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 A B S T R A C T 

 

The present work combines the use of microfluidic reactors and green chemicals such as glucose and starch to 
achieve a continuous production of silver nanoparticles that have been successfully tested as excellent anti- 
bacterial agents against Escherichia coli. Those silver nanoparticles synthesized under continuous flow 
remained stable in terms of optical response, morphology and size distribution even after 48 months of storage 
at 24 °C without light protection. The best results in terms of colloidal stability were obtained after 
synthesizing those nanoparticles  at 70 ºC in the presence of an excess of glucose when the continuous flow 
configuration was used   to complete the reaction within 9 min. In contrast, analogous experiments carried out 
in batch conditions re- quired a much longer period to achieve similar results but with much lower stability 
and a higher polydispersity, especially in the long-term storage range. 

 
1. Introduction 

 
Metal nanoparticles (i.e., mainly Au, Cu and Ag), have been ex- 

tensively evaluated as antimicrobial agents. Infections caused by bac- 
teria demand prolonged and not always successful treatments that af- 
fect negatively mortality and morbidity rