganisms, such as different silver-
resistant bacteria that are able to bioaccumulate silver from the mediums inside their body,
were studied. One example is bacterial strain Pseudomonas stutzeri AG259 that can
accumulate ions from the soil and is able to release nanoparticles down to 200 nm from
their cell [123].

Secondly, methods based on fungi nanofactories were investigated due to their high
binding capacity and intracellular uptake. Compared to bacteria, they are easier to handle
in the laboratory for production, needing less sophisticated equipment for getting filtrates
from the colloidal broths [124, 125]. Certain fungi secrete large amounts of enzymes that
are involved in reducing process of silver ions [126]. Often the low speed of synthesis
makes it non-profitable compared to the other methods. However, one of the most common
moulds Aspergillus fumigatus has been reported to synthesize silver nanoparticles as fast as
a matter of minutes [127]. This demonstrates the potential of fungi for large scale silver

nanoparticle production.
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The third possibility is using the plants that provide large variety of species, which can
help produce silver nanoparticles. Living plant systems themselves [128] as well as
extracts from different plant parts [129, 130] can contribute to greener synthesis methods.
Plants consist of biomolecules that act both as reducing and capping agents, helping to
form more stable and shape-controlled nanoparticles. Some examples of the compounds
involved are polysaccharides, alkaloids, phenolics, different proteins, and so forth [131].

Greener syntheses are still under investigation to reveal their potential. Every year several
new organisms and methods are described and published. Choosing among the three main
directions is dependent on the expectations. For example microorganisms can be easily
manipulated genetically to get certain characteristics. However, large-scale production is
still problematic using bacteria. In addition, the control of the synthesis is also more
difficult [126]. Moving from prokaryotes to eukaryotes, fungi represent many advantages.
They are easier to handle, have high binding capacity and their secretion of enzymes is
intensive [125]. However, the drawback relates to the fact that eukaryotes are not that well
genetically manipulated than simpler organisms [27]. Finally plants present many
advantages over the two other categories; they are readily available, well explored and
need no certain cultivation and preparation [132]. Furthermore, implementing plants is
safer because no potential pathogens can be found among them. Also richness of some
certain biomolecules makes the syntheses faster, which is an important aspect if we

consider larger scale production [131].

1.6 Utilization of nanoparticles

The effect of nanoparticles on the environment is still not yet fully understood. It is then
important to take some precautions, when manipulating them or releasing into the
environment. Many studies have shown the toxicity aspect of nanoparticles and thus
releasing them into the environment should be avoided if possible. The European Union
chemical law; Regulation Evaluation, Authorization and restriction of chemical substances
(REACH), has stated that the afterlife of produced nanomaterial remains the responsibility

of the manufacturer himself.
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Since basically no regulations and little information is available on how to handle
discarded nanomaterials, main of the waste goes to sewage, in the atmosphere or finds its
way to landfill (50%) [48] [133].The fate of nanowaste in municipal solid waste landfills is

rather unknown and very little information is given by the municipalities [133].

The nanomaterial waste needs more advanced methods of landfill disposal and recycling
compared to conventional waste material. Noble metal nanoparticles are a specific case of
interest and their recycling is economically valuable. The recycling cycle includes actions
of sorting, dismantling, chemical or physical recovery. It is presently more difficult to
estimate the cost of the recycling of products that require some latter steps to recover
nanomaterials. Presently, the combustion of carbon-rich materials appears a reliable option
and is intensively used. The possibilities of using microorganism and plant uptake are
really promising options and new greener remediation methods are under investigation
[134].

For example, three options are available for the extraction of nanoparticles from the waste-
water. The first option is the coagulation of the nanoparticles with chemicals or electricity.
The second possibility is the floatation and filtration. The last option is to use biological-
based method [135].

In terms of the present work, the best option for recycling the nanoparticles that will be
used as antibacterial and antifungal agents in straw bales appears to be straw bale
combustion without previous shredding. The recycling process can be achieved using
“cigar burner” technology (figure 1), where shredding the bales is not necessary, as they go

directly into the furnace [136].
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Figure 1. “Cigar burner” technology for big bales [136]

The next step could be somehow to extract silver nanoparticles from the dried ash. One
possibility would be the use of column extraction, which is similar to filter systems. Layers
of porous gel inside the column let through particles with different sizes, after a while each
layer has captured and contains particles with different size and fraction. If the size of the
nanoparticles is known, the extraction from the specific gel layer is simple [137].
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2. THE OBJECTIVES

Exploiting sustainable building materials might be the future way to reduce the high
energy consumption of construction field. However, ecological materials tend to be
suitable environment for several living organisms and it causes issues for the house
residents. Bacteria and fungi may take advantage of the favourable conditions and then
may proliferate in the house walls. All the illness symptoms that are induced by different
toxins and spores produced by microorganisms, are quite difficult to handle. So the
development of microorganisms inside the building materials should be avoided. Since the
treatment using chemicals may diminish the ecological effect, not many options remain for
tackling the problem. In addition, chemical products are relatively expensive and degrade
or evaporate over time depending on their nature. The objective of the current thesis is to
investigate the potential use of silver nanoparticles for solving this specific problem. More
particularly, the investigation of silver nanoparticles effectiveness on microorganisms,
such as bacteria and fungi, will be performed. Moreover, the safety aspect will also be
discussed covering the toxicity and utilization part. A study of the toxicity of the silver
nanoparticles that will be used for this application is simultaneously made in collaboration
of Biomedicum of the University of Tartu. Finally, the cost-effectiveness of this method

will be also discussed in the conclusion.

The methodology includes following tasks to achieve the objectives:

Research of publication on silver nanoparticles and straw bale construction.
Synthesis of silver nanoparticles.

Characterisations of silver nanoparticles.

Growth fungi and bacteria in vitro.

Preparation of solution containing different concentrations of silver nanoparticles.
Test of the efficacy of biocidal action against bacteria and fungi in vitro.

Test of the antimicrobial efficacy of silver nanoparticles in straw bale samples.

© N o ok~ w0 D P

Analyse the cost-effectiveness of current method.
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3. MATERIALS AND METHODOLOGY

3.1 Research strategy and inclusion criteria

The research articles used in the present thesis are from databases such as Google Scholar,
Scopus (ScienceDirect), Springer, ASCE Library (American society of civil engineers) and
others. Finding the relevant articles the following keywords were used: silver
nanoparticles, green synthesis, antibacterial properties, green home construction, straw

bale, etc.

3.2 Silver nanoparticle synthesis

3.2.1 Materials

The silver nanoparticles were produced by sol-gel method using a recent patented method.
The method cannot be fully described and is based on the utilisation of silver acetate
((CH3COO)AQ) precursor (STREM 99%) purchased from Sigma Aldrich. The silver metal
nanoparticles were rinsed with ethanol (CH3;CH,OH) and dichloromethane (CH,Cl,)

purchased from Sigma Aldrich. Distilled water was produced at TUT Tartu College.

3.2.2 Methods and apparatus

The procedure for synthesizing silver nanoparticles was carried out in a glove box. The
reaction mixture was transferred into a stainless steel autoclave and carefully sealed.
Thereafter, the autoclave was taken out of the glove box and heated in a furnace
(Memmert) at 200°C for 48 hours. The resulting suspensions were centrifuged (high speed
brushless centrifuge MPW-350); the precipitates were thoroughly washed with ethanol and
dichloromethane; and subsequently dried in air at 70°C. As a result dry and pure silver

nanoparticles were produced.

3.3 Silver nanoparticles characterization

Characterisations were carried out in collaboration with the University of Oslo.
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331 TGA

The thermogravimetric (TG) analyses were carried out. The thermal history of the silver
nanoparticles was evaluated on a Rheometric Scientific STA 1500 TGA instrument with a
heating rate of 5°C/min under flowing air atmosphere. The samples were heated from room
temperature to 800°C.

3.3.2 XRD

X-ray diffraction (XRD) patterns were obtained using Bruker D5000 XRD instrument
equipped with a Braun position sensitive detector, both using Cu (ka=1.54056) radiation as

the X-ray source.

333 TEM

Transmission electron microscopy (TEM) studies were carried out on a JEM2010F

operating at 200 kV and disposing a point to point resolution of 1.9 A.

3.4 Microorganism cultivation

3.4.1 Culture conditions

Fungi and bacteria were separated from straw during the previous research of
microorganisms populating in rye straw. These have been recultivated periodically.
According to the recipe, liquid media was autoclaved under 120°C and poured on Petri
dishes to dry over-night. Then randomly isolated microorganisms were plated with a
spatula on the agar plates. The cultures were grown on the liquid broth media under a 25°C

atmosphere. All necessary substances (Fluka) are purchased from HNK Analiiiisitehnika.

3.5 Silver nanoparticle solution preparation

In order to get desired concentrations of silver nanoparticle in solutions, structural
information and the size of silver nanoparticle synthesised are necessary. Crystal structure
of silver was found to be face-centred cubic lattice (FCC). Taken the aforementioned into
consideration, it is possible to calculate, how many atoms are in one synthesised silver

nanoparticle and thereby find the weight of silver nanoparticles you need to prepare 200
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nanomole (nM) per litre, 500 nM/L and 1 puM/L of concentration solutions for testing the

antimicrobial properties.

The first step is to determine, how many atoms are in one unit cell. As the cubic structure
has six faces and for each a half representing in the unit cell, these are multiplied and

added to the corner atom quarters, which are eight (figure 2).

1 1 Eg. 1
Za:fXE'i‘CXg (q )

Where: Z, — number of atoms in unit cell
f — number of faces in unit cell

¢ — number of corners in unit cell

Figure 2. Scheme of FCC unit cell [138]

Text step is to determine the length of the unit cell, which is side of the cube “a”. Since the
unit cell diagonal is four fold atomic radii (figure 3), the Pythagorean Theorem helps to

find the length of the side of the cube.
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Figure 3. FCC cube side length
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Where: a - length of the side of cubic unit cell;

Ag; — atomic radius of silver.

The volume of the unit cell is volume of a simple cube.

Vunit = a3 (Eq' 3)
Where: Vit — volume of unit cell

a — length of the side of cubic unit cell

Since, synthesised silver nanoparticle is spherical the volume of the nanoparticle can be
calculated with the formula for the volume of the sphere.

4 (Eq. 4)
v, = §7‘[T3

Where: V, — volume of nanoparticle;

r —radius of a nanoparticle.

When both the volume of the unit cell and volume of the nanoparticle is known, the

number of unit cells in one nanoparticle can be calculated.
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2 (Eq. 5)
Vunit

Where: Z, — number of unit cells;

Zy, =

V;, — volume of nanoparticle;

Vunit — Volume of unit cell.

Next the number of atoms in one nanoparticle can be calculated.

Z=7Z,%XZ, (Eq. 6)
Where: Z — number of total atoms in nanoparticle;
Z, — number of unit cells;

Z, — number of atoms in unit cell.

After the number of atoms in one nanoparticle is known the weight of one mole of silver

nanoparticles can be calculated.

Mpgnp = Myg X Z (Eq.7)
Where: Magne — wWeight of one mole of silver nanoparticles;
Mag — molar mass of silver;

Z — number of total atoms in nanoparticle.

Although an error bar of 10-20% should be considered, because it is in fact not possible to
know exactly the concentration of the nanoparticles in the prepared solution. It is due to
size distribution and every particle varies slightly from another and even if the size
distribution is quite sharp, small variations can induce an important difference compared to
the average size of the nanoparticle. Also agglomeration of the silver nanoparticles is
possible and should be taken into consideration, even if the solution is prepared using

magnetic stirring and ultrasonic bath to induce the dispersion.

3.6 Preliminary test on microorganisms

Bacteria and fungi were randomly isolated from untreated straw bales. Ten strains of fungi

and ten strains of bacteria were cultured on the surface of solid nutrient media. 100 pL
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drops of three different concentrations of silver solution were dropped to the agar plates on
marked places. After absorption cultures were put into the incubator for 14 days at 25°C.

Agar plates were marked from “A” to “J” for bacteria and same for fungi (figure 4).

Figure 4. Marking of microorganism agar plates

3.7 Test with straw bales

Three test blocks were prepared from rye straw with approximate measurements of
70x250x50 mm (figures 8-10 in the appendixes 1). Two out of three straw bale samples
were treated; first one was left untreated but simply soaked into water, the second was
dipped into solution of pure ethanol. The third straw bale sample was soaked with solution
containing 100 mg of silver nanoparticles dissolved in 1 litre of pure ethanol. The alcohol
was let to evaporate and samples were placed into outdoor conditions without being in
direct sunlight. Microorganism cultures were let to grow on straw for 14 days then from
each bale a sample was taken. The pieces of the straw bale samples were printed to the
agar plates. After 96 hours under 25°C, colonies were fully developed and taken for

staining and identification.
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4. RESULTS

4.1 Yield of the silver nanoparticle synthesis

During the investigations, five syntheses were performed for producing silver
nanoparticles. These syntheses enable the calculation of the yield of the production, which
IS an important parameter in case of a possible scaling-up of production. The precursor
used, during the syntheses was silver acetate with molar mass of 166.92 g/mol. Silver atom
has molar mass of 107.86 g/mol. The proportion between the weight of the precursor and
silver atom is 64.61% (eq. 8).

107.86 g/mol .
g/mo = 0,6461 (Eq.-8)
166.92 g/mol

This calculation shows that 1 g of silver acetate precursor should produce 0.6461 g of
silver nanoparticles in the case of a yield of 100%. The yields of five syntheses were
calculated and are presented in the Table 4.1. The average yield of syntheses performed
was 95.3%.

Table 4.1. Yields of silver nanoparticles syntheses performed with silver acetate

Weight of the Weight of the Welgh_t of the Calculated
No calculated silver, |syntesised silver, | " Average

precursor, g yield , % .

g g yield

ETCAg001 0.6420 0.4148 0.3928 94.70
ETCAQg002 0.6045 0.3906 0.3774 96.63
ETCAg003 0.5517 0.3565 0.3351 94.01| 95.3%
ETCAg006 0.4820 0.3114 0.2967 95.27
ETCAg007 0.7946 0.5134 0.4924 95.91

The values presented in table 4.1 show that the yield is higher in the case of higher start
amount of precursor. This suggests that in the case of a higher amount of precursor, the

losses during the rinsing step of the silver nanoparticles are lower.
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4.2 Silver nanoparticles characterizations

The crystalline structure of the silver nanoparticle was confirmed by X-Ray diffraction
(XRD) and electron transmission microscopy. Thermogravimetric analysis (TGA) was
performed to estimate the possible presence of surfactant and organic coating on the
surface of silver nanoparticles. Electron micrograph of spherical silver nanoparticles is
shown in figure 5. Silver nanoparticles are 1.8 to 4 nm in diameter with an average size 3
nm. TEM images revealed that particles are easily dispersed in ethanol and surfactant-free.
A typical XRD pattern of silver nanoparticles is presented in the figure 6 and it shows that
synthesised silver nanoparticles are highly crystalline. TGA, performed on a typical silver
nanoparticles sample, showed no weight loss or gain during the heating in 800°C (figure
7), which demonstrates a high purity of the nanoparticles. It seems that the silver
nanoparticles are surfactant-free, with no organic species on their surface. The fact that no
weight increase is observed till 800°C demonstrates a high stability of the nanoparticles

that do not oxidise under air even at high temperature.

70 - ~2.78nm

Number of nanoparticles
&~
o

L]

e,

3 i 4
the nanoparticle (nm)

Figure 5. HRTEM image of silver metal nanoparticles dispersed in ethanol on a carbon grid
(inset: size distribution diagram showing a sharp size distribution with an average diameter of 2.8
nm)
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Figure 6. XRD pattern of silver metal nanoparticles showing a face-centred cubic structure
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Figure 7. TGA of a sample of silver metal nanoparticles showing no weight loss
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4.3 Concentrations of prepared solutions

The aim of the calculations was to find the weight of synthesised silver metal nanoparticles
powder needed for three different concentration solutions. For the solvent the distilled
water was chosen to get the results of the toxicity against bacteria and fungi. However, the
dissolution of the metal nanoparticles in water solution is not as efficient as in ethanol
solution, the use of a magnet stirrer and an ultrasonic bath (Bandelin Sonorex Digitec) was
necessary to improve their dissolution. The first step was to calculate the number of atoms
in one FCC unit cell. Cube has six faces and eight corners therefore (eq. 1) four atoms are

in one unit cell.

1 1_ (Eq. 1)
6X§+8X§—4

Next step was to determine the length of the side of the unit cell (eq. 2), where silver atom
radius is 0.144 nanometres.

(Eq. 2)

0.144 x 4

7 = 0.407 (nm)

When side of the cube is known, the volume of the cube is its side length third power
(eg. 3).

0.4073 = 0.0676 (nm?) (Eq. 3)

Since, synthesised nanoparticles were spherical and with the diameter of 3 nm, the volume
formula is the volume of simple sphere (eg. 4).
(Eq. 4)
4 13\}

37 (E) = 14.137 (nm3)

To find the number of unit cells in one nanoparticle, both previously calculated volumes
have to be divided (eg. 5).

(Eq. 5)
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14.137
0.0676

= 209.129 (unit cells in nanoparticle)

If the number of unit cells in a nanoparticle is multiplied with the number of silver atoms

in unit cell (eqg. 6) the total number of atoms in nanoparticle can be found.

209.129 x 4 = 836.518 (atoms in 1 nanoparticle) (Eq. 6)

Next step is to find the weight of one mole of silver nanoparticles (eq. 7), where Magq is
107.868 g/mol.

107.868 x 836.518 = 90 233.77 (g/mol) (Eq. 7)

1 kg of silver nanoparticles corresponds to 11.08 umol, which is deduced from eq. 7 and
accordingly 1 mg of silver nanoparticles corresponds to 11.08 nmol. Since, 3
concentrations were chosen: 200 nmol, 500 nmol and 1umol. The solutions were prepared
in volumetric flask of 200 ml: 4 mg, 10 mg and 20 mg of silver nanoparticles were
dissolved respectively. To get the exact measures the (Kern&Sohn GmbH) laboratory
analytical electronic balance was used with maximum capacity of 120 g and precision of

0.1 mg.

