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Abstract
Building materials are constantly improved with various additives and admixtures in order to achieve goals ranging from 
obtaining increased durability or antimicrobial activity up to reducing the carbon footprint left by the cement production. 
Since nanomaterials were proposed for cement products, many studies explored the possibilities for their incorporation. 
One of the novel trends in studying these materials is evaluating their impact on living organisms, with the focus not only on 
toxicology but also on the application potential. Therefore, in this study, we investigated the effects of three types of calcium–
silicate–hydrate (C–S–H) seeds on reference microorganisms in the scope of their basic physiology and primary metabolism. 
Shape, size and elemental composition of C–S–H seeds were also evaluated. The tests on the reference microorganisms have 
shown that the reaction to these nanomaterials can be specific and depends on the strain as well as the type of used nanoma-
terial. Furthermore, the presence of C–S–H seeds in the growth environment led to metabolic stimulation that resulted in 
faster growth, higher biochemical activity, and increased biofilm formation. Based on our findings, we conclude that even 
though C–S–H seeds have antimicrobial potential, they can be potentially used to promote the growth of selected microbial 
strains. This phenomenon could be further investigated towards the formation of beneficial biofilms on building materials.

Keywords Calcium–silicate–hydrate · C–S–H seeds · Microorganisms · Nanoparticles · Stimulation · Toxicity

Introduction

The role of cement production in  CO2 exhaustion has long 
been recognized and efforts were made to reduce the car-
bon footprint of this quickly expanding branch of industry 

(VDZ 2015). Since 1950 cement production increased 
from approximately 500 to almost 5000 Mt per year in 
2017, China alone contributes 2250 Mt/year and the trend 
is rising (Miller et al. 2018). Since the most significant 
contribution originates from the burning of the raw mate-
rials, a reduction of the clinker share in cement and con-
cretes is currently a widely spread technique to reduce the 
environmental impact of concrete. Nevertheless, reduced 
clinker content results in a reduced hydration activity, 
particularly at an early age, which restricts this approach 
to applications that do not require high early strengths 
(Land and Stephan 2015). In order to facilitate the clinker 
reduction for precast industry or ready-mix concrete, addi-
tives can be used to overcome the low hydration activity. 
Conventional hydration accelerators share some disadvan-
tages. Calcium salts such as chlorides enhance the cor-
rosiveness, whereas others, for example, sodium nitrate, 
compromise the long-term strength. Furthermore, most 
organic additives raise environmental concerns (Bost 
et al. 2016). Therefore, in recent years, various methods 
for accelerating the cement hydration process were sought 
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with particular interest set on the incorporation of nano-
materials. Calcium silicate hydrate (C–S–H), silica  (SiO2) 
and alumina  (Al2O3) nanoparticles can be distinguished 
among the most popular cement hydration accelerators 
(Singh et al. 2011; John et al. 2019; Krivenko et al. 2019; 
Sikora et al. 2019; Skoczylas and Rucińska 2019; Szy-
manowski and Sadowski 2019; Zhan et al. 2019; Sanytsky 
et al. 2020).

The main clinker phase of ordinary Portland cement 
accountable for structure development is tricalcium silicate 
which main hydration product is calcium silicate hydrate 
(C–S–H, C—CaO, S—SiO2, H—H2O, according to con-
struction chemistry nomenclature). Mature cement stone 
consists of approximately 80 wt% C–S–H phases which 
make them the most abundant synthetic material on earth. 
The acceleration of cement hydration with synthetic C–S–H 
seeds was mentioned in the 1960s, although during the past 
10 years it has gained widespread attention because they 
overcome all the before mentioned drawbacks and show 
great potential in accelerating the early strength of blended 
cement (Schunack 1969; John et al. 2019). The artificially 
added C–S–H crystals are supposed to accelerate the silicate 
reaction by providing an almost ideal template for hydra-
tion products to grow in the pore spaces which directs the 
structure development away from the surface of the clinker 
and results in the formation of a denser microstructure. The 
impact of C–S–H seeds onto the hydration and strength 
development of concrete, cement, and  C3S has been previ-
ously reviewed (Nicoleau 2011; John et al. 2018).

