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Abstract
Silver nanoparticles deposited on surfaces can provide an antibacterial effect with potential uses in, for example, health-
care settings. However, release of nanoparticles and their potential exposure to the environment is of concern. The current 
work demonstrates a continuous synthesis that simultaneously deposits silver nanoparticles onto plastic coated paper 
surface by utilizing the liquid flame spray (LFS) aerosol process. Heat from LFS is used to soften the thermoplastic paper 
surface, which enables partial and full embedding of the nanoparticles, thereby improving adhesion. The embedding is 
confirmed with atomic force and scanning electron microscopy, and the deposited silver amounts are quantified with 
X-ray photoelectron spectroscopy. The results suggest that embedding was more effective in PE-coated paper samples 
due to the lower glass transition temperature when compared to PET-coated paper samples. The antibacterial proper-
ties of the surfaces against E. coli and S. aureus were maintained and confirmed with a previously developed ‘Touch-
Test Method’. The LFS process has the potential to be used for large-scale manufacturing of antibacterial surfaces with 
improved nanoparticle adhesion on appropriately chosen thermoplastic surfaces.

Keywords Liquid flame spray (LFS) · Silver nanoparticles · Heat-induced embedding · Antibacterial effects · PE/PET 
coatings · AFM stiffness measurement

1 Introduction

The fight against pathogenic bacteria has resulted in an 
increased use of antimicrobial agents over the years [9, 
11, 17, 36, 37]. These antimicrobial agents, which include 
antibacterial nanoparticles, have made it possible to effec-
tively control pathogenic bacteria, especially when used 
together with other existing methods such as antibiotics 
[5, 28]. As a result, the significance of nanoparticles can-
not be disregarded since they have also shown promise 

against drug resistant bacteria [1]. Nanoparticles are 
widely used in different products due to superior prop-
erties as compared to the bulk material [6, 7, 20]. Silver 
nanoparticles have been extensively studied, and they 
have been used in several applications, including anti-
bacterial products and fuel cells [29, 31]. Although the 
use of silver nanoparticles has shown positive results 
against pathogenic bacteria, there are concerns about 
nanoparticle exposure to the environment, largely due to 
reports of cytotoxic effects [14, 15, 32, 38, 44]. Inadequate 
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information about the fate of silver nanoparticles in the 
environment has often been an obstacle for their use in 
different products [14, 25, 40].

There have been numerous attempts that have focused 
on embedding or immobilizing nanoparticles within a 
material matrix, in order to limit environmental exposure 
[12, 24, 27, 30, 43]. However, silver nanoparticles typically 
require a direct path of action. For example, antibacterial 
effects may require porous substrates that allow release 
and percolation of silver ions [13, 22]. Alternatively, the 
matrix should be such that silver can be released through 
it over time [41]. Other alternatives that have been consid-
ered include chemical grafting of particles to the substrate 
surface [35, 39]. Immobilizing nanoparticles onto a surface 
presents a unique advantage of having particles available 
for antibacterial activity while limiting their environmental 
exposure [8, 42]. The synthesis technique used and sub-
strate properties may also dictate the mode of incorpo-
rating particles into the sample [8, 16], for instance, paper 
samples may experience wet breaks when embedding of 
nanoparticles is done by immersing into a solution con-
taining silver nanoparticles.

Liquid flame spray (LFS) is an aerosol technique that can 
be used to simultaneously produce and deposit nanopar-
ticles onto different substrates in a continuous roll-to-roll 
process at speeds up to and beyond 300 m/min [2, 23, 33, 
34]. A one-step flame synthesis of antibacterial paper using 
LFS has recently been demonstrated [3]. While antibacte-
rial effect against both gram-negative and gram-positive 
bacteria was demonstrated, poor adhesion of the nano-
particles onto the paper surface provided by weak Van 
der Waal forces is of concern. Therefore, the current study 
aims specifically at improving the nanoparticle adhesion. 
Heat produced during LFS coating can be used to promote 
thermo-mechanical adherence of nanoparticles, especially 

if the surface to be coated is thermoplastic. The improved 
adhesion can limit environmental exposure of nanopar-
ticles while maintaining the desired antibacterial effect. 
Paper precoated with polyethylene and polyethylene 
terephthalate (PE & PET) were used as substrates. Silver 
nanoparticles were deposited onto these samples using 
LFS. X-ray photoelectron spectroscopy (XPS), scanning 
electron microscopy (SEM), and atomic force microscopy 
(AFM) were used as surface characterization techniques.

2  Materials and methods

2.1  LFS coatings

Silver nitrate  (AgNO3, 99.9 + %, Alfa Aesar) with Ag concen-
tration of 250 mg/mL was dissolved in deionized water and 
used as a precursor solution. The precursor was delivered 
through a nozzle and atomized using a high temperature 
hydrogen, oxygen and nitrogen flame. Decomposition and 
nucleation occurs in the presence of the flame, resulting 
in the formation of silver nanoparticles. The used gas flow 
rate  (H2/O2/N2) and the precursor feed rate were 20/10/5 l/
min and 2 ml/min, respectively. Further description of the 
LFS process is given in previous studies [18, 19]. The flame 
producing the nanoparticles was directed towards the 
substrate surface. The paper samples were attached to a 
sample holder that rotated across the flame resulting in 
nanoparticle deposition onto the surface. The nozzle was 
placed 20 cm away from the sample surface. The setup for 
LFS deposition is shown in Fig. 1. Silver nanoparticles were 
deposited onto PE and PET extrusion coated paper sur-
faces using the LFS. The nanoparticle deposition amount 
was controlled by the number of times the samples were 
passed across the flame resulting in an increasing amount 

Fig. 1  A schematic of the LFS process used to deposit silver nanoparticles on glass surface in (a) and an image of the setup in (b)
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of deposited nanoparticles. The samples are labeled 1X, 
3X, 5X, 10X and 30X, corresponding to the number of 
passes through the flame, and with PE or PET prefix to sig-
nify the type of polymer coating.

2.2  Scanning electron microscopy (SEM) surface 
imaging

The coated sample surfaces were visualized using a LEO 
Gemini 1530 SEM from Carl Zeiss, Germany. Before imag-
ing, the samples were sputtered with a carbon coating to 
reduce accumulation of surface charge. The accelerating 
voltage was 2.7 kV with a magnification of up to 100kX at 
a working distance of 4 mm.

2.3  Cross‑sectional imaging

A dual beam FIB-SEM (FEI Helios Nanolab 600) was used to 
cut and image sample cross-sections of the nanoparticle-
coated samples. Samples were precoated with a thin strip 
of platinum, and cut using a gallium ion beam. During the 
SEM imaging, samples were tilted at an angle to show both 
the perpendicular surface image and the cross-section of 
the sample.

2.4  Atomic force microscopy (AFM)

Topographical imaging of the surfaces was conducted 
with Bruker’s Nanoscope V MultiMode 8 AFM. Images of 
the size 2 µm by 2 µm with a resolution of 1024 by 1024 
pixels were captured at a scan speed of 0.5–1 lines per 
second. Silicon cantilevers with average tip radius of 
8 nm (NSG10, NT-MDT, Russia) and a deflection sensitiv-
ity of 31.4–57.4 nm/V (average 40.9 nm/V) were used. 
Both conventional tapping mode and PeakForce modes 
were used for imaging. The free amplitude was set to 
500 mV for soft tapping corresponding to a free ampli-
tude  (A0) of 10–15 nm, or 1500 mV for a harder tapping 
 (A0 = 30–45 nm). Image processing techniques such as the 
third order polynomial fit and plane leveling were used 
prior to analyzing the data. Topography, stiffness maps 
and phase images were measured to differentiate between 
nanoparticles and the polymer. Stiffness and phase images 
gave information about the mechanical properties, and 
the results were analyzed in comparison to the height 
images from the same location on the sample surface.

2.5  X‑ray photoelectron spectroscopy (XPS) 
measurements of silver

Surface chemical composition was determined using XPS 
(PHI Quantum 2000 from Physical Electronics Instruments, 
USA), and the corresponding peaks in the spectra were 

used for chemical identification with reference to stand-
ard peaks of elements [21]. XPS measurements provided a 
semi-quantitative determination of chemical amounts in 
atomic percentage relative to the total atomic composi-
tion of the surface. A monoenergetic Al source was used 
as the source of X-rays. The irradiation aperture of was 
200 μm with a pass energy of 117.4 eV. Each sample was 
measured at three different locations on the surface and 
the average was calculated. Multipack software was used 
to analyze the XPS data using reference carbon at a peak 
location of 284.5 eV.

2.6  Antibacterial testing

Antibacterial properties of coated samples were tested 
against Gram-negative Escherichia coli (E. coli, ATCC 25922) 
and Gram-positive Staphylococcus aureus (S. aureus, ATCC 
29213) using previously developed ‘Touch Test Method’ 
[10]. Bacteria culture were diluted in 0.9% NaCl to obtain 
a bacterial suspension equal to 0.5 McFarland standard 
(approximately 1.5 × 108 colony-forming units [CFU]/mL). 
A 50 μL bacterial suspension was pipetted onto the sam-
ples. Samples were then incubated at room temperature 
(RT) for 24 h in an empty Petri dish. After incubation, via-
ble bacteria from the sample surface were replicated by 
pressing the sample on top of a blood agar plate (tryptic 
soy agar W/5% SB (II); BD, Franklin Lakes, NJ, USA) for 30 s. 
Blood agar plates were then incubated at + 37 °C and the 
CFUs was determined on the next day.

3  Results

The surface temperature on the paper immediately 
after the flame deposition was approximately 40–60 °C, 
although the maximum temperature in the LFS flame 
is above 2000 °C. The surface temperature depends on, 
and can be controlled by the speed at which the sample 
passes through the flame, the distance between flame 
nozzle and the substrate, the number of passes through 
the sweeps, and the heat capacity of the surface being 
coated. After the silver nanoparticle LFS deposition, a 
greyish color change was induced onto the surface of 
the samples depending on the number of flame passes. 
However, a reference sample that passes 30X through a 
flame without silver precursor did not have any observ-
able color change in the sample surface indicating that 
the color change is due to the deposition of silver nano-
particles. Since LFS produces nanoparticles by pyrolysis, it 
is expected that the heat from the flame causes a (partial) 
melting of the polymer surface, especially if the glass tran-
sition temperature is lower than the temperature of the 
flame at the sample surface. This potentially enhances the 
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adherence and embedding of nanoparticles into the poly-
mer coating layer. Ideally, a partial embedding into the 
coating layer is preferred since this will improve adhesion 
and make nanoparticles readily available on the surface 
for antibacterial action. Embedding nanoparticles a few 
nanometers below the surface may also have the same 
effect. The results presented subsequently describe the 
embedding and its effect on antibacterial properties.

3.1  Surface characterization

3.1.1  SEM image analysis

SEM imaging showed that nanoparticles are homogene-
ously distributed on the substrates as seen in Fig. 2. It is 
also clear that the amount of nanoparticles on a surface 
depended on the number of passes through the flame. 
Larger number of flame passes (30X) produced more nan-
oparticles on the surface compared to less flame passes 

(1X). The images show that this is true for both paper sam-
ples (PE & PET). Particle morphology appears spherical [3]. 
The average size increased slightly with the number of 
flame passes, which can be a result of particle–particle sin-
tering due to the induced heat from the flame. Results for 
the average particle sizes were about 22 nm, 27 nm, and 
32 nm for 1X, 10X, and 20X, respectively. About 70–80% 
of particles on the surface had size between 10 and 35 nm 
and the maximum particle size was around 100 nm. PE is 
a softer polymer, whereas PET provides a comparatively 
harder surface for nanoparticle deposition with glass tran-
sition temperatures of − 110 °C and 78 °C, respectively.

For the same number of passes through the flame (e.g. 
5X), the SEM images show similar distribution and surface 
characteristics for both samples. At the same time, smaller 
nanoparticles are observed on the surface and these 
appear to have a lower contrast. This may suggest that 
particles are slightly further away from the surface. Con-
sidering that the particles are estimated to be spherical 

Fig. 2  SEM images showing 
silver nanoparticles as bright 
spots on PE and PET coated 
surfaces. The labels indicate 
the polymer surface type 
(PE/PET) and the number of 
passes through the LFS flame 
(5X/10X/30X)
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with diameter of about 30 nm on the surface, low contrast 
particles could be embedded below the coating as a result 
of heating that resulted from increasing the number of 
flame passes.

3.1.2  AFM surface analysis

Surface analysis by AFM was a comparison of height, phase 
and stiffness measurements (Figs. 3, 4). A comparison of 
the reference PE and PE_10X samples show significant 
differences in the surface topography. Waviness and the 
absence of nanoparticles was clearly observed in reference 
sample. AFM images of PE_10X samples showed nanopar-
ticles on the surface that appeared spherical, similar to 
observations in SEM images. The maximum height after 
processing varied for all samples depending on the resid-
ual waviness in the sample surface. Figure 3 shows clearly 
the stiffness contrast between the soft polymer surface 
and the relatively harder silver nanoparticles. A maximum 
stiffness of 2.5 GPa, was recorded for the nanoparticles 
whereas the reference PE without nanoparticles yielded 
a stiffness of about 1 GPa. Figure 3 compares the height 
and stiffness images from the same surface location. Some 

particles are only visible in the stiffness image, i.e. these 
particles give rise to only a very weak if any height con-
trast in the topograph. This observation suggests that such 
silver nanoparticles were embedded below the polymer 
surface. These embedded nanoparticles (partially or fully) 
still contribute to the mechanical contrast even if being 
coated by a polymer layer, and appear only as a gentle 
sloping in the height profile. 

A similar kind of effect was seen in Fig. 4, which shows a 
phase image corresponding to the height image at a par-
ticular location. Certain nanoparticles appear distinctly 
in the phase image, but are not observed in the height 
image. This indicates that such particles were fully cov-
ered by the polymer coating and therefore contribute to 
the height profile by a lesser extent. However, the change 
in mechanical properties due to embedding is clearly 
observed in the phase image. A line profile at the marked 
locations in Fig. 4a, b show two clear peaks representing 
particles in the phase image that are weakly observed in 
the height image. This comparison of line profiles at the 
same locations between 0.04 and 0.08 µm confirms the 
presence of an embedded nanoparticle. The “Appendix” 
shows full size AFM images from which the line profiles are 

Fig. 3  AFM images showing 
the result from peak force 
measurements. The height 
and the stiffness images after 
image processing are shown 
for reference PE without silver 
nanoparticles in (a, b), and for 
PE_10X sample in (c, d)



Vol:.(1234567890)

Research Article SN Applied Sciences            (2019) 1:65  | https://doi.org/10.1007/s42452-018-0053-4

obtained. Different scenarios that describe nanoparticle 
embedding and the observations made in line profile of 
the phase and height images are given in Table 1.

3.1.3  Focused ion beam (FIB) cross‑sectional imaging

Results from FIB-SEM imaging, which enables observation 
of nanoparticles from sample cross-sections, are shown 
in Fig. 5. The incision on the sample surface showing the 
cross-section is shown in (a), and a magnification of the 
interface between the platinum coating and the polymer 
coating layer in (b). A few embedded nanoparticles are vis-
ible in the polymer layer, right below the platinum coating. 