4.4 Effects on microorganisms

4.4.1 Preliminary test on microorganisms

After 14 days, colonies of bacteria and fungi had fully developed. Overall impact was
noticed with four agar plates, which three were bacteria and one was fungus. The 1 uM
concentration was efficient with all four. In case of fungus “H” all concentrations were
efficient to prevent any fungal development (figures 12-14 in the appendix 2). A similar
result was observed in the case of bacteria “E” (figures 17-18 in the appendix 2). In the
case of bacteria “J”, only concentrations of 500 nM and 1 uM affected the colonies of
bacteria (figures 19-20 in the appendix 2). For bacteria “D” only the solution of 1 uM
concentration was efficient to prevent the development of the bacteria (figure 22 in the

appendix 2).
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It can be stated that preliminary in vitro tests with silver nanoparticle solutions showed

more effect on bacteria compared to fungi.

4.4.2 Test with straw bales

After 14 days, microorganisms were isolated from the straw samples. Results of the first
sample, containing only water content, showed extensive growth of the microorganism
colonies (figure 23 in the appendix 3). Many different species of fungi and fewer species of
Gram-negative bacteria and Gram-positive bacteria were present (table 4.2). Second test
sample, taken from the bale treated with ethanol, contained also many species of
microorganisms (figure 24 in the appendix 3) mostly Gram-negative bacteria (table 4.2).
The third straw bale that was treated with the ethanol solution containing 1 uM/L of silver
nanoparticles was also investigated (figure 25 in the appendix 3). The results of the third
sample were different from the first two samples and agar plates only containing Gram-
negative and Gram-positive bacteria colonies as seen in table 4.2. Third sample in fact did

not contain any fungi.

Table 4.2. Microorganism species found in the straw samples after 2 weeks in outdoor conditions

Untreated wet straw Straw with ethanol Straw V.V'th ethaf“" silver
nanoparticle solution 1p M/L
Fungi Aspergillus, Penicillum, . L
families Cladosporium Aspergillus No fungal activity
Bacteria | Streptomyces, Pseudomonas, Pseudomonas, Streptomyces, Firmicutes,
families Firmicutes Firmicutes Pseudomonas

As seen in the table 4.2, the ethanol solution containing silver nanoparticles with a
concentration of 1 uM/L had satisfying fungicidal effects, when applied on straw bales,

although agent did not hinder the bacterial activity.
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5. DISCUSSION

5.1 The efficiency of silver nanoparticles against microorganisms

The results of straw bale tests showed microbial activity on all agar plates from the three
different samples. The main difference was between untreated and two treated straw bale
samples. On two samples that were treated with alcohol practically no fungal activity was
observed or it was trivial compared to watered sample, from where many fungal colonies
dominated over bacteria on the agar plates. Samples treated with ethanol solution
containing silver nanoparticles kept the agar plates 100% free from fungi and plates from
pure ethanol straw sample let only one fungal species to grow (Aspergillus). However, that
particular fungus is quite problematic, when proliferating inside residential buildings [23].
Additional difference between treated samples was that straw bale treated with silver
nanoparticle ethanol solution had Gram-positive bacteria (Streptomyces) that was not

found in the plates from sample treated with pure ethanol.

Among the bacteria, the Gram-negative bacteria were predominantly represented, whom
only the competing fungal colonies did restrain on the untreated straw sample. Previously
mentioned Streptomyces did not colonise the pure ethanol treated sample probably due to
the minor spreading of fungus Aspergillus, which was enough to hinder the Gram-positive
bacteria to proliferate. Due to complete efficacy of ethanol solution containing silver
nanoparticles against fungi, some species of bacteria there could develop, which would
probably be dominated by fungal species. Supposedly this was the case with Streptomyces
spreading in the nanotreated samples.

Although, results from the preliminary tests in vitro implied, that silver nanoparticles may
be more efficient against bacteria compared to fungi, the quite opposite revealed in the test
with straw bales. The inefficiency of silver nanoparticles ethanol solution against bacteria
could be explained by the fact, that in a stressful environment, which the straw apparently
is due to constant microbial competition, bacteria tend to grow the protective biofilm
around them. Supposedly this slime layer does not enable the silver nanoparticles to affect
the bacterial colonies. In the case of preliminary tests, bacteria were isolated from each
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other and not competing, therefore no stress response was needed and silver nanoparticles
had greater effect on them.

High efficiency of ethanol solution containing silver nanoparticles could be explained by
the fact that fungi do not usually have the ability to protect themselves by generating
biofilm layers. In preliminary tests the fungi were affected less intensively due to absence
of stress driven by competition with other microorganisms and therefore the defence
mechanisms were not disturbed. Latter could be one explanation to the phenomenon, and
In aggressive environment the silver nanoparticle ethanol solution could have been the

final addition of stress to affect the fungal colonies.

The test should definitely be repeated with the same samples in outdoor conditions for a
longer period of time. Then the long-term effect of silver nanoparticles can be evaluated.
Also the repetition of the test is necessary to find the optimal concentrations, which also
could penetrate the biofilm of bacteria and thereby inhibit them. Another option that will
be studied in near future is to combine the silver nanoparticles with another type of metal
nanoparticles that can present a more efficient antibacterial effect than the silver
nanoparticles studied in this thesis.

Since fungi apparently dominate over bacterial colonies in the environment and can be
more problematic inside the walls of residential buildings, the ethanol solution with silver
nanoparticles could be one option for keeping the straw bale houses more convenient to
live in. Although according to the results of current experiments, the 1 pM/L ethanol
solution of silver nanoparticles is not sufficient to hinder the proliferation of bacteria and
its application will not prevent the possible health risks linked to the bacterial activity

inside straw bale walls.

5.2 Microorganisms in straw bale walls

The first and foremost concern with straw bale construction is its durability and
construction load bearing. Since straw is a natural composite material similar to wood
consisting of more than 80% of cellulose and hemicellulose and the remaining 20% is

mainly lignin and water soluble components, straw should be a suitable material for
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construction [139]. Also the fact that straw is poorly degradable in the fields due to its
basic constituents, suggests that it can be efficiently applied in construction. However,
there are still certain micro-organisms that are known for their straw degrading abilities
[140]. Although, it is stated in the literature, that the most wide spread microorganisms
present on different straw are fungus Neocallimastix frontalis, which reduces the tensile
strength of straw and therefore can be real problem for straw bale constructions,
cellulolytic bacteria Ruminococcus flavefaciens, whose co-culture with latter reduced
significantly the resistance to shearing [141], these microorganisms were not found in the

present experiment.

As stated, straws consist predominantly of cellulose [140]. In terms of ability to efficiently
degrade cellulose the list of bacteria (i.e. Clostridium sp., Brevibacillus sp., Bacterium sp.,
Bacillus  fusiformis, Cytophaga sp., Clostridiales bacterium, Ruminobacillus
xylanolyticum, Clostridium hydroxybenzoicum [140]) is quite exhaustive and therefore
represents a threat to straw construction elements [11]. Fortunately, these microorganisms
were not found in the present experiments. This suggests, that although currently produced
silver nanoparticle solution with a concentration of 1 uM/L was insufficient for limiting
the growth of bacteria, most destructive bacteria are not present in our climate therefore

there is more stability in straw bale construction.

Even if the degrading microorganisms are hindered, still the toxic microorganisms may be
a real health concern. The harmfulness of microorganisms is expressed through different
toxins, which they produce to compete with other species over food supplies. Different
species have developed hazardous compounds to destroy the competition and prevail. For
example, yeasts produce ethanol from sugar and Penicillum produces well-known
antibacterial agent called penicillin. Even though the vital functions of microorganism
could be more easily limited, these chemical compounds produced by these
microorganisms may be extremely persistent and toxic causing various health problems
[24] (e.g. eye irritation, upper respiratory infections, headache, “cold and flu” symptoms,
nasal and sinus congestion, gastrointestinal complaints). These main health problems are
all linked to the most common microorganisms (Fungi: Stachybotrys chartarum indoor
mould, Aspergillus, Penicillum, Cladosporium, Ulocladium, Geomyces pannorum and
Sistronema brinkmannii, bacteria: Legionella) proliferating in damp buildings [23]. As

experiments of current investigation showed, if moisture damage would occur in a straw
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bale house, many of these microorganisms could be present and with an exception of
bacteria, all can be restrained with current the antifungal method.

In comparison, an already constructed straw bale house was found to a contain number of
pathogens and producers of toxins, according to the experiment, which was carried out in
in 2014 in Estonia, near Vortsjarve. From indoors, a white rot fungus (Sclerotina) was
found, which is known to decompose lignin and has a toxic effect if digested. In addition,
the ascospores produced by this fungus may induce allergies and asthma. Furthermore,
inside the wall many harmful toxin producers were found (Aspergillus, Paecilomyces,
Cladosporium), whose life cycle produces harmful compounds if inhaled [142]. The
current straw bale experiment showed a significant efficiency of the silver nanoparticles to
prevent the development of all these discovered fungi and is therefore suitable for the

given environment.