Even though the incorporation of nanosized materials 
such as C–S–H, silica nanoparticles, carbon nanotubes, tita-
nium dioxide, and others has been widely studied in the lit-
erature of the last two decades (Spinazzè et al. 2016; Bossa 
et al. 2017; Diamond et al. 2017; Miller et al. 2017), still, 
there are strong concerns regarding the handling and safety 
of using nanosized admixtures during cement-based com-
posites production, as well as during the demolition works 
(Lee et al. 2010; Van Broekhuizen et al. 2011; Jones et al. 
2016; Strokova et al. 2018; Torres-Carrasco et al. 2019). 
There are many factors affecting the potentially hazardous 
effects of nanomaterials arising from their size, shape, chem-
ical composition, the tendency to agglomerate, solubility, 
surface area and charge (Nawrotek and Augustyniak 2015; 
Miller et al. 2017; Augustyniak et al. 2019). While the tox-
icity of nanoparticles has been proven by many studies in 
laboratory conditions (Aruguete et al. 2013; Mosselhy et al. 
2017; Díez-Pascual 2018), their toxicity under the mass pro-
duction of cementitious composites may vary due to the fact 
that most of the nanosized admixtures are not stabilized in a 
working aqueous suspension. In addition, the full dispersion 
of nanoparticles in aqueous solution is also hindered due to 
the limited amount of water that is used for the composite 
production (Sikora et al. 2018).

While nanosized C–S–H nanoparticles are already avail-
able on the market, it is imperative to evaluate their potential 
effects on human health in order to evaluate the risk assess-
ment and provide proper handling techniques to satisfy the 
safety of workers as well as environment during occasional 
release and emergency situations. Therefore, all materials 
should be studied in order to fully explore their versatility 
in various applications, such as fluorimetric determination 
of ions, catalytic activity in dyes degradation, or biocidal 
activity against cancer cells (Bandi et al. 2020; Alle et al. 
2020a, b). In vivo study on the effects of C–S–H inhala-
tion by rats that were led for 5 days followed by the 21-day 
recovery period showed the low toxicity of a commercial 
C–S–H product with no test-related change in bronchoalveo-
lar lavage (Bräu et al. 2012). Besides, a minimal to a mild 
increase in alveolar macrophages in the lungs of rats was 
reported. However, this value dropped to the control level 
after 21 days of recovery. Based on a search in Scopus data-
base, there is a lack of literature on the activity of C–S–H 
seeds on reference microorganisms. These small life forms 
are interacting with cementitious composite often leading 
to their deterioration (Kong et al. 2017). However, in some 
cases, microbial activity may be used for crack healing or the 
biocementation process in order to produce new composites 
(Abo-El-Enein et al. 2019). In that scope, there is a necessity 
to investigate whether various admixtures such as C–S–H 
seeds have an  inhibitory or rather stimulative effect on 
microorganisms. In further perspective, it could lead to the 
development of novel materials used to affect the biological 
growth on the surfaces in the desired way (Nielsen 2017). 
Therefore, there is the strong research need to understand 
the role of nanoparticles and their safety-related issues in 
the construction industry as concrete is the most man-made 
produced material around the world, and thus the exposure 
to this material is inevitable. Microorganisms are the first 
organisms to make contact with these structures; therefore, 
it is advised to study all nanomaterials on microbiological 
models (Holden et al. 2014). In this study, we aimed at char-
acterizing the effects of three types of nanosized C–S–H 
phases on the selected physiological characteristics of refer-
ence microorganisms.

Materials and methods

Materials

In this study, three types of C–S–H phases were used: one 
synthesized in the laboratory designated as CSH-S and 
two commercial products marked as CSH-C1 and CSH-
C2. Both these materials were prepared by coprecipitation 
of water-soluble Ca and Si compounds in the presence 
of water-soluble comb-polymer (superplasticizer). Both 
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commercial products had pH around 12 and were stabi-
lised by polycarboxylate (PCE). One of them (in this study 
designated as CSH-C2) was nitrate-free.

Five reference strains were used for microbiological 
studies including four bacteria: Escherichia coli ATCC 
® 8739™, Staphylococcus aureus ATCC ® 25923™ (for 
growth kinetics), Staphylococcus aureus ATCC ® 6538™ 
(for biofilm formation), Pseudomonas aeruginosa ATCC ® 
27583™ and a yeast: Candida albicans ATCC ® 10231™. 
These microorganisms were selected because they are 
commonly used in microbiological analyses of various 
materials.

Synthesis and characterisation of C–S–H

For the pozzolanic synthesis of C–S–H seeds the starting 
materials were mixed in the desired molar calcium to sili-
con (Ca/Si = 1) and water to solid ratio (w/s = 10). The sus-
pension was transferred into plastic bottles and kept under 
constant mixing in a shaker for 7 days. Before the applica-
tion, the dry mass of the C–S–H was determined, and the 
water content adjusted. The product was not dried, in order 
to avoid aggregation.

The morphology of the C–S–H samples was analysed 
with a transmission electron microscope (TEM, Tecnai G2 
F20 S-TWIN, FEI) with the accelerating voltage of 200 kV. 
TEM was also equipped with the X-ray energy dispersive 
spectroscopy (EDS) for elemental analysis. The samples for 
TEM and EDS were suspended in acetone and evaporated 
at 50 ℃ on the TEM grid with a lacey carbon film. Gatan 
Digital Micrograph software was used for the analysis of 
TEM images that included the measurements of size and 
thickness of studied nanoparticles.

Preparation of C–S–H seeds for microbiological 
studies

The stock suspensions of C–S–H seeds (10% w/v) were 
diluted to make the 2% working solution. Afterwards, the 
solution was vortexed for 10 s and dispersed in a water bath 
sonicator (Digital Pro PS-20A, 40 Hz) for 30 min. Subse-
quently, samples were further diluted with deionized water 
or tryptone soy broth (depending on the test) in order to 
reach final concentrations of 1%, 0.5%, 0.25%, and 0.125%. 
Samples containing 1% of C–S–H seeds were treated as 
the main test concentration because this is the typical con-
centration that can be used for the preparation of cement-
based composites. Remaining concentrations were used in 
acute and chronic toxicity tests that are described below. 
Every single experiment was conducted from the same 

nanomaterial suspension, whereas a new suspension was 
prepared for each of the three repetitions of the experiments.

Growth kinetics curves

Overnight cultures of studied strains were inoculated in ratio 
1:200 to fresh tryptone soya broth (TSB) liquid medium con-
taining C–S–H seeds (1% w/v) or ultrapure water in the con-
trol sample. Cultures were led at 30 ℃ for P. aeruginosa and 
37 ℃ for remaining microorganisms in Biotek H1 (BioTek 
Instruments, Winooski, VT, USA) spectrophotometer set 
for the kinetic mode. Optical density (λ = 600 nm) of liquid 
culture was measured every 30 min for 8–11 h (depending 
on the microorganism). Because of the high pH of C–S–H 
seed suspensions, the effect of pH was incorporated into the 
study as an additional control.

Acute and chronic toxicity

Acute toxicity was recorded according to Ivask et al. (2014). 
In order to perform the experiment, the overnight culture 
(16 h) was inoculated to fresh TSB medium and incubated 
at 30 ℃ until log phase was reached. Afterwards, cultures 
were centrifuged (10 min at 3500 rpm) and resuspended 
in ultrapure water. C–S–H suspensions or ultrapure water 
was added to the samples and they were incubated at room 
temperature for 4 h without the light access. In the next 
step, samples were diluted with serial dilutions method and 
spread (100 µL each) on tryptone soya agar (TSA) plates. 
Following the overnight incubation at 37 ℃, colonies were 
counted. In every case, inoculation was executed in three 
repetitions. Experiments were replicated in order to con-
firm gained tendencies of results. Additional control was 
conducted with medium with increased pH corresponding 
to the pH of C–S–H suspensions.

Chronic toxicity was evaluated in 96-well transparent 
flat-bottomed polystyrene plates. Overnight cultures were 
inoculated in the ratio of 1:200 to TSB medium containing 
C–S–H seeds (1%, 0.5%, 0.25%, and 0.125% w/v). Absorb-
ance (λ = 600 nm) was measured in t = 0 and after 24 h of 
incubation. Each case was prepared in eight repetitions. 
Biochemical activity of cells was measured in  alamarBlue® 
assay according to the user’s manual by recording fluores-
cence of cultures (λex = 520 nm; λem = 590 nm) after 0.5–4 h 
depending on the microorganism. Both absorbance and flu-
orescence were measured on BioTek Synergy H1 (BioTek 
Instruments,Winooski, VT, USA) The controls in this exper-
iment included medium with increased pH, medium with 
given C–S–H seeds and medium with ultrapure water.
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Biofilm formation studies

Biofilm formation was studied in 96-well transparent round-
bottomed polystyrene plates. Each sample was prepared in 
the volume of 150 µL that included 120 µL of fresh TSB 
medium along with 15 µL of C–S–H seeds’ suspension 
(or ultrapure water) and 15 µL of the overnight culture of 
reference microorganisms. Working suspensions were pre-
pared in order to reach C–S–H concentrations of 1%, 0.5%, 
0.25% and 0.125% (w/v). Samples were incubated for 24 h 
at 30 ℃ (P. aeruginosa) or 37 ℃ (remaining microorgan-
isms). Afterwards, plates were rinsed thrice with phosphate-
buffered saline (PBS), and wells were filled with fresh TSB 
medium containing 10% of  alamarBlue® reagent. In the 
next step, plates were incubated at 30 ℃ up to 4 h (depend-
ing on the microorganism). Fluorescence (representing the 
biochemical activity of microorganisms) was measured on 
BioTek Synergy H1 (BioTek Instruments, Winooski, VT, 
USA) (λex = 520 nm; λem = 590 nm). In the next stage, plates 
were rinsed three times with deionized water, and biomass 

was fixed with methanol for 15 min at ambient tempera-
ture. After that time, plates were emptied, air dried, filled 
with 1% (w/v) solution of filtered crystal violet and stained 
for 15 min at room temperature. Subsequently, plates were 
washed with tap water and air-dried. Then, biomass was 
decolourized with 200 µL of ethanol:acetone (8:2 v/v) solu-
tion. In the last stage, 100 µL was mixed by pipetting and 
transferred to a 96-well flat-bottom plate. The results were 
recorded by measuring absorbance (λ = 570 nm) on BioTek 
Synergy H1 (BioTek Instruments, Winooski, VT, USA) 
microplate reader.

Statistical snalysis

One-way ANOVA was used in the statistical analysis of the 
results along with Tukey’s post-hoc test, results for which 
p < 0.05 was considered significant. The assumptions for the 
ANOVA were checked for each dataset.

Fig. 1  TEM images of the C–S–H phase from CSH-S (a–d), CSH-C1 (e–h) and CSH-C2 (i–l) samples
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Results and discussion

C–S–H chemical and microscopical analysis

Electron microscopy has been proven to be a useful tool for 
determining the size of nanoparticles (Bandi et al. 2020; Alle 
et al. 2020a). Transmission electron microscopy allowed the 
structure visualisation of the small and thin nanoparticles 
(Alle et al. 2020b). All C–S–H samples have a flake-like 
structure as shown in Fig. 1. The CSH-S material consisted 
of agglomerated flakes, with the mean diameter equal to 
5 nm. The CSH-C1 material created complex 2-dimensional 
agglomerates made from nano-sized flakes with a thickness 
of 6 nm (Fig. 1e–h). It has been observed that this layered 
structure had cavity-like defects (depicted in Fig. 2). The last 
sample (CSH-C2) consisted of small agglomerated nano-
sized flakes that were 4 nm thick (Fig. 1i–l). Additional 
TEM images are presented in the Supplementary Mate-
rial. Unlike CSH-C1, CSH-C2 was free from the observed 
defects, although the sample contained also some rods and 
shapeless particles (Fig. 1j). Depending on the synthesis, 
C–S–H seeds can form in other shapes. Wang et al. (2019a) 

have shown that C–S–H material produced with the mecha-
nochemical method can be formed as spheres. On the other 
hand, the size of obtained particles may differ depending 
on the stabiliser such as polycarboxylate (PCE) or polysul-
fonate (PSE) polymers (Wang et al. 2019b). In our study, the 
CSH-S was not stabilised, while commercial materials were 
stabilised with PCE. 

The chemical composition of the C–S–H phases was ana-
lysed with the Energy-dispersive X-ray spectroscopy (EDS) 
(Fig. 3). Carbon and copper signals that were detected in all 
samples originated from the used TEM grids. The EDS spec-
trum of CSH-S contained peaks attributable to carbon, oxy-
gen, silica, copper and calcium (see Fig. 3a). Except of these 
elements, weak signals at the noise level could be attributed 
to sulphur, phosphor, chlorine and potassium. However, the 
signal intensity from oxygen, silica and calcium showed that 
CSH-S was free from contaminants. The EDS spectrum of 
CSH-C1 (Fig. 3b) shows the higher intensity of the signal 
from sulphur, phosphor, chlorine and potassium, and the 
additional signal from fluoride and sodium. The signals from 
oxygen, silica and calcium were the most intense which sug-
gest that the sample was mostly composed of the C–S–H 

Fig. 2  TEM images of the 
defects in the agglomerated 
flakes of CSH-C1 material
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phase. Similarly, CSH-C2 was also mainly composed of 
the C–S–H phase. Except for the elements originating from 
C–S–H phase additional signals from sodium and sulphur 
(that possibly originated from the additional particles visible 
in Fig. 1j) were detected.

Effect of C–S–H on growth kinetic curves

Testing the growth kinetics with selected reference microor-
ganisms showed several effects that are presented in Fig. 4. 
In general, studied nanomaterials delayed the kinetic growth 
in the case of all bacteria, although it was not stopped. In 
the case of C. albicans (Fig. 4d), both commercial materials 
inhibited the population growth, while CSH-S has allowed 
the population of this yeast to grow. The fact that this 

microorganism grew in the presence of the self-made mate-
rial proves that apart from the high pH in the culture, the 
type of C–S–H materials can change the microbial response. 
However, the specific response of selected microorganisms 
to a stressor can depend also on whether a given bacterium is 
Gram-positive or Gram-negative. The first group has a thick 
cell wall with characteristic teichoic acids while the other 
expresses a thin cell envelope with an additional outer mem-
brane composed of lipopolysaccharide (LPS) (Wang et al. 
2019c). In this case, bacteria were generally less suscepti-
ble to the nanomaterials than the yeast regardless whether 
they were Gram-positive or Gram-negative. Similar results 
were reported in our work on metal oxide nanoparticles, 
where  Al2O nanoparticles inhibited C. albicans more than 
studied bacteria (Sikora et al. 2018). An interesting effect 

Fig. 3  Energy-dispersive X-ray spectroscopy analysis of the CSH-S (a), CSH-C1 (b) and CSH-C2 (c) samples
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was observed in the sample containing E. coli and CSH-C1 
(Fig. 4a). This nanomaterial was promoting the growth of 
the bacterium and led to significantly higher biomass yield. 
In the case of CSH-C2, the obtained OD was not higher than 
in the control sample, although the shape of the obtained 
curve suggested that the bacterium entered the later stage 
growth instead of the plateau (Martínez et al. 2014). Another 
effect that was recorded during this stage of experiments was 
the stimulation of agglomeration behaviour in P. aeruginosa 
in the sample containing the CSH-S material (Fig. 4b). Such 
behaviour could be associated with the stress response of 
this bacterium (Gotoh et al. 2010).