The estimated maximum depth of embedding is about 
30 nm. After cross-sectional imaging, surface characteriza-
tion was complemented using SEM integrated within the 
FIB apparatus. Imaging the sample from an angle perpen-
dicular to the surface showed similar nanoparticle-deco-
rated surface as was seen in Fig. 2. However, a 15° tilt in the 
imaging angle of the surface gave a different perspective 
of the particle distribution as shown in Fig. 6. The tilted 
image confirms that some nanoparticles were partially 
embedded within the coating layer. Here, the embed-
ding and partial embedding is attributed to the thermo-
mechanical deformation of the coating layer resulting 
from the heat provided by the LFS process. A lower glass 

Fig. 4  AFM topographical and phase images of PE_10X showing 
the height image (a) and the phase image (b). The marked regions 
show nanoparticles that are not clearly visible in the height image, 
but visible in phase image. The line profiles showing embedding 

are shown in (c, d) corresponding to the height and phase image 
respectively. The line profiles are obtained from the same coordi-
nates in both phase and topography image
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transition temperature for PE in comparison to PET also 
facilitated the integration of the nanoparticles into the 
softened polymer surface. The softened polymer surface 
acted as a molten plastic that captured the nanoparticles 
expelled from the nozzle in the LFS coating process. 

One can observe from Fig. 6 that some nanoparticles 
are vertically oriented on the surface forming assemblies 
similar to nano-pillars. The vertical orientation may have 
resulted from sintering of particles that settled on top of 
each other. This effect was more dominant in samples that 
had a higher number of flame passes. Further analysis of 

Table 1  Different embedding scenarios describing the observation made in the line profile for height and phase images

Theoretical cases showing no, full 

or partial embedding 

Effect observed in the line profile extracted from AFM image 

resulting from no, full or partial embedding  

 Height image observation Phase image observation 

Maximum particle size 

observed in line profile of 

height image 

Actual particle size observed 

in line profile of phase image 

Reduced height resulting in 

reduced particle size observed 

in the line profile 

Phase shows approximately 

the actual size in the line 

profile 

Nothing observed in the height 

image 

Phase confirms and shows 

the presence of a particle 

below the layer due to 

mechanical difference 

Weak observation of the 

height 

Nanoparticle observed 

showing approximate size in 

the line profile 

No observation in height 

image 

No significant observation in 

the phase 
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Fig. 5  Cross-section of PE_30X. The cut cross-section is shown (a) and a close-up image (b) that shows the embedding of nanoparticles in 
the top layer of the cross-section

    PE_30X perpendicular image            PE_30X tilted image 

           PET_30X tilted image            PET_30X tilted image 

(a) (b) 

(c) (d)

Fig. 6  A comparison of perpendicular surface image to tilted surface image from FIB-SEM imaging is shown in (a, b) for PE. c, d Show tilted 
images for PET_30X surface showing the presence of structures similar to nano-pillars
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FIB-SEM images revealed that the more nano-pillar struc-
tures were found on PE_30X in comparison to PET_30X as 
shown in Fig. 6. For PE_30X, particles that were embedded 
within the coating layer appeared to be mixed with the 
surface of coatings. On the other hand, particles appeared 
to be mostly partially embedded in PET_30X. There were 
isolated cases where large particles appeared to be fixed 
to the surface similar to a meteorite attached within a 
crater. These could have resulted from excessively large 
precursor droplets within the LFS flame.

3.1.4  XPS analysis

Silver nanoparticles on the surface was quantified in 
atomic percentage using XPS (Fig. 7). The amount of meas-
ured silver on sample surfaces increased in proportion 
to the number of flame passes, reaching ca. 15–20 at.% 
for the 30X samples. Both PE and PET samples showed a 

similar amounts of silver on the surface, with the excep-
tion of 30X sample, where the PE sample showed a lower 
silver amount. Repeated passes through the flame raised 
the sample surface temperature, thereby (partially) melt-
ing the polymer allowing the nanoparticles to penetrate 
into the surface. This suggests that for the PE_30X sample, 
a significant amount of nanoparticles were partially or fully 
embedded in the polymer surface. Since the maximum 
electron escape depth in XPS is ca. 10 nm, nanoparticles 
beyond this depth are not detected, which could have 
resulted in the lower silver amount observed for PE sam-
ples. It appears that in the current experiments, the sur-
face temperature did not rise above the glass transition 
temperature of PET, which is considerably higher than that 
of PE. It is important to note that the glass transition tem-
perature of the polymer coating is an important parameter 
to be considered in the embedding process.

3.2  Antibacterial characterization

Our previous work confirmed that silver nanoparticle 
coated paper fabricated using the LFS process is antibacte-
rial [4]. In the current study, the focus was to demonstrate 
nanoparticle embedding while maintaining the antibac-
terial effect. Nanoparticles that are embedded too deep 
within the coating layer may hinder the release of silver 
to the surface, resulting in reduced or no antibacterial 
effect. Bacterial growth during the testing was ranked 
as 0, 1, 2, 3, corresponding to no growth, weak growth 
(0–50 CFU), moderate growth (50–100 CFU), and strong 
growth (> 100 CFU), respectively [10]. The results in Fig. 8 
show that the antibacterial properties of the paper sam-
ples were maintained on the polymer coated surfaces. 
The mechanism of antibacterial action was not studied, 
but this could be a result of rapturing the cell wall or 
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modification of internal cell processes resulting in bacteria 
death, as suggested in literature [26]. From the results, it is 
not clear whether the silver nanoparticles have a bacteri-
cidal or bacteriostatic effect. Consequently, further studies 
are needed to clarify this.

Reference samples had no silver coating on the sur-
face. Therefore, they sustained the growth of both tested 
bacteria, E. coli and S. aureus. Silver is clearly a more effec-
tive antibacterial agent against the gram-negative E. coli 
as compared to the gram-positive S. aureus. Only some 
colonies of E. coli were observed on PET-coated paper with 
the lowest amount of deposited nanoparticles (PET_1X). 
For the PE-coated paper, and for the PET-coated paper 
with higher silver nanoparticle deposition amounts, no 
bacterial growth was observed for E. coli. On the contrary, 
response of the gram-positive S. aureus to the silver nano-
particles was less pronounced. Only 30X silver deposition 
amounts showed considerable antibacterial effect against 
S. aureus for both PE and PET samples. This suggests that 
silver coatings may be more effective against gram-nega-
tive bacteria as compared to gram-positive bacteria. Gram-
positive bacteria have a thicker outer covering mainly 
constituted of peptidoglycan, which makes it difficult for 
the nanoparticles or silver ions to penetrate the cell eas-
ily. Thus, this may be the reason why silver nanoparticles 
deposited onto the samples at low nanoparticle amounts 
appeared to be ineffective against S. aureus. Alternatively, 
the silver amount may have been below the limit required 
to inhibit S. aureus, especially for coatings less than 30X.

4  Conclusions

A one-step flame synthesis was previously demonstrated 
for the fabrication of antibacterial paper. However, ensur-
ing adhesion of nanoparticles to the surface was recog-
nized as a challenge. Heat produced in the LFS process 
was used to improve nanoparticle adhesion by embed-
ding them into the polymer layer on top of paper samples. 
The results suggest that embedding was more effective 
in PE samples due to their lower glass transition tem-
perature when compared to PET. Nanoparticle coatings 
demonstrated antibacterial properties against E. coli, but 
S. aureus was resistant except for high number of flame 
passes. Partial or full embedding of nanoparticles did not 
reduce the antibacterial effect. Nanoparticle deposition 

was demonstrated on lab-scale using a carousel, but it can 
be transferred onto a roll-to-roll production line, which has 
previously been demonstrated for other LFS-generated 
nanoparticles. The study demonstrates a continuous syn-
thesis of antibacterial paper that is uniquely capable of 
improving nanoparticle adhesion, thereby reducing envi-
ronmental exposure.
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See Table 1.

Height profile for PE_10X-3D

Phase profile for PE_10X using hard tapping 1500 mV

Phase profile for PE_10X using hard tapping 1500 mV-3D
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The line profiles at the same location in the height and phase image for 4 different points

Coordinates 

in both 

images 

Line profile in Height image Line profile in phase image 

Respective 

AFM images 

from which 

line profiles 

are obtained 

X1: 749 

Y1: 118 

X2: 794 

Y2: 118 

X1: 451 

Y1: 341 

X2: 504 

Y2: 341 

X1: 468 

Y1: 354 

X2: 509 

Y2: 354 

X1: 343 

Y1: 275 

X2: 385 

Y2: 275 
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