The preliminary test in vitro showed that only a few microorganisms were affected by low
silver nanoparticle concentrations (i.e. 200 nM/L). This could imply that species present in
rye straw in Estonia need greater amounts of silver nanoparticles to prevent their
proliferation than compared with some other microorganisms stated in the literature [67].
Moreover, the efficiency is also very dependent on the specific size and shape of the silver
nanoparticles. Therefore, further experiment using higher concentrations were performed.
However, the amount of silver nanoparticles used for these experiments, when compared
with other antibacterial and antifungal agents, contained still a very small amount of
reagent (table 5.1).

Table 5.1. Comparison of antibacterial and antifungal agents on the market with silver nanoparticle
solution 1 uM/L [142-145]

AgNPs + Boric Sodium Biotol
Ethanol acid hypochlorite
Applied concentration,
gL 0.1 2.25 0.5 1.0
Micro-organisms . . All micro- All micro-
Fungi Fungi . .
affected organisms organisms
Cost of 1 litre, € 1-15 1.6 2.3 10
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The efficiency of silver nanoparticles can be compared with more conventional biocides,
such as boric acid, sodium hypochlorite and Biotol. The comparison is presented in the
table 5.1. As presented, the silver nanoparticle solution needs significantly less amount of
active agent for a biocidal effect, being also more environmentally friendly than these

aforementioned chemicals [142].

5.3 The cost of production

The profitability of using the antibacterial and antifungal solution of silver nanoparticles on
straw bales remains one of the most important factors for future larger scale production
plans. Since the biocidal efficacy part was discussed, the other main obstacle could be the
cost of production for these silver nanoparticles. The cost of the usual antifungal and
antibacterial chemicals used for the treatment of straw ball cost €1.6 per litre in case of
slightly safer boron compounds and really hazardous sodium hypochlorite, which costs
€2.3 a litre if bought in large quantities (table 5.1). All these mentioned agents are quite
polluting [146, 147].

It should be taken into account that the comparison of existing chemicals with the solution
of silver nanoparticle is still at a laboratory scale of production and general cost should
decrease in the case of higher scale of production. As stated before the average yield in the

laboratory conditions was 95.3% and henceforth yield of 95% is considered as standard.

19 of acetate precursor produces 0.646g of silver metal nanoparticles with a yield of 100%
(eq. 8). Taken this into account the 95% yield we need 1.629 g of acetate for the
production of 1 g of silver metal nanoparticles. The production of 1 g of silver
nanoparticles at the laboratory scale cost around €7.71, consisting of precursor (€5.15) and
solvent (€2.56). In addition to latter, there will be other expenses and estimated cost of the
synthesis of 1 g of silver metal nanoparticles is around €10-12. 1 g is the necessary amount
for preparation of 10 litres of solution that contains 1uM/L of silver metal nanoparticles
and demonstrates an efficient antifungal activity. This means that the self-cost for the
preparation of 1 litre is around €1-1.5 as showed in the table 2. It is also necessary to add

the price of the solution in which the nanoparticles will be dissolved. This solution is
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usually ethanol and can be used several times for the treatment of multiple straw balls. The
cost of current method is comparable and slightly cheaper, suggesting the cost-

effectiveness of present option.

Furthermore, one of the by-products of the present synthesis is ammonia (NHs), which is
valuable gas in many fields. For example market value of 25% water solution of ammonia
is 7.3€ a litre [148]. It makes the current treatment option even more profitable, because
the process of metal nanoparticles induces the production of ammonia in the gas and liquid
form. In the case of scaling up the process it should be possible to extract this ammonia
from the by-product and recycle it for the future commercialization.

5.4 The safety of silver nanoparticles

In case of using some sort of biocide for the treatment of straw bale some questions about
the safety aspect can be raised. In fact, the high antimicrobial efficiency of different agents
is often related to harmfulness or even toxicity to humans or the environment. On the
contrary, in our study, the silver nanoparticles concentrations that demonstrate a high
efficacy against fungi in straw bales and against bacteria in vitro seem to be relatively
harmless to human cells. This is in fact the usual difference between the silver
nanoparticles compared to other antimicrobial metal nanoparticles. Many other metal
nanoparticles often present higher overall toxicity against all that is in contact with them
[10]. Furthermore, in the present case, the synthesised nanoparticles are spherical, which
according to the literature seem to be less toxic compared to other shapes of nanosized

silver, such as nanoplatelets or triangular nanoparticles [88, 114].

In collaboration with Biomedicum of Tartu University the toxicity of currently synthesised
silver nanoparticles was tested on human cells. The first results of toxicity tests on human
embryo kidney (HEK) cells show that 500 nM/L of presently synthesised silver
nanoparticles do not seem to present toxicity. This implies that on the environmental
perspective, the applicability of silver nanoparticles as antifungal and antibacterial agent is
suitable for ecological residential buildings such as homes that include straw bales in their

construction.
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SUMMARY

The objective of the present master thesis was to investigate the possibility of using the
antibacterial and antifungal properties of silver nanoparticles on ecological construction

material such as straw bale.

The silver nanoparticles were produced by sol-gel method using a recent patented method.
Synthesised silver nanoparticles were examined and characterised with TGA, XRD
methods and using high resolution transmission electron microscopy. It was found that the
current silver nanoparticles were spherical with the diameter of 3 nm. Subsequently, it was
demonstrated that it is possible to dissolve synthesised silver nanoparticles in different
solutions (diluted water, ethanol and methanol) at desired concentrations.

Preliminary tests using different concentrations of silver nanoparticles were performed on
isolated microorganisms from straw. Silver nanoparticle solution with a concentration of 1
uM/L was found the most efficient for straw bale treatment. Subsequently, three samples
from dried rye straws were prepared as a confirming test. The first sample was soaked into
water, the second sample was treated with pure ethanol and third sample was treated with
silver nanoparticles (1 pM/L) in ethanol solution. After the evaporation of ethanol, the
three samples were stored into outdoor conditions covered from direct sunlight and

rainfall.

The straw block test lasted for two weeks after which pieces of samples were taken for
microorganism isolation and further cultivation in agar plates. After four days of
incubation the developed colonies were identified and examined. Although the preliminary
test in vitro showed more efficient inhibition of bacterial species than fungal by silver
nanoparticle ethanol 1 pM//L, the straw bale tests in the outdoor environment showed the
efficiency only against the fungal species. However antibacterial properties of silver
nanoparticles in this case were not proven, the 100% efficiency against fungal colonies
shows the possible use of silver nanoparticle 1 uM/L ethanol solution as an effective

fungicide.
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In addition to antibacterial and antifungal efficiency study, the cost for the preparation of a
1 uM/L of silver nanoparticles solution preparation was calculated. The cost for the
synthesis of the silver nanoparticles necessary for the preparation of solution is quite
cheap, compared to similar antibacterial and antifungal agents on the market. Low
producing cost and possibility of producing ammonia as by-product of the synthesis,
makes the current synthesis cost-effective. The preliminary test results on human body did
not show any toxicity for the half-concentration of the current solution (500 nM/L) on
HEK cells. The environmental toxicity impact of silver nanoparticles could be prevented
by correctly recycling the materials of construction after they have expired. The building
can be demolished and the treated straw bales can be combusted and silver nanoparticles

can then be extracted and reused.

According to present findings, it can be stated that the ethanol solution containing 1 uM/L
of silver nanoparticles appears to be suitable for fungicidal applications in straw bales.
Further testing is necessary to find the optimal concentrations that can also affect bacteria
in straw bales. Also further tests are needed with the current straw samples to evaluate the
long-term effect of silver nanoparticles. At the same time the toxicity tests should continue

with different concentrations to confirm the safety aspect.

51



ACKNOWLEDGEMENTS

Present master thesis was written in collaboration with Tallinn University of Technology
(TUT) Tartu College, Tartu University (TU) Biomedicum. | am extremely grateful to
Professor Erwan Rauwel from TUT Tartu College for the great support and knowledge.
Also Head of the laboratory of TUT Tartu College Sander Kutti helped me significantly for
which I am very thankful. Furthermore, 1 would like to thank Dr. Protima Rauwel from TU
Institute of Physics, Dr. Mithu Guha from TU Biomedicum and Karin Muoni from TUT
Tartu College for supportive information. All in all | want to thank all people supporting

me during the investigation period, especially my friends, fellow students and family.

52



REFERENCES

10.

11.

12.

13.

14.

15.

16.

Kahru, A., Ivask, A. Mapping the Dawn of Nanoecotoxicological Research —
Accounts of Chemical Research, 2013, 46 (3), 823-833. [Online] ACS
Publications (13.05.2014)

Roco, M. C. The long view of nanotechnology development: The National
Nanotechnology Initiative at 10 years — Journal of nanoparticle research,
2011, 13, 427-445. [Online] Springer (13.05.2014)

NNI Budget. [WWW]

http://www.nano.gov/about-nni/what/funding (13.05.2014)

Research and Markets, Government Policy and Initiatives on Nanotechnology
Worldwide, 2007. [WWW]
http://www.researchandmarkets.com/reports/556274/government_policies_an
d_initiatives_in (14.02.2014)

Dawson, N. G., Sweating the small stuff: environmental risk and
nanotechnology — Bioscience, 2008, 58 (8), 690. [Online] Oxford Journals
(12.03.2014)

Swan, A. J., Rteil, A., Lovegrove, G. Sustainable Earthen and Straw Bale
Construction in North American Buildings: Codes and Practice — Journal of
Materials in Civil Engineering, 2011, 23 (6), 866-872. [Online] ASCE Library
(12.03.2014)

Dhillon, C., Aschheim, M., Natural Building Materials and Systems.
Sustainability Guidelines for the Structural Engineer, 2010, 225-242. [Online]
ASCE Library (12.03.2014)

Henderson, K., Achieving legitimacy: visual discourses in engineering design
and green building code development — Building Research & Information,
2007, 35(1): 6-17. [Online] Taylor & Francis Journal (12.03.2014)

Jolly, R., Fugler, D., Strawbale moisture monitoring report — Canadian
Mortgage and Housing Corporation, 2000, 55. [Online] Google Scholar
(13.03.2014)

Zhao, G., Stevens Jr, S. E., Multiple parameters for the comprehensive
evaluation of the susceptibility of Escherichia coli to the silver ion —
Biometals, 1998, 11, pp. 27-32. [Online] Springer (13.03.2014)

Liu C., Wang X., Wang X., Li P., Cui Z., The character of normal temperature
straw-rotting microbial community — Agricultural Sciences in China, 2010, 9,
713-720. [Online] ScienceDirect (Elsevier) (13.03.2014)

Li P., et al. Screening of a Composite Microbial System and Its Characteristics
of Wheat Straw Degradation — Agricultural Sciences in China, 2011, 10 (10):
1586-1594. [Online] ScienceDirect (Elsevier) (12.02.2014)

Ghaffar, S. H., Fan, M., Structural analysis for lignin characteristics in
biomass straw — Biomass and Bioenergy, 2013, 57, 264-279. [Online]
ScienceDirect (Elsevier) (12.05.2013)

Dalmeijer, R., Acoustics — Design of straw bale buildings, 195-201. King B.,
2006. [Online] (13.05.2013)

Crops in construction handbook. / ed. Cripps, R. Handyside, L. Dewar, J.
Fovargue, A., Green Building Press, London, CIRIA, 2004.

Lawrence, M., Heath, A., Walker, P., Determining moisture levels in straw
bale construction — Construction and Building Materials, 2009, 23, 2763—

53


http://www.nano.gov/about-nni/what/funding
http://www.researchandmarkets.com/reports/556274/government_policies_and_initiatives_in
http://www.researchandmarkets.com/reports/556274/government_policies_and_initiatives_in

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

2768. [Online] ScienceDirect Elsevier (12.04.2014)

Viitanen, H., Factors affecting the development of mould and brown rot
decay in wooden material and wooden structures. Effect of Humidity,
Temperature and Exposure Time, 1996, 2, 25, Uppsala, Sweden, The Swedish
University of Agricultural Sciences.

Bainbridge, D. A., High performance low cost buildings of straw -
Agricultural, Ecosystems and Environment, 1986, 16, 281-284. [Online]
ScienceDirect (Elsevier) (21.04.2014)

Summers, M. D., Blunk, S. L., Jenkins, B. M., How Straw Decomposes:
Implications for Straw Bale Construction — Ecological Building Network,
2003. [Online] Google Scholar (12.05.2014)

Wang, S. B., Ang, H. M., Tade, M. O., Volatile organic compounds in indoor
environment and photocatalytic oxidation: state of the art — Environment
International, 2007, 33, 694-705. [Online] ScienceDirect (Elsevier)
(21.04.2014)

Indoor air facts no. 4 (revised) Sick building syndrome. US EPA 1991.
[WWW] http://www.epa.gov/iag/pdfs/sick_building_factsheet.pdf
(12.05.2014)

Madsen, A. M., Nielsen, S. H., Airborne Endotoxin Associated with Particles

of Different Sizes and Affected by Water Content in Handled Straw —
International Journal of Hygiene and Environmental Health, 2010, 213, 278—
284. [Online] ScienceDirect (Elsevier) (21.04.2014)

Kuhn, D. M., Ghannoum, M. A., Indoor mold, toxigenic fungi, and
Stachybotrys chartarum: infectious disease perspective — Clinical
Microbiology Reviews, 2003, 16, 144-172. [Online] American Society for
Microbiology (21.04.2014)

Investments in Federal Facilities: Asset Management Strategies for the 21st
Century. / ed. Dorman, A., et al. Washington, DC: The National Academies
Press, 2004.

Teizer, J., Venugopal, M., Teizer, W., and Felkl, J., Nanotechnology and its
impact on construction: Bridging the gap between researchers and industry
professionals — Journal of Construction Engineering and Management, 2012,
138 (5), 594-604. [Online] ASCE Library (21.04.2014)

De Filpo, G., Palermo, A. M., Rachiele, F., Nicoletta, F. P., Preventing fungal
growth in wood by titanium dioxide nanoparticles — International
Biodeterioration & Biodegradation, 2013, 85, 217-222. [Online]
ScienceDirect (Elsevier) (25.04.2014)

Thakkar, K. N., Mhatre, S. S., Parikh, R. Y., Biological synthesis of metallic
nanoparticles — Nanomedicine: Nanotechnology, Biology and medicine, 2010,
6, 257-262. [Online] ScienceDirect (Elsevier) (25.04.2014)

Sobha K., et al. Emerging trends in nanobiotechnology — Biotechnology and
Molecular Biology Reviews, 2010, 5(1), 1-12. [Online] Academic Journals
(25.04.2014)

Rauwel, E., et al. Oxide coating of alumina nanoporous structure using ALD
to produce highly porous spinel — Chemical Vapor Deposition, 2012, 18 (10-
12), 315-325. [Online] Wiley Online Library (17.05.2014)

Metal Nanoparticles and Nanoalloys. / ed. Johnston, R. L., Wilcoxon, J.,
Oxford: Elsevier, 2012. [Online] Google Books (14.05.2014)

Nanoscience and Nanotechnologies: Opportunities and Uncertainties, The
Royal Society and The Royal Academy of Engineering. [WWW]

54


http://www.epa.gov/iaq/pdfs/sick_building_factsheet.pdf

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

http://www.raeng.org.uk/news/publications/list/reports/nanoscience_nanotech
nologies.pdf (12.05.2014)

Biomimetics - Learning from the nature. /ed. Prathna, T. C., Lazar,
Chandrasekaran, N., Ashok, M., Mukherjee, A., 2010, 1, 1-20. [Online]
INTECH (25.04.2014)

Wang, L. S., Chuang, M. C., Ho, J. A., Nanotheranostics — A review of recent
publications — International Journal of Nanomedicine, 2012, 7, 4679—4695.
[Online] Dove Medical Press (25.04.2014)

Santhosh, P. B., Ulrih N. P., Multifunctional superparamagnetic iron oxide
nanoparticles: promising tools in cancer theranostics — Cancer Letters, 2013,
336, 8-17. [Online] ScienceDirect (Elsevier) (25.04.2014)

Nanomaterials State of the Market Q3 2008: Stealth Success, Broad Impact.
2008. [WWW]
https://portal.luxresearchinc.com/research/document_excerpt/3735
(08.03.2014)

National Science Foundation, Press Release 08-155, 2010. [WWW]
http://www.nsf.gov/news/news_summ.jsp?cntn_id=112234, (16.03.2014)

The Economist, A New Report Warns That America May Lose The
Nanotechnology Race — Business Insider, 2014, 02.18 1:46 PM.

National Nanotechnology Initiative Strategic Plan 2014, National Science and
Technology Council Committee on Technology Subcommittee on Nanoscale
Science, Engineering, and Technology. [WWW]
http://nano.gov/sites/default/files/pub_resource/2014 nni_strategic_plan.pdf
(12.05.2014)

Zijlstra, P., Orrit, M., Single metal nanoparticles: optical detection,
spectroscopy and applications — Reports on Progress in Physics, 2011, 74, 10.
[Online] IOP Science (25.04.2014)

Frey, N. A, Sun, S., Magnetic Nanoparticle for Information Storage
Applications. — In Inorganic Nanoparticles Synthesis, Applications and
Perspectives, 3, 33-68. Altavilla C., Ciliberto E. 2011. [WWW]
http://www.nanoscienceworks.com/publications/just-in-
print/K10915_chapter3%20(2).pdf (12.05.2014)

Carlson, C., et al. Unique cellular interaction of silver nanoparticles: size-
dependent generation of reactive oxygen species — Journal of Physical
Chemistry, 2008, 112, 13608-13619. [Online] ACS Publications (25.04.2014)
Li, Y., Leung, P., Song, Q. W., Newton, E., Antimicrobial effects of surgical
masks coated with nanoparticles — Journal of Hospital Infection, 2006, 62,
58-63. [Online] ScienceDirect (Elsevier) (25.04.2014)

Evanoff Jr, D. D., Chumanov, G., Synthesis and optical properties of silver
nanoparticles and arrays — ChemPhysChem, 2005, 6, 1221-1231. [Online]
Wiley Online Library (25.04.2014)

Auffan, M., et al. Towards a definition of inorganic nanoparticles from an
environmental, health and safety perspective — Nature Nanotechnology, 2009,
4, 634-641. [Online] Nature (25.04.2014)

Pradeep, T., Anshup, Noble metal nanoparticles for water purification: A
critical review — Thin Solid Films, 2009, 517, 6441-6478. [Online]
ScienceDirect (Elsevier) (25.04.2014)

