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Abstract: Laser ablation-based nanoparticle synthesis in solution is rapidly becoming popular, 

particularly for potential biomedical and life science applications. This method promises one pot 

synthesis and concomitant bio-functionalization, is devoid of toxic chemicals, does not require 

complicated apparatus, can be combined with natural stabilizers, is directly biocompatible, and 

has high particle size uniformity. Size control and reduction is generally determined by the laser 

settings; that the size and size distribution scales with laser fluence is well described. Conversely, 

the effect of the laser repetition rate on the final nanoparticle product in laser ablation is less 

well-documented, especially in the presence of stabilizers. Here, the influence of the laser rep-

etition rate during laser ablation synthesis of silver nanoparticles in the presence of starch as a 

stabilizer was investigated. The increment of the repetition rate does not negatively influence 

the ablation efficiency, but rather shows increased productivity, causes a red-shift in the plasmon 

resonance peak of the silver–starch nanoparticles, an increase in mean particle size and size 

distribution, and a distinct lack of agglomerate formation. Optimal results were achieved at 10 Hz 

repetition rate, with a mean particle size of ∼10 nm and a bandwidth of ∼6 nm ‘full width at half 

maximum’ (FWHM). Stability measurements showed no significant changes in mean particle 

size or agglomeration or even flocculation. However, zeta potential measurements showed that 

optimal double layer charge is achieved at 30 Hz. Consequently, Ag–NP synthesis via the laser 

ablation synthesis in solution (LASiS) method in starch solution seems to be a trade-off between 

small size and narrow size distributions and inherent and long-term stability.
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Introduction
Over the past 20 years, engineered nanoparticles have increasingly been the focus of 

attention and intense research in various fields of science and engineering. These par-

ticles with nanometer-scale dimensions, typically smaller than 100 nm, have become 

important materials in a myriad of applications, eg, as imaging agents in biological 

and (bio)medical research; as drug delivery vehicles in (bio)medicine; as constituents 

of paints, coatings, and pastes; in electronics and photovoltaic applications; and in 

LEDs, lasers and many other advanced technologies.

At the mesoscopic size range, nanoparticles display unique and divergent optical, 

electronic, thermal, magnetic, and structural properties compared with their bulk mate-

rial counterparts.1–5 These properties are largely size and shape dependent and are the 

result of strict confinement of electrons and holes so that their energy levels are no 

longer continuous, but discrete and quantized (quantum confinement). Collectively, 

the aforementioned properties and their large surface-to-volume ratios open up new 
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areas and opportunities for their utilization, in particular in 

biomedical and electronic applications. Recently, Roduner 

intelligibly and comprehensively described why size 

and shape matter and why nanoparticles are so distinctly 

different.4

Metal nanoparticles (MNPs) represent an important class 

of materials with unprecedented and specific properties, and 

are particularly interesting because they display various 

plasmon phenomena – a quantum of plasma oscillations, 

which occurs when light radiation interacts with free elec-

trons in a plasmonic nanoparticle1,2 – which can be exploited 

particularly for (bio)imaging and other optical applications. 

In silver nanoparticles (Ag–NPs), the surface plasmon reso-

nance (SPR) is size and shape dependent, and its energy is 

located far from the interband transition energy, which is a 

major advantage compared with other MNPs.6 Furthermore, 

noble MNPs display SPR in the visible region of the elec-

tromagnetic spectrum and red-shift their wavelengths as the 

particle size increases.7,8

Metal nanoparticles can be synthesized by a variety 

of physical and chemical methods, which can be broadly 

categorized into wet chemical methods, ion implantation, 

and chemical or physical vapor deposition, each of which 

has its own distinct advantages and disadvantages. Silver 

nanoparticles specifically can be synthesized chemically by 

reduction of AgNO
3
 with sodium citrate,9 but this method is 

disadvantageous because of surface fouling by residual citrate 

ions, or by alternative means such as the recently proposed 

chemical reduction-protection method, involving a mixture 

of silver–ammonia complex, sodium borohydride, and lauric 

acid.10 The tendency of MNPs to agglomerate is an additional 

major drawback for a variety of applications and the (semi)

product’s shelf-life.

Analogous to laser-induced preparation of gas-phase 

clusters,11 a laser ablation method in liquid was developed 

for the synthesis of MNPs in the groups of Henglein and 

Cotton.12–14  Laser ablation synthesis in solution (LASiS) 

is an attractive alternative to the abovementioned meth-

ods and is compelling because of its uncomplicated 

and straightforward experimental setup and synthesis 

procedure.12–15 Furthermore, the preparation of MNPs by 

LASiS is devoid of surface contamination with residual 

reactants and concomitant potential cytotoxic effects.12 

Nonetheless, nanoparticles synthesized via LASiS are 

still subject to the same propensity to agglomeration as 

their chemically produced counterparts, albeit to a lesser 

extent. Therefore, the major challenge in MNP synthesis 

is to devise methods that allow efficient synthesis without 

the need for further purification, produce nanoparticles 

that can directly be utilized or easily functionalized for 

biomedical applications, and that have significantly reduced 

tendencies to precipitate or flocculate. Recently, natural 

materials such as long-chain fatty acids (stearic, palmitic, 

and lauric acid), lauryl amine,16 and chitosan17 have been 

used as stabilizers in the synthesis of MNPs. These stabi-

lizing agents prevent particle agglomeration by physically 

surrounding the MNPs (capping) resulting in charge and/

or steric stabilization.

Comparable to the aforementioned stabilizing meth-

ods, we previously described the successful preparation 

of silver nanoparticles in an aqueous solution of starch 

by laser ablation of a silver plate.18 Starch is a natural, 

renewable, and biodegradable polymer that can be used 

as a suitable dispersant or stabilizer for the preparation 

of nanoscale metal particles18–20 and would not endanger 

LASiS’ reputation as a ‘green’ synthesis technique. In 

addition, several enzymes, such as α- and β-amylase and 

amyloglucosidase, exist that are capable of digesting the 

starch polymer and releasing the nanoparticle,21 which is 

useful in targeted and controlled delivery applications in 

(bio)medicine.

Our previous results showed that starch plays a dual 

role in this synthesis process, ie, as a reducing and capping 

agent, prevents agglomeration, stabilizes the nanoparticle 

for prolonged periods of time, and allows some control over 

the final mean particle size. However, it is increasingly clear 

that the ablation conditions markedly influence the ablation 

efficiency and the mean size and size distribution of the final 

product. Understanding the conditions and basic colloid for-

mation mechanism involved in LASiS may possibly result 

in an uncomplicated, green, nontoxic method with accept-

able size control and easy biofunctionalization. This paper 

expands our previous research on starch-stabilized Ag–NPs 

by closely investigating the effect of laser repetition rate 

on the produced nanoparticles to determine whether better 

control over size and shape is possible.

Experimental procedures
Laser ablation procedures were essentially performed as 

described previously,18 with minor adaptations. Briefly, a 

99.99% pure silver plate (Sigma-Aldrich, Singapore) was 

first cleaned in an ultrasonic bath for 30 minutes to remove 

surface impurities. Subsequently, the plate was suspended in a 

cubic glass cell, close to the cell wall (Figure 1) that contained 

20 mL of freshly prepared aqueous starch solution (1% wt). 

The solution was continuously stirred with a magnetic stirring 
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Figure 1 Laser ablation synthesis in solution (LASiS). (A) Schematic representation of the experimental setup for laser ablation; (B) experimental LASiS setup, with a target 
plate placed close to the cell wall. 
Note: The green arrow indicates the direction of the laser beam. 

device at ambient temperature to disperse the produced Ag–

NPs. A pulsed Q-Switched Nd:YAG laser (Spectron SL400/

SL800 system; GSI Lasers, Rugby, UK) with variable rep-

etition rate and 10 ns pulse duration at its second harmonic 

wavelength (532 nm) was used to prepare the Ag–NPs. The 

laser output power of 60 mJ/pulse was monitored with an 

optical power detector. The Nd:YAG laser beam was focused 

at the silver target using a 25-cm focal length lens. The abla-

tion was performed for 15 minutes at different laser repetition 

rates, ie, 10, 20, 30, and 40 Hz, respectively.

The prepared Ag–NPs were characterized with an UV-vis 

double beam spectrophotometer (Shimadzu, Columbia, MD, 

USA) and a Hitachi H-7100 transmission electron micro-

scope (TEM; Hitachi, Chula Vista, CA, USA) operating at an 

accelerating voltage of 120 kV. The samples were prepared 

for TEM experiments by depositing a drop of solution con-

taining Ag–NPs onto carbon-coated copper grids and left to 

dry for 1 day at ambient temperature. An atomic absorption 

spectrometer (AAS-S Series; Thermo Scientific, San Jose, 

CA, USA) was used to measure total silver in the starch 

solution and the calibration of the AAS was performed with 

a standard certified AAS silver solution (Inorganic Ventures, 

Christiansburg, VA, USA). Zeta potentials of the prepared 

samples were measured with a Zetasizer 3000HS photon 

correlation spectrometer (Malvern Instruments Ltd, Malvern, 

UK) at an applied voltage of 100 V.

The nanoparticle size distribution was analyzed with 

UTHSCSA ImageTool (v 3). Standard procedures were 

used to calculate means and standard deviations using SPSS 

statistics software (v 17; SPSS, Inc, Chicago, IL, USA). 

Curve-fitting was performed with IgorPro 5 (Wavemetrics, 

Lake Oswego, OR, USA). Experiments were repeated with 

distilled water as a solvent under similar conditions for 

reference purposes.

Results and discussion
In this series of experiments, we aimed to control the 

nanoparticle size and size distribution by using both starch 

as a stabilizer and varying the repetition rate. In order to 

obtain fast particle growth from the initial nucleation, the 

experimental setup was chosen accordingly, ie, the plate was 

placed close to the container’s wall as depicted in Figure 1. 

Furthermore, the distance from the cell wall was large enough 

to avoid any deposition of Ag–NPs on the cell wall 

(Figure  1B), as previously utilized by Yang et  al to form 

surface-enhanced Raman scattering glass substrates.22 In 

this configuration, the stirring device dispersed formed 

nanoparticles, but direct turbulence near the plate and plasma 
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plume was avoided. We hypothesized that in this way, a more 

continuous particle growth might be achieved rather than a 

reduction of the cluster size through fragmentation.

At the beginning of the laser ablation process, the starch 

solution appeared fully transparent and turned to a clear light 

yellow at low repetition rates and an increasingly intense dark 

yellow for higher repetition rates. The darker yellow color is 

indicative of high Ag–NP concentrations, which was verified 

by the increase of the intensity of the plasmon absorption 

band in the recorded UV-vis absorption spectra (Figure 2). 

Furthermore, the change in color of the solution was faster 

for higher repetition rates compared to lower repetition rates 

at the same laser intensity of 60 mJ/pulse.

The absorption maxima in the spectra of Ag–NP colloids 

in starch solution (1% wt) at laser repetition rates incremen-

tally increasing from 10 to 40 Hz are shown in Figure 2. 

Generally, Ag–NP spectra are characterized by their size and 

shape7,8 and the interparticle distance within agglomerates.23 

The spectra in Figure 2A show a symmetrical and narrow peak 

at about 400 nm and a broad tail in the UV part, which are 

both characteristic of Ag(0) particles, as extensively described 

by Kerker24 and more recently by Kleinermanns et al,25 and 

originate from particle plasmon excitation and interband 

transitions. Since the particle size determines the absorption 

wavelength,7 the blue shift of the absorption maximum in 

the order of 20–25 nm compared with absorption maxima 

reported for similar colloids produced via chemical reduc-

tion indicates a considerably smaller average particle size. 

Furthermore, the bandwidth of the electronic absorption at 

the highest repetition rate (40 Hz) was significantly smaller 

than chemically produced colloids, ie, 87 nm compared to 

a bandwidth of ∼162 nm,25 which altogether indicates that 

LASiS produces a narrower particle size distribution per se. 

The prominent single peak at about 400 nm suggests that the 

Ag–NPs present in the starch solution were predominantly 

spherical in shape, as described in various reports.23–25 The 

spherical shape was further corroborated visually by TEM 

evaluation as shown in Figure 3. The spectra in Figure 2A 

clearly show that the absorption peak intensity increases 

with the increment of the laser repetition rate, which suggests 

that the particle density increased in the solution. Logically, 

with increasing repetition rate, the number of ablation events 

increases and thus the number of particles generated. Regres-

sion analysis of the repetition rate versus maximal peak 

absorption showed a near linear increase (R2 = 0.987). This 

might be expected since at constant pulse energy, the laser 

power scales with the repetition rate.

To verify these results, atomic absorption spectroscopy 

(AAS) was performed and showed that with increasing rep-

etition rate, the density increased from 0.37 ± 0.02, 0.56 ± 

0.05, and 0.84 ± 0.09 to 1.06 ± 0.04 mg/L. Linear regression 

analysis indicated that the nanoparticle content increased 

near linearly (R2 = 0.9951) with the repetition rate, which 

is in good agreement with the UV-vis results and the visual 

observation of rapid color change (vide supra).

From the insert in Figure 2B it becomes clear that a shift 

in the spectra towards longer wavelengths with increasing 

repetition rate occurred, which may be attributed to an increase 

in mean particle size. Furthermore, the long wavelength tail 

(.450  nm) also increases with increasing repetition rate 

(insert Figure 2A). These observations are in contrast to results 

reported by Mafuné et  al26 and by Menéndez-Manjón and 

Barcikowski27 for LASiS of gold nanoparticles in aqueous sur-

factant solution or de-ionized water. In particular, Menéndez-
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Figure 2 UV-vis absorption spectra (A) and normalized spectra (B) of Ag–NP 
samples prepared at different laser repetition rates in aqueous starch solution 
(ablation time  =  15  minutes; λmax  =  402  nm). With increasing repetition rate, a 
clear increase is seen in the maximal absorbance (A), which indicates an increase 
in Ag–NP content. The insert in (B) shows a red-shift with increasing repetition 
rate in conformity with an increase in mean particle size (normalized to λmax-40 Hz for 
comparison reasons). 
Abbreviation: Ag–NP, silver nanoparticle.
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Figure 3 Representative TEM images and size distributions of silver nanoparticles prepared by 532 nm LASiS (60 mJ/pulse; 10 ns) in an aqueous starch solution (1% wt) with 
the indicated repetition rates (standard deviations in the normal distribution in parenthesis). 
Notes: At 40 Hz, essentially two populations exist (black Gaussian curves) and occasionally (,3%) larger particles of ∼50 nm (circle). 
Abbreviations: LASiS, laser ablation synthesis in solution; TEM, transmission electron microscope.

Manjón and Barcikowski reported that higher laser repetition 

rates resulted in colloid fragmentation and a decreasing mean 

particle size and distribution. However, they use significantly 

higher repetition rates over a larger range (100–5000 Hz) 

and an experimental setup that promotes fragmentation. 

Intuitively, in a setup in which the plate is attached to the wall 

and the laser beam passes through the bulk of the solution, 

a higher repetition rate means that colloidal clusters are ‘hit’ 

more frequently by the laser pulse per unit time and thus the 

clusters absorb more photon energy and therefore must be 

fragmented more compared with the effect at lower repetition 

rates. Stirring such a colloidal solution during the ablation 

procedure, to introduce turbulence, might more efficiently 

exchange particles from fragmented clusters with fresh intact 
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clusters in the irradiated zone. In fact, Menéndez-Manjón and 

Barcikowski recently proposed that even in a more or less 

stagnant liquid zone, the particle population in the irradiated 

zone is efficiently replenished between consecutive pulses, 

due to convective–diffusion.27 Our results show a restricted 

fragmentation of the colloidal particles, which we attribute to 

the current experimental setup in which the metal plate was 

placed close to the cell wall and the laser was focused onto the 

plate via the shortest path through the solution (Figure 1). This 

setup in combination with starch and its inherent properties 

might allow more controlled crystal growth and abrogate the 

formation of the clusters to begin with.

To further evaluate these assumptions, TEM imaging was 

used to determine the mean particle size and size distribution 

and to evaluate the morphology of the individual particles 

and possible aggregates. As stated previously, predominantly 

spherical particles were observed (see inserts Figure 3). How-

ever, with increasing repetition rate, visual evaluation on TEM 

appeared to indicate that larger spherical particles dominated 

the number of clusters formed. Generally, fewer clusters were 

observed compared with other LASiS methods28,29 or LASiS 

in distilled water (vide infra). At the lowest repetition rate 

of 10 Hz, the smallest average size of ∼10 nm was recorded 

with a narrow size distribution. No particles below ∼5 nm 

were observed, but at the 40 Hz repetition rate, larger globular 

particles of more than 50 nm were frequently detected.

Gaussian fitting of the size distribution, as shown in 

Figure  3, revealed that the mean particle size increased 

nearly linearly with the repetition rate (see also Figure 4), 

whilst the number of Ag–NPs with sizes smaller than 10 nm 

dropped from 45.5% ± 3.6% at 10 Hz to 15.1% ± 3.9% at 

40 Hz. Furthermore, the broadening in ‘full width at half 

maximum’ (FWHM) and the increasing standard deviation 

in the Gaussian distribution (SD
Gauss-fit

) in Figure 3 overall 

substantiate the spectroscopic results, implying both the for-

mation of larger particles and a higher size variation within the 

nanoparticle population with increasing repetition rate. The 

results of multiple measurements are depicted in Figure 4.

Control experiments in double distilled water were per-

formed under the same experimental conditions for comparison. 

The dispersion of Ag–NPs prepared in starch solution was 

clearer compared to the dispersion in distilled water, which 

presented itself as a somewhat opaque solution. In conformity 

to LASiS in starch solution, the absorption increased with 

increasing repetition rate, as shown in Figure 5. The absorption 

maximum for Ag–NPs formed at the lowest repetition rate of 

10 Hz was located at 393 nm, which is a difference of 9 nm to 

the same LASiS in starch solution (403 nm; Figure 2) and shows 
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Figure 4 Mean Ag–NP size as a function of the repetition rate. Results were 
calculated from TEM images and size distributions of silver nanoparticles prepared 
by 532 nm LASiS (60 mJ/pulse; 10 ns) in an aqueous starch solution (1% wt) or 
distilled water. 
Note: Error bars reflect the SD of multiple measurements; n = 3. 
Abbreviations: Ag–NP, silver nanoparticles; LASiS, laser ablation synthesis in 
solution; SD, standard deviation; TEM, transmission electron microscope.
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Figure 5 UV-vis absorption spectra of Ag–NP samples prepared by 532 nm LASiS 
(60 mJ/pulse; 10 ns) in distilled water at different laser repetition rates (ablation 
time = 15 minutes; λmax = 393 nm). With increasing repetition rate, a clear increase 
in maximal absorbance is noticeable, which indicates an increase in Ag–NP content. 
Furthermore, a clear red-shift of λmax is noticeable in the insert, which is in conformity 
with an increase in mean particle size. 
Abbreviations: Ag–NP, silver nanoparticles; LASiS, laser ablation synthesis in 
solution.

that initially smaller nanoparticles were formed. However, the 

total shift to 403 nm at 40 Hz repetition rate is twice that 

of a comparable LASiS in starch solution (400 to 405 nm). 

In addition, the long wavelength tail shows a significantly 

higher absorption than starch LASiS (compare Figures 2A 

and 5), which indicates the presence of agglomerates that 

absorb at higher wavelengths. The peaks themselves appear 

broader compared with those in starch LASiS, indicating a 

broader Ag–NP size distribution, which was subsequently 

confirmed by TEM evaluation (data not shown).
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TEM evaluation revealed that starch LASiS produced 

spherical particles, whereas LASiS in water resulted in semi-

spherical and more erratic particles (Figure 6A). Furthermore, 

with increasing repetition rate, increased cluster formation 

and deviation from sphericity was observed, which is in 

good agreement with the spectroscopic results. The mean 

particle size at 40 Hz repetition rate was 30.8 ± 3.9 nm (in 

the single measurement in Figure 6B: 27.91 nm) and contrary 

to the observations in starch solution, several large clusters 

of at least 230 nm in diameter were observed (Figure 6B). 

Moreover, visual comparison of Figures  3 and 6  shows 

that the particle size was considerably smaller in the starch 

solution compared to that in distilled water. Indeed, the mean 

particle size for LASiS in water was significantly larger than 

for starch LASiS and the increase in mean particle size scaled 

at least seven times faster with the repetition rate, as deduced 

from the slopes in Figure 4. These results are generally in 

good agreement with our previous observations18,30 and the 

results reported by others.26,31

Ag–NPs are generally formed through phase transition, 

followed by nucleation during plasma plume cooling for 

which the driving force is supersaturation, and further crystal 

growth.31,32 The embryonic particle grows by attracting 

emitted material, such as silver atoms, clusters, and drop-

lets released from the silver plate during the laser ablation 

process, which is a diffusion-limited process. Furthermore, 

clusters of various sizes can be formed by coalescence of 

individual growing embryonic particles. In the presence of 

a stabilizing molecule, the expansion rate of the particle 

is limited and finally halted as the stabilizing molecules 

increasingly cover the particle surface (Figure 7) thereby 

preventing processes such as nuclei coalescence or adsorp-

tion of free ions and atoms from the solvent vicinity. As a 

result, the mean size must be much smaller compared with 

LASiS in water.

The two major macromolecular components of starch 

[(C
6
H

10
O

5
)

n
] are the linear α-1,4-D-glucopyranose residues 

linked amylose, which adopts a left-handed helical confor-

mation in watery solutions (Figure 7A), and the branched 

amylopectin, which consists of short branches of α-1,4-D-

glucopyranose that are interlinked by α-1,6-D-glycosidic 

linkages. Most common types of starch contain 70%–80% 
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amylopectin and 20%–30% amylose,33 depending on their 

botanical origin. Because of their different structures and 

branching, amylose and amylopectin behave differently in 

aqueous solution. It is well established that amylose forms sin-

gle helical inclusion complexes with suitable molecules.34,35

As early as 2002, Stoddart’s group showed that single-

walled carbon nanotubes (SWCNTs), which are normally 

insoluble in water, can be solubilized in aqueous starch 

solution because amylose wraps itself helically around 

SWCNTs.36 This was achieved by displacing iodine ions 

(commonly used to spectroscopically determine the amylose 

content of starch by forming polyiodide chains inside the 

helix composed of I
3

- and I
5

- subunits) during sonication 

from the helix. Chattopadhyay et  al recently showed that 

treatment of a gold Au–NP–starch composite (10–30 nm) 

with α-amylase led to the degradation of starch into its lower 

analogs, which resulted in the release of the encapsulated 

Au–NPs.21 The cavity dimension of the amylose helix is 

believed to be variable and adapts itself to accommodate 

differently proportioned particles. Thus, Ag–NPs might be 

present in a helical starch complex as depicted in Figure 7A, 

but this hypothesis requires further experimental research. 

Alternatively, since the amylopectin content is much higher, 

the extensive network of hydrogen bond-forming groups 

may interact with the surface of the Ag–NPs as shown in 

Figure 7B. The result is a dendrimer-like corona, which also 

leads to surface passivation or protection against nanoparticle 

aggregation by reduction of the surface energy, chemical 

reactivity, and steric hindrance. Interestingly, Stoddart and 

co-workers noticed that in the absence of amylopectin, the 

SWCNT–amylose composite became insoluble in water,36 

which suggests that a hybrid of both forms is present, ie, a 

NP-loaded amylose helix, coated with amylopectin.

To determine the stability of the Ag–NP–starch compo

site in solution, samples previously prepared and stored for 

1 month in the dark at ambient temperature were reevaluated 

by recording UV-vis spectra (Figure 8). By comparing the 

spectra of the freshly prepared Ag–NPs (dotted lines) with 

those recorded after 1 month in Figure 8A, it becomes clear 

that the long wavelength tail (400 to 800 nm) increases upon 

prolonged storage and particle aging. Such increases are nor-

mally attributed to the formation of larger clusters. Analysis 

of the enclosed area-under-the-curve (AUC) according to: 

∆AUC  = AUC
0-days

 - AUC
30-days

 shows that with increas-
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Figure 8 UV-vis absorption spectra (A) and normalized spectra (B) of freshly 
prepared Ag–NP samples (dotted lines) and samples stored for 1 month in the dark 
at ambient temperature (solid lines). 
Notes: Samples were prepared by 532 nm LASiS (60 mJ/pulse; 10 ns) in an aqueous 
starch solution (1% wt) at different laser repetition rates (ablation time = 15 minutes; 
λmax = 403 nm). (A) An increase in absorption of the long wavelength tail can be 
clearly noticed for all repetition rates, as well as a clear pool of particles with 
a λmax-40  Hz  =  723  nm at 40  Hz repetition rate (black arrow). Furthermore, a 
characteristic change below 400 nm occurs. The changes in the enclosed areas were 
calculated via integration and subtracting spectra from 30-day-old samples from 
newly prepared solutions (AUC). The insert in (B) shows no significant red-shift 
with increasing storage (spectra normalized to λmax-40 Hz for comparison reasons). 
Abbreviations: AUC, area under the curve; LASiS, laser ablation synthesis in 
solution.

Figure 7 Schematic and hypothetical representation of individual starch components 
interacting with the LASiS-produced Ag–NPs. (A) Particle growth in the left-hand 
helical amylose, with the helical structure adjusting itself to the growing particle. 
Extensive interaction via hydrogen bonds with the Ag–NP surface may occur, 
thereby passivating and shielding the Ag–NP; (B) extensive network of highly 
branched amylopectin surrounds and shields the Ag–NP. In natural starch in which 
both amylopectin and amylose are present, combinations of these models may be 
expected. 
Abbreviations: Ag–NP, silver nanoparticles; LASiS, laser ablation synthesis in 
solution.
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ing repetition rate, the increase in the long wavelength tail 

becomes smaller (Figure 8A insert). For 40 Hz repetition rate, 

a shoulder at 730 nm may be noticed, which might indicate 

the formation of a particular pool of clusters or elongated 

particles, since these normally show a second plasmon 

peak at .700 nm. Figure 8A also reveals that the UV part  

of the spectrum (,400 nm) changes markedly and shows 

a reciprocal behavior compared with the long wavelength 

tail in that it increases noticeably with repetition rate (see 

insert). Even though various changes in the spectra may be 

observed, Figure 8B shows that the absorption maximum 

at 400 nm does not shift significantly (see inserted enlarge-

ment), which indicates that the mean particle size does 

not change. Evaluation using TEM of the stored solutions 

indeed confirmed this. For instance, the mean particle size 

of a 1-month-old Ag–NP solution prepared at 10 Hz was 

12.0 ± 1.2 nm compared with 10.1 ± 0.2 nm for a freshly 

prepared solution, which is an insignificant increase. Over-

all, these results suggest that after 30 days of storage, some 

minor deterioration of the Ag–NP solution might occur, but 

not necessarily major agglomeration effects.

Finally, zeta potential measurements were performed 

to further assess the stability of the Ag–NP–starch com-

posite in solution or changes thereof over time. The results 

presented in Figure 9 show some interesting phenomena. 

First, from Figure 9A it may be deduced that both in pure 

water and in aqueous starch solution, the zeta potential var-

ies with the repetition rate and reaches an apex of 20 and 

30 Hz for water and aqueous starch, respectively. Second, 

the Ag–NPs are more stabile in the presence of starch com-

pared with pure water. Third, with the exception of 10 Hz, a 

good-to-excellent stability of the Ag–NP solution is reached 
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Figure 9 Zeta potential determination38,39 to evaluate Ag–NP stability over time. (A) Zeta potential varies with the repetition rate as measured after 24 hours. Maximal 
stability was achieved with the 30 Hz repetition rate; (B) evaluation of Ag–NP stability produced at 30 Hz repetition rate in aqueous starch solution over a period of 
1 month (samples stored at ambient temperature in the dark). Generally, in aqueous starch solution, good stability is achieved and is retained contrary to colloids produced 
in water. 
Abbreviation: Ag–NP, silver nanoparticles.
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in the presence of starch. Finally, Figure 9B confirms that 

during the initial days post-LASiS, a further accumulation 

of negatively charged ions and molecules in the nanoparticle 

corona occurs as indicated by an increase in negative zeta 

potential. Illustrative for post-LASiS aftereffects is the report 

by Mafuné and coworkers that Ag-NPs can continue to attract 

emitted material and grow in pure water for several days 

after LASiS,31 mainly because small particulate materials, 

such as ions, have long lifetimes in solution and show a high 

propensity to coalesce. In our case, a stabilizing agent covers 

the Ag–NP surface, which should effectively prevent ions and 

particles from the surrounding environment from reaching 

the stabilized nanoparticle. However, rearrangements can-

not be discounted because of the unique constellation in 

starch, with a helical and highly branched component, and 

there seems to be some indication that this is true for cluster 

formation. That generally no further particle growth occurs 

over 30 days of storage is shown by the lack of red shift in 

the 400 nm peak (Figure 8), so continued particle growth 

may effectively be excluded.

Over time, some negative charge is lost, but the zeta 

potential never drops below -50  mV and the solution 

remains stabile, as illustrated for the 30 Hz repetition rate 

in Figure 8B. This is so for all repetition rates, except for 

10 Hz, which produces incipiently unstable colloids based on 

zeta potential measurements. Silver nanoparticles produced 

in pure water generally only reach moderate stability and 

deteriorate over time to form significantly unstable colloidal 

solutions (Figure 9B).

In general, the results of our stability measurements 

show that a good measure of colloidal stability is present 

and retained, but that some rearrangements occur. These 

are probably both dependent on the initial mean size and 

size distribution as determined by the repetition rate and the 

unique properties of starch with its two very distinct forms 

and high polymerization degree.