Toxicity of C–S–H in acute and chronic test

All microorganisms were negatively affected in the acute 
toxicity test (Fig. 5). In these experiments, microorganisms 
were suspended in deionized water without any addition of 
bacteriological medium. The lowest resistance was recorded 
in S. aureus that was inhibited by all tested materials and 
grew only in the control sample. On the other hand, the 
highest resistance was shown by C. albicans which (taken 
together with the outcome of the growth kinetic analysis) 
suggests that tested materials worked as a fungistatic agent 
rather than fungicidal (Vazquez-Muñoz et al. 2014). The pH 
of C–S–H materials was on a high level (around ten for each 
suspended material); therefore, the effect of pH was exam-
ined separately. The obtained results showed that the pH 
was inhibiting studied microorganisms, although the effect 

Fig. 4  Growth kinetic curves of selected microorganisms contacted with C–S–H and in the control sample; a E. coli, b P. aeruginosa, c S. 
aureus, d C. albicans 
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was in each case strengthened when C–S–H was included in 
the sample. Positive results in growth kinetics experiments 
with these nanomaterials can be explained by the fact that in 
the suspension of C–S–H materials with the liquid medium, 
pH was lower (approximately nine). However, suspending 
nanomaterials in the bacteriological medium could have an 
impact on the nanomaterial (Boverhof and David 2010).

Figures 6 and 7 present the effect of C–S–H seeds on the 
population growth (Fig. 6) and its viability (Fig. 7) in the 
chronic toxicity test. In the highest concentrations, all mate-
rials had an inhibitory effect on the populations with certain 
exceptions described above. Similarly to the kinetic curve, E. 
coli reached higher OD value in the sample containing CSH-
C1 in comparison to the reference. The difference in the case 
of this experiment was that this phenomenon occurred in the 
sample with the smallest working concentration of the nano-
material. However, the viability of the cells was considerably 
lower, which means that cells could multiply to reach a high 
OD (as in growth kinetics), but they were inactivated after-
wards. In the case of S. aureus, the population reached lower 
OD than in the control sample (Fig. 6), while in samples 
containing 0.125% of CSH-C2 and 0.25% of CSH-C1 the 
viability was significantly higher than recorded for the ref-
erence (Fig. 7). The highest resistance to C–S–H seeds was 
observed in P. aeruginosa where in two lowest concentra-
tions there was a significant increase in OD and viability in 
comparison to the control sample (Figs. 6, 7). Such stimula-
tion was previously observed in experiments on the effects of 
metal oxide nanoparticles to these microorganisms (Sikora 
et al. 2018). Interestingly, C. albicans produced consider-
ably lower OD (Fig. 6) which is an additional proof that a 
fungistatic process has occurred. However, the biochemical 
testing revealed that even though the OD was lower, it was 
not followed by the metabolic activity (Fig. 7). The popula-
tion was indeed growing slower, although it seems that cells 
had their metabolic activity up-regulated in the case of all 
studied C–S–H seeds. 

Effect of C–S–H on biofilm formation

The selected reference strains showed the variable reaction 
to the contact with C–S–H seeds, depending on the used 
material. In the case of P. aeruginosa there was a tendency 
to increase the biomass with the increasing concentration 
of C–S–H seeds with the strongest effect observed for the 
CSH-S sample. A similar effect was observed on the kinetic 
growth curve, which suggests that the synthesized material 
had a higher impact on the formation of microcolonies and 
the biofilm than commercial C–S–H seeds. The increase in 
biofilming ability in pseudomonads can be a response to 

Fig. 5  Acute toxicity of C–S–H seeds on E. coli, P. aeruginosa and 
C. albicans in comparison to the effect of pH and referred to the con-
trol sample; a E. coli, b P. aeruginosa, c C. albicans 
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environmental stressors (Gotoh et al. 2010; Rasamiravaka 
et al. 2015). The increase in biomass was in this case fol-
lowed by the increase of biochemical activity. On the other 
hand, the biofilm biomass produced by S. aureus was higher 
in the sample containing 1% of nanomaterials in comparison 
to the control sample. However, the metabolic activity of 
these biofilms was significantly reduced. The weakest inhi-
bition was recorded for CSH-C1 material. The differences 
in biofilm formation between the two used bacteria can be 
associated with the characteristics of their biofilm forma-
tion. P. aeruginosa forms the most of biomass at the top of 
polystyrene well, whereas the biofilm formed by S. aureus 
is located rather at the well bottom (O’Toole 2011; Latimer 
et al. 2012; Rasamiravaka et al. 2015). Since the C–S–H 
materials can descend in aqueous suspensions and form 
higher concentration at the well bottom, it can be assumed 

that S. aureus cells were more exposed to C–S–H seeds than 
P. aeruginosa (Fig. 8).