Sondi I., Salopek-Sondi B., Silver nanoparticles as antimicrobial agent: a case
study on E. coli as a model for gram-negative bacteria — Journal of Colloid
and Interface Science, 2007, 275, 177-182. [Online] ScienceDirect (Elsevier)

55


http://www.raeng.org.uk/news/publications/list/reports/nanoscience_nanotechnologies.pdf
http://www.raeng.org.uk/news/publications/list/reports/nanoscience_nanotechnologies.pdf
https://portal.luxresearchinc.com/research/document_excerpt/3735
http://www.nsf.gov/news/news_summ.jsp?cntn_id=112234
http://www.nanoscienceworks.com/publications/just-in-print/K10915_chapter3%20(2).pdf
http://www.nanoscienceworks.com/publications/just-in-print/K10915_chapter3%20(2).pdf

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

(25.04.2014)

Schultz, S., Smith, D. R., Mock, J. J., Schultz, D. A., Single-target molecule
detection with non-bleaching multicolour optical immunolabels -
Proceedings of the National Academy of Sciences of the United States of
America, 2000, 97, 996—1001. [Online] ScienceDirect (Elsevier) (25.04.2014)
Mueller, N. C., Nowack, B., Exposure modelling of engineered nanoparticles
in the environment — Environmental Science & Technology, 2008, 42, 4447
4453. [Online] ACS Publications (25.04.2014)

Maynard, A. D., Nanotechnology: A Research Strategy for Addressing Risk,
Project on Emerging Nanotechnologies, 2006. [WWW]
http://www.nanotechproject.org/file_download/files/PEN3_Risk.pdf
(25.04.2014)

Jovanovic, B., Anastasova, L., Rowe, E.W., Zhang, Y., Clapp, A.R., Palic, D.,
Effects of nanosized titanium dioxide on innate immune system of fathead
minnow (Pimephales promelas Rafinesque, 1820) — Ecotoxicology and
Environmental Safety, 2011, 74(7), 675-683. [Online] ScienceDirect (Elsevier)
(25.04.2014)

Xia, Y., Halas, N. J., Shape-Controlled Synthesis and Surface Plasmonic
Properties of Metallic Nanostructures — MRS Bulletin, 2005, 30, 338-348.
[WwWW]

http://depts.washington.edu/ntuf/facility/docs/Xia2005MRS.pdf (25.04.2014)
Haes, A. J., Van Duyne, R. P., A unified view of propagating and localized
surface plasmon resonance biosensors — Analytical and Bioanalytical
Chemistry, 2004, 379, 920-930. [Online] Springer (12.05.2014)

Evanoff Jr., D. D., Chumanov, G., Size-Controlled Synthesis of Nanoparticles
2. Measurement of Extinction, Scattering, and Absorption Cross Sections —
Journal of Physical Chemistry B, 2004, 108 (37), 13957-13962. [Online]
ACS Publications (12.05.2014)

Yoon, W., et al. Plasmon-enhanced optical absorption and photocurrent in
organic bulk heterojunction photovoltaic devices using self-assembled layer of
silver nanoparticles — Solar Energy Materials and Solar Cells, 2010, 94 (2),
128-132. [Online] ScienceDirect (Elsevier) (12.05.2014)

Klaus-Joerger, T., Joerger, R., Olsson, E., Grangvist, C. G., Bacteria as
workers in the living factory: Metal accumulating bacteria and their potential
for material science — Trends in Biotechnology, 2001, 19 (1), 15-20. [Online]
ScienceDirect (Elsevier) (12.05.2014)

Law, M., Greene, L. E., Johnson, J. C., Saykally, R., Yang, P., Nanowire dye-
sensitized solar cells — Nature Materials, 2005, 4, 455-459. [Online] Nature
(12.05.2014)

Jiang, H., Moon, K., Lu, J., Wong, C. P., Conductivity enhancement of nano
silver-filled conductive adhesives by particle surface functionalization —
Journal of Electronic Materials, 2005, 34 (11), 1432-1439. [Online] Springer
(12.05.2014)

Lin, J. C., Wang, C. Y., Effects of surfactant treatment of silver powder on the
rheology of its thick-film paste — Materials Chemistry and Physics, 1996, 45
(2), 136-144. [Online] ScienceDirect (Elsevier) (10.05.2014)

Hsu S. L., Wu, R., Synthesis of contamination-free silver nanoparticle
suspensions for micro-interconnects — Materials Letters, 2007, 61 (17), 3719-
3722. [Online] ScienceDirect (Elsevier) (10.05.2014)

Melosh, N. A., et al. Ultra-high density nanowire lattices and circuits —

56


http://www.nanotechproject.org/file_download/files/PEN3_Risk.pdf
http://depts.washington.edu/ntuf/facility/docs/Xia2005MRS.pdf

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Science, 2003, 300, 112-115. [Online] ScienceMagazine (10.05.2014)

Zijlstra, P., James, W. M., Gu, C., Gu, M., Five-dimensional optical recording
mediated by surface plasmons in gold nanorods — Nature, 2009, 459, 410-413.
[Online] Nature (10.05.2014)

Alu, A., Engheta, N., Wireless at the Nanoscale: Optical Interconnects using
Matched Nanoantennas — Physical Review Letters, 2010, 104, 213902.
[Online] American Physical Society (10.05.2014)

Demling, R. H., DeSanti, L., Effects of silver on wound management —
Wounds, 2001, 13, 4. [Online] Google Scholar (10.05.2014)

Chopra, 1., The increasing use of silver-based products as antimicrobial
agents: a useful development or a cause for concern? — Journal of
Antimicrobial Chemotherapy, 2007, 59 (4), 587-590. [Online] Oxford Journals
(10.05.2014)

Catauro, M., Raucci, M. G., de Gaetano, F., Marotta, A., Antibacterial and
bioactive silver-containing Na,O-CaO-2SiO, glass prepared by sol-gel
method — Materials in medicine, 2004, 15 (7), 831-837. [Online] Springer
(10.05.2014)

Nagvi, S. Z. H., et al. Combined efficacy of biologically synthesized silver
nanoparticles and different antibiotics against multidrug-resistant bacteria —
International Journal of Nanomedicine, 2013, 8, 3187-3195. [Online] Dove
Medical Press (10.05.2014)

Guzman, M. G., et al., Synthesis of silver nanoparticles by chemical reduction
method and their antibacterial activity — World Academy of Science:
Engineering & Technology, 2008, 45, 367. [Online] EBSCOhost (10.05.2014)
Chen, X., Schluesener, H. J., Nanosilver: a nanoproduct in medical application
— Toxicology Letters, 2008, 176 (1), 1-12. [Online] ScienceDirect (Elsevier)
(10.05.2014)

Maynard, A. D., Nanotechnologies: Overview and Issues. Nanotechnology -
toxicological issues and environmental safety. / ed. Simeonova, P.P., Opopol,
N., Luster, M.1., 1-13, Netherlands, Springer, 2007. [Online] Google Books
(10.05.2014)

Kumar, A. et al. Silver-nanoparticle-embedded antimicrobial paints based on
vegetable oil — Nature Materials, 2008, 7, 236-241. [Online] Nature
(10.05.2014)

Li, Q., et al. Antimicrobial nanomaterials for water disinfection and microbial
control: Potential applications and implications — Water Research, 2008, 42
(18), 4591-4602. [Online] ScienceDirect (Elsevier) (10.05.2014)

Duran, N., et al. Antibacterial effect of silver nanoparticles produced by fungal
process on textile fabrics and their effluent treatment — Journal of Biomedical
Nanotechnology, 2007, 3 (2), 203-208. [Online] IngentaConnect (10.05.2014)

Kim, J.Y., Lee, C., Cho, M., Yoon, J., Enhanced inactivation of E. coli and
MS-2 phage by silver ions combined with UV-A and visible light irradiation —
Water research, 2008, 42 (1-2), 356-362. [Online] ScienceDirect (Elsevier)
(10.05.2014)

Rahn R. O., Landry L. C., Ultraviolet irradiation of nucleic acids complexed
with heavy atoms. Il. Phosphorescence and photodimerization of DNA
complexed with Ag+. — Photochemistry and Photobiology, 1973, 18, 29-38.
[Online] Wiley Online Library (10.05.2014)

Chou, W., Yu, D., Yang, M., The preparation and characterization of silver-
loading cellulose acetate hollow fiber membrane for water treatment —

57



76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Polymers for Advanced Technologies, 2005, 16 (8), 600-607. [Online] Wiley
Online Library (10.05.2014)

Gong, P., et al. Preparation and antibacterial activity of Fe;O,@Ag
nanoparticles — Nanotechnology, 2007, 18 (28), 285604. [Online] IOP Science
(10.05.2014)

Jain, P., Pradeep, T., Potential of Silver Nanoparticle-Coated Polyurethane
Foam As an Antibacterial Water Filter — Biotechnology and Bioengineering,
2005, 90 (1), 53-63. [Online] Wiley Online Library (10.05.2014)

Yoon, K. Y., Byeon, J. H., Park, C. W., Hwang, J., Antimicrobial Effect of
Silver Particles on Bacterial Contamination of Activated Carbon Fibers —
Environmental Science & Technology, 2008, 42 (4), 1251-1255. [Online] ACS
Publication (10.05.2014)

Chambers, C. W., Proctor, C. M., Kabler, P. W., Bactericidal effect of low
concentrations of silver — American Water Works Association, 1962, 54, 208—
216. [Online] Google Scholar (10.05.2014)

Morones, J. R., et al. The bactericidal effect of silver nanoparticles —
Nanotechnology, 2005, 16 (10), 2346. [Online] IOP Science (10.05.2014)
Madigan, M., Martinko, J. M., Parker, J., Biology of Microorganisms 11" edn
— International Microbiology, 2005, 8, 149-152. [Online] Google Scholar
(10.05.2014)

Elechiguerra, J. L., et al. Interaction of silver nanoparticles with HIV-1 —
Journal of Nanotechnology, 2005, 3, 6. [Online] BioMed Central (10.05.2014)
Navaladian, S., Viswanathan, B., Varadarajan, T. K., Viswanath, R. P.,
Microwave-assisted rapid synthesis of anisotropic Ag nanoparticles by solid
state transformation — Nanotechnology, 2008, 19 (4), 045603. [Online] 10P
Science (10.05.2014)

Feng, Q. L., et al. A mechanistic study of the antibacterial effect of silver ions
on Escherichia coli and Staphylococcus aureus — Journal of Biomedical
Materials Research, 2000, 52, 662. [Online] National Center for
Biotechnology Information (10.05.2014)

Bragg, P. D., Rainnie, D. J., The effect of silver ions on the respiratory chains
of E. Coli — Canadian Journal of Microbiology, 1974, 20 (6), 883-889.
[Online] NRC Research Press (10.05.2014)

Holt, K. B., Bard, A. J., Interaction of silver (I) ions with the respiratory chain
of E. Coli: an electrochemical and scanning electrochemical microscopy study
of the antimicrobial mechanism of micromolar Ag+ — Biochemistry, 2005, 44
(39), 13214-13223. [Online] ACS Publications (10.05.2014)

Landsdown, A. B. G., Silver I: its antibacterial properties and mechanism of
action — Journal of Wound Care, 2002, 11 (4), 125-130. [Online] Internurse
(10.05.2014)

George, S., et al. Surface Defects on Plate-Shaped Silver Nanoparticles
Contribute to Its Hazard Potential in a Fish Gill Cell Line and Zebrafish
Embryos — ACS Nano, 2012, 6 (5), 3745-3759. [Online] ACS Publications
(10.05.2014)

Tolaymat, T. M., et al. An evidence-based environmental perspective of
manufactured silver nanoparticle in syntheses and applications: A systematic
review and critical appraisal of peer-reviewed scientific papers — Science of
The Total Environment, 2010, 408 (5), 999-1006. [Online] ScienceDirect
(Elsevier) (10.05.2014)

Lok, C., et al. Proteomic Analysis of the Mode of Antibacterial Action of

58



Silver Nanoparticles — Journal of Proteome Research, 2006, 5 (6), 916-924.
[Online] ACS Publications (10.05.2014)

91. Xiu, Z., et al. Negligible Particle-Specific Antibacterial Activity of Silver
Nanoparticles — Nano Letters, 2012, 12 (8), 4271-4275. [Online] ACS
Publications (10.05.2014)

92. Sotiriou, G. A., Pratsinis, S. E., Antibacterial Activity of Nanosilver lons and
Particles — Environmental Science & Technology, 2010, 44 (14), 5649-5654.
[Online] ACS Publications (10.05.2014)

93. Magrez, A., et al. Cellular toxicity of carbon-based nanomaterials — Nano
Letters, 2006, 6, 1121-1125. [Online] ACS Publications (10.05.2014)

94. Shvedova, A. A., et al. Unusual inflammatory and fibrogenic pulmonary
responses to single-walled carbon nanotubes in mice — American Journal of
Physiology — Lung Cellular and Molecular Physiology, 2005, 289, 698-708.
[Online] APS Journals (10.05.2014)

95. Purcell, T. W., Peters, J. J., Sources of silver in the environment —
Environmental Toxicology and Chemistry, 1998, 17 (4), 539-546. [Online]
Wiley Online Library (10.05.2014)

96. Roy, N., Gaur, A., Jain, A., Bhattacharya, S., Rani, V., Green synthesis of
silver nanoparticles: An approach to overcome toxicity — Environmental
Toxicology and Pharmacology, 2013, 36 (3), 807-812. [Online] ScienceDirect
(Elsevier) (10.05.2014)

97. Choi, O., Hu, Z., Size Dependent and Reactive Oxygen Species Related
Nanosilver Toxicity to Nitrifying Bacteria — Environmental Science &
Technology, 2008, 42 (12), 4583-4588. [Online] ACS Publications
(10.05.2014)

98. Limbach, L. K., et al. Exposure of engineered nanoparticles to human lung
epithelial cells: influence of chemical composition and catalytic activity on
oxidative stress — Environmental Science & Technology, 2007, 41 (11), 4158-
4163. [Online] ACS Publications (10.05.2014)

99. Oberdorster, G., et al. Translocation of inhaled ultrafine particles to the brain —
Inhalation Toxicology, 2004, 16 (6-7), 437-445. [Online] Informa Healthcare
(10.05.2014)

100. Elder, A., et al. Translocation of inhaled ultrafine manganese oxide particles
to the central nervous system — Environmental Health Perspectives, 2006, 114
(8), 1172-1178. [Online] National Center for Biotechnology Information
(10.05.2014)

101. Hagar, I. L., Schneider, M., Interaction of inorganic nanoparticles with the
skin barrier: current status and critical review — Nanomedicine:
Nanotechnology, Biology and Medicine, 2013, 9 (1), 39-54. [Online]
ScienceDirect (Elsevier) (10.05.2014)

102. Cross S. E., et al. Human skin penetration of sunscreen nanoparticles: in
vitro assessment of a novel micronized zinc oxide formulation — Skin
Pharmacology and Physiology, 2007, 20 (3), 148-154. [Online] Karger
Publishers (10.05.2014)

103. Hussain, S. M., Hess, K. L., Gaerhart, J. M., Geiss, K. T., Schlager, J. J., In
vitro toxicity of nanoparticles in BRL 3A rat liver cells — Toxicology in Vitro,
2005, 19 (7), 975-983. [Online] ScienceDirect (Elsevier) (10.05.2014)

104. Trop, M., Silver-coated dressing Acticoat caused raised liver enzymes and
argyria-like symptoms in burn patient — Journal of Trauma-Injury Infection &
Critical Care, 2006, 60 (3), 648-652. [Online] LWW Journals (10.05.2014)

59



105. Wan, A. T., Determination of silver In blood, urine, and tissues of
volunteers and burn patients — Clinical Chemistry, 1991, 37 (10), 1683-1687.
[Online] Clinical Chemistry (10.05.2014)

106. Rungby, J., Experimental argyrosis: ultrastructural localization of silver in
rat eye — Experimental and Moleclar Pathology, 1986, 45 (1), 22-30. [Online]
ScienceDirect (Elsevier) (10.05.2014)

107. De la Riviere, B. A., Dossche, K. M., Birnbaum, D. E., Hacker, R., First
clinical experience with mechanical valve with silver coating — Journal of
Heart Valve Disease, 2000, 9 (1), 123-130. [Online] Europe PubMed Central
(10.05.2014)

108. Tweden, K. S., Cameron, J. D., Razzouk, A. J., Holmberg, W. R., Kelly, S.
J., Biocompability of silver-modified polyester for antimicrobial protection of
prosthetic valves — Journal of Heart Valve Disease, 1997, 6 (5), 553-561.
[Online] Europe PubMed Central (10.05.2014)

109. Choi, O., et al. The inhibitory effects of silver nanoparticles, silver ions, and
silver chloride colloids on microbial growth — Water Research, 2008, 42 (12),
3066-30674. [Online] ScienceDirect (Elsevier) (10.05.2014)

110. Lee, D., Fortin, C., Campbell, P. G. C., Contrasting effects of chloride on
the toxicity of silver to two green algae, Pseudokirchneriella subcapitata and
Chlamydomonas reinhardtii — Aquatic Toxicology, 2005, 75 (2), 127-135.
[Online] ScienceDirect (Elsevier) (10.05.2014)

111. Kahru, A., Dubourguier, H. C., From ecotoxicology to nanoecotoxicology —
Toxicology, 2010, 269 (2-3), 105-119. [Online] ScienceDirect (Elsevier)
(10.05.2014)

112. Yeo, M., Yoon, J., Comparison of the effects of nano-silver antibacterial
coatings and silver ions on zebrafish embryogenesis — Molecular & Cellular
Toxicology, 2009, 5 (1), 23-31. [Online] Springer (10.05.2014)

113. Carlson, C., In vitro toxicity assessment of silver nanoparticles in rat
alveolar macrophages: MaSc Thesis, Long Beach, California State University,
2006. [Online] Google Scholar (10.05.2014)

114. Pal, S., Tak, Y. K., Song, J. M., Does the antibacterial activity of silver
nanoparticles depend on the shape of the nanoparticle? A study of the gram-
negative bacterium E. coli — Applied and Environmental Microbiology, 2007,
73 (6), 1712-1720. [Online] American Society for Microbiology (10.05.2014)

115. Blinova, 1., et al. Toxicity of two types of silver nanoparticles to aquatic
crustaceans Daphnia magna and Thamnocephalus platyurus — Envrionmental
Science and Pollution Research, 2013, 20 (5), 3456-3463. [Online] Springer
(10.05.2014)

116. Bianchini, A., et al. Evaluation of the effects of reactive sulfide on the acute
toxicity of silver (I) to Daphnia magna. Part 2: Toxicity results —
Environmental Toxicology and Chemistry, 2002, 21 (6), 1294-1300. [Online]
Wiley Online Library (10.05.2014)

117. Burd, A., et al. A comparative study of the cytotoxicity of silver-based
dressings in monolayer cell, tissue explant, and animal models — Wound
Repair and Regeneration, 2007, 15 (1), 94-104. [Online] Wiley Online
Library (10.05.2014)

118. Metal contamination in aquatic environments: science and lateral
management. 93-123. / ed. Luoma, S. N., Rainbow, P. S.. Cambridge
University Press, 2008, [Online] CAB Direct (10.05.2014)

119. Nowack, B., Bucheli, T. D., Occurrence, behavior and effects of

60



nanoparticles in the environment — Environmental Pollution, 2007, 150, 5-22.
[Online] ScienceDirect (Elsevier) (10.05.2014)

120. Sharma, V. K., Yngard, R. A,, Lin, Y., Silver nanoparticles: Green synthesis
and their antimicrobial activities — Advances in Colloid and Interface Science,
2009, 145 (1-2), 83-96. [Online] ScienceDirect (Elsevier) (10.05.2014)

121. Chen, D., Qiao, X., Qiu, X., Chen, J., Synthesis and electrical properties of
uniform silver nanoparticles for electronic applications — Journal of Materials
Science, 2009, 44 (4), 1076-1081. [Online] Springer (10.05.2014)

122. Raveendran, P., Fu, J., Wallen, S. L., Completely “Green” Synthesis and
Stabilization of Metal Nanoparticles — Journal of the American Chemical
Society, 2003, 125 (46), 13940-13941. [Online] ACS Publications
(10.05.2014)

123. Klaus, T., Joerger, R., Olsson, E., Grangvist, C., Silver-based crystalline
nanoparticles microbially fabricated — Proceedings of the National Academy
of Sciences of the United States of America, 1999, 96 (24), 13611-13614.
[Online] PNAS Journal (10.05.2014)

124. Sastry, M., Ahmad, A., Khan, I, Kumar, R., Biosynthesis of metal
nanoparticles using fungi and actinomycete — Current Science, 2003, 85 (2),
162-170. [Online] Indian Academy of Sciences (10.05.2014)

125. Dias, M. A., Lacerda, I. C. A., Pimentel, P. F., De Castro, H. F., Rosa, C.
A., Removal of heavy metal by an Aspergillus terreus strain immobilized in
polyurethane matrix — Letters in Applied Microbiology, 2002, 34, 46-50.
[Online] Wiley Online Library (10.05.2014)

126. Mandal, D., Bolander, M. E., Mukhopadhyay, D., Sarkar, G., Mukherjee, P.,
The use of microorganisms for the formation of metal nanoparticles and their
application — Applied Microbiology and Biotechnology, 2006 69 (5), 485-492.
[Online] Springer (10.05.2014)

127. Bhainsa, K. C., D’Souza, S. F., Extracellular biosynthesis of silver
nanoparticles using the fungus Aspergillus fumigatus — Colloids and Surfaces
B: Biointerfaces, 2006, 47 (2), 160-164. [Online] ScienceDirect (Elsevier)
(10.05.2014)

128. Gareda-Torresdey, J. L., et al. Alfalfa sprouts: A natural source for the
synthesis of silver nanoparticles — Langmuir, 2003, 19 (4), 1357-1361.
[Online] ACS Publications (10.05.2014)

129. Shankar, S. S., Ahmad, A., Sastry, M., Geranium leaf assisted biosynthesis
of silver nanoparticles — Biotechnology Progress, 2003, 19 (6), 1627-1631.
[Online] Wiley Online Library (10.05.2014)

130. Kharissova, O. V., Dias, H. V., Kharisov, B. I., Perez, B. O., Jimenez Perez,
V. M., The greener synthesis of nanoparticles — Trends in Biotechnology,
2013, 31 (4), 240-248. [Online] ScienceDirect (Elsevier) (10.05.2014)

131. Ahmad, N., Rapid synthesis of silver nanoparticles using dried medicinal
plant of basil — Colloids and Surfaces B: Biointerfaces, 2010, 81 (1), 81-86.
[Online] ScienceDirect (Elsevier) (10.05.2014)

132. Khan, M., et al. Green synthesis of silver nanoparticles mediated by
Pulicaria glutinosa extract — International Journal of Nanomedicine, 2013, 8,
1507-1516. [Online] Dove Medical Press (10.05.2014)

133. Reinhart, D. R., Emerging contaminants: Nanomaterial fate in landfills —
Waste Management, 2010, 30 (11), 2020-2021. [Online] ScienceDirect
(Elsevier) (19.05.2014)

134. Bystrzejewska-Piotrowska, G., Golimowski, J., Urban, P. L., Nanoparticles:

61



Their potential toxicity, waste and environmental management — Waste
management, 2009, 29 (9), 2587-2595. [Online] ScienceDirect (Elsevier)
(10.05.2014)

135. Liu, Y., Tourbin, M., Lachaize, S., Guiraud, P., Nanoparticles in
wastewaters: Hazards, fate and remediation — Powder Technology, 2014, 255,
149-156. [Online] ScienceDirect (Elsevier) (10.05.2014)

136. Straw and stalks baled combustion. [WWW)]
http://www.volund.dk/en/Biomass_energy/Technologies/Combustion/Straw_a
nd_stalks (12.05.2014)

137. Kowalczyk, B., Lagzi, I., Grzybowski, B. A., Nanoseparations: Strategies
for the size and/or shape-selective purification of nanoparticles — Current
Opinion in Colloid & Interface Science, 2011, 16, 135-148. [Online]
ScienceDirect (Elsevier) (30.05.2014)

138. Face-centered cubic structure. [WWW]
http://assets.openstudy.com/updates/attachments/4f466f3fe4b065f388ddf1bf-
jfraser-1330018875028-cusersjfraserdesktopface_centered_cubic2.jpg
(13.05.2014)

139. Willcock, J., Magan, N., Impact of environmental factors on fungal
respiration and dry matter losses in wheat straw — Journal of stored Products
Research, 2000, 37 (1), 35-45. [Online] ScienceDirect (Elsevier) (23.05.2014)

140. Li, P., et al. Screening of a Composite Microbial System and Its
Characteristics of Wheat Straw Degradation — Agricultural Sciences in China,
2011, 10 (10), 1586-1594. [Online] ScienceDirect (Elsevier) (23.05.2014)

141. Fonty, G., Mechanical resistance of wheat straw after incubation in cultures
of ruminal cellulolytic microorganisms — Animal Feed Science and
Technology, 1999, 80 (3-4), 297-307. [Online] ScienceDirect (Elsevier)
(23.05.2014)

142. Kutti, S., Microorganisms living on straw bale and reed used for green
housing projects — Conference, Tallinn University of technology, Tartu
College, Tartu, 2014.

143. Seemnemaailm, Boric acid. [WWW]
http://www.seemnemaailm.ee/index.php?G1D=4669 (23.05.2014)

144. OKE F, Wood protection agent. [WWW] http://www.oke.ee/?m1=14

(24.05.2014)

145. Bauhof, Mould protection agent Biotol. [WWW]
http://www.bauhof.ee/hallitusvastane-vahend-biotol-spray-0-51.html
(23.05.2014)

146. Lloyd, J. D., Borates and their biological applications — The International
Researsh Group on Wood Preservation, 1998, 3. [WWW]
http://nisuscorp.com/images/uploads/documents-
other/Borates%20and%20Their%20Biological%20Applications%20CS.pdf
(12.05.2014)

147. Bull, S., Sodium hypochlorite, Toxicological review — Health Protection
Agency, 2007, 1. [WWW]
http://www.hpa.org.uk/webc/hpawebfile/hpaweb_c/1194947380553
(12.05.2014)

148. Keemia Kaubandus, Laboratroy chemicals. [WWW)]
http://keemiakaubandus.ee/laboratoorne-keemia-reaktiivid/ (20.05.2014)

62



APPENDIXES

Appendixes 1

1

14

[l_\l

Fiure 9. Width of straw bale samples
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Figure 10. Length of straw bale samples

Appendixes 2

Figure 11. Fungus "H”
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Figure 12 Fungus "H" 200 nM

Figure 13. Fungus "H" 500 nM

Figure 14. Fungus "H" 1 uM
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Figure 15. Bacterium "E"

Figure 17. Bacterium "E" 500 nM

66



Figure 18. Bacterium "E" 1 uM

Figure 19. Bacterium "J"

Figure 20. Bacterium "J" 1 uM

67



Figure 22. Bacterium "D" 1 uM

Appendix 3

Figure 23. Untreated straw

68



Figure 25. Straw treated with 1 uM/L AgNP ethanol solution
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