Conclusion
Generally, nanoparticle synthesis via laser ablation in solu-

tion offers a number of advantages over more conventional 

physical and chemical methods, including a smaller average 

size, smaller size distributions, and the fact that LASiS does 

not require the use of hazardous chemicals. Furthermore, 

LASiS-based techniques are easy in their experimental setup 

and execution and may be suitable for concomitant synthesis 

and in situ biofunctionalization.37 Recent years have seen 

a small boom in LASiS-based publications and numer-

ous research groups have devoted their time to developing 

LASiS as a technique. However, despite all these efforts, a 

comprehensive understanding of the fundamental processes 

underlying LASiS is still lacking to such an extent that there 

is a large unrealized potential for the controlled production 

of nanoparticles with this technique. Therefore, it is unques-

tionably necessary to investigate the influence of both the 

synthesis medium and the laser settings on the size, size 

distribution, shape, purity, and functionalization of the final 

nanoparticle product. This is highly important, since the qual-

ity and applicability of nanoparticles is directly determined 

by their stability, hydrodynamic size, purity, and surface 

chemistry, which are especially important in biomedical and 

biological applications.

In order to stabilize and afford some control over size 

and shape, several groups, including ours, started to use 

nontoxic natural stabilizing agents in aqueous solution in 

combination with LASiS for the production of metallic 

nanoparticles. In this paper we confirm our previous results18 

and prepared starch-stabilized Ag–NPs via LASiS. Here 

we investigated the effect of laser repetition rate on the 

particle size and size distribution, and particle stability over 

time in an experimental setup that limits fragmentation and 

most likely promotes more continuous growth. Our results 

show that with increasing repetition rates to a maximum of 

40 Hz, both the mean size and the size distribution increases 

significantly. The mean particle size scales near linearly with 

the repetition rate in both starch solution and neat water, albeit 

that in water this scaling evolves faster. That the particle 

size increases with the repetition rate is most likely a direct 

result of the experimental setup, which reduces the prob-

ability that fragmentation occurs, since this phenomenon is 

also observed in neat water and not just the starch solution. 

The mean particle size in starch solution always remained 

below 16 nm, in stark contrast to particles prepared in neat 

water, which were larger with an average size of ∼30 nm and 

showed broad size distributions. The smallest mean particle 

size of ∼10 nm was achieved at 10 Hz repetition rate with a 

narrow bandwidth of 6 nm FWHM. Furthermore, in starch 

LASiS, large clusters were strikingly absent, in stark contrast 

to LASiS in water, in which agglomeration of different sized 

particles was clearly noticed, as might be expected. The fact 

that in starch LASiS larger globular particles were observed 

indicates that more controlled particle growth occurs from 

the initial nucleation in the presence of the stabilizer. Most 

importantly, starch prevented individual particles from 

agglomerating to larger clusters during LASiS, which con-

firms our previous considerations and results.18 Furthermore, 

if fragmentation occurred, this would be most efficient at low 
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repetition rates, because a higher fraction of not-previously 

irradiated nanoparticles in the colloidal solution is irradi-

ated. This might to some extent explain the small average 

size, narrow size distribution, and absence of clusters at the 

10 Hz repetition rate. Furthermore, we hypothesize that the 

particle growth occurs within the helical structure of amylose 

and that the necessary matter for growth is recruited from 

the environment. The diameter of the helix can be dynami-

cally adaptable and thus such considerations are entirely 

within the realm of what is possible. Since experiments 

with starch-coated SWCNT have shown that these become 

insoluble in the absence of amylopectin, we suspect that this 

amylose–Ag–NP complex is coated with amylopectin in an 

extensive network that affords steric hindrance and prevents 

agglomeration.

Stability measurements show that the Ag–NP–starch 

composite remains stabile after prolonged storage for up to 

1 month. The mean particle size does not significantly change 

and UV-vis spectroscopy showed only minor deviations in the 

spectrum, which indicates that no significant aging occurs. 

Zeta potential measurements show that a good measure of 

colloidal stability is present and retained over time. In contrast, 

particles produced in water only reach moderate stability and 

deteriorate over time to form significantly unstable colloidal 

solutions, which was confirmed through TEM evaluation of 

stored solutions. The optimum initial and long-term stabil-

ity of the Ag–NP–starch composite is achieved at the 30 Hz 

repetition rate. Consequently, Ag–NP synthesis via LASiS in 

starch solutions is a trade-off between small size and narrow 

size distributions and inherent and long-term stability.

Since many questions remain, we initiated continuative 

research to investigate the influence of repetition rate and 

various other laser parameters on the LASiS-based syn-

thesis of nanoparticles in the presence of starch. It will be 

essential to determine the effect of the individual starch 

components (amylose and amylopectin) on LASiS of vari-

ous types of metal nanoparticles. Finally, our experimental 

results not only show that the synthesis environment, the 

type of stabilizer used, and its chemical and structural 

properties, but also that variation of one single laser 

parameter drastically determines the synthesis outcome 

and final product.
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