Gained results in scope of applied microbiology 
and construction chemistry

All studied materials showed antimicrobial activity leading 
to changes in the studied physiological parameters, although 
a series of potential stimulation effects were also revealed. 
Interestingly, in some cases, the response was specific, e.g. 
in the higher OD obtained in E. coli culture exposed to CSH-
C1. As opposed to CSH-S and CSH-C2, this product con-
tained nitrates that boost the growth of E. coli. A similar 
phenomenon was observed during in mammal gut environ-
ment (Tiso and Schechter 2015). The results confirmed that 
the effect of a given admixture may depend on its structure 

Fig. 6  Optical density of cultures exposed to C–S–H seeds in comparison to the control sample; a E. coli, b P. aeruginosa, c S. aureus, d C. 
albicans 
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(that differed under TEM) and/or chemical composition. The 
chemical variability could be associated with the presence 
of organic stabiliser (CSH-C1 and CSH-C2), or the absence 
of nitrates (CSH-C2). Apparently, the lack of stabiliser in 
the CSH-S possibly affected the formation of microcolo-
nies in tested microorganisms (Fig. 4). This phenomenon 
can be stimulated by environmental conditions, including 
stress or chemical signals (such as surfactants) (Gotoh et al. 
2010; Yong et al. 2015). Taking these results into account, 
novel composites could be designed with knowledge on 
how certain admixtures may influence the microorganisms. 
Our results have shown that depending on the admixture, 
it was possible to pose more antimicrobial effect or rather 
stimulative. Recently, there is more and more data show-
ing that stressors (such as nanomaterials) can stimulate 
certain microorganisms and up-regulate their metabolism 

(Maurer-Jones et al. 2013; Augustyniak et al. 2016; Lemire 
et al. 2017). Thus, changing admixtures could modify the 
selective pressure on microorganisms that may be beneficial 
for the composite (Sarjit et al. 2015). One of the challenges 
in propagating beneficial biofilms is their viability on the 
surface. Microorganisms are susceptible to changing envi-
ronment; therefore, the efficient stimulants should be sought 
in order to achieve a successful (and beneficial) colonisation 
(Soleimani et al. 2013; Huang et al. 2019). This research 
was executed with reference strains that are frequently 
applied as models in microbiological studies (Sikora et al. 
2018). We have chosen reference microorganisms because 
this manuscript may be the first (in the Scopus database) 
to associate microbiological studies with C–S–H products. 
Furthermore, based on the differences in the physiology of 

Fig. 7  Viability of 24-h cultures led with C–S–H seeds in comparison to the control sample; a E. coli, b P. aeruginosa, c S. aureus, d C. albi-
cans 
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various microorganisms, we decided that our group should 
contain both Gram-positive and Gram-negative bacteria 
as well as yeast. In order to further investigate described 
effects on environmental strains, there is a need to follow 
this research with experiments on bacteria and yeasts that 
naturally occur on building materials, e.g. urease-positive 
Bacillus or Sporosarcina strains that are capable of bioce-
mentation process (Kashyap and Radhakrishna 2013; Abo-
El-Enein et al. 2019).

Conclusions

C–S–H seeds can have an inhibitory effect on reference 
microorganisms. However, the reaction depends on the strain 
and the concentration of the nanomaterial as well as its type. 
In some cases, these nanomaterials can lead to the stimula-
tion in growth or metabolic activity in microorganisms. The 
observed differences between C–S–H products could have 
been induced by differences in the chemical composition 
(one of them does not contain nitrates, and the commer-
cial ones were PCE stabilised). Observed differences could 
be potentially used for the design of functional composites 
that can pose a selective pressure on selected microorgan-
isms. In further perspective, such interactions could be also 
used to propagate a functional biofilm that would protect 
the composite or give it other beneficial properties. In order 

Fig. 8  Effect of C–S–H seeds on viability and biomass of biofilms formed by P. aeruginosa (a, b) and S. aureus (c, d)
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to achieve this goal, further studies are needed that would 
focus on microorganisms that have an impact on building 
materials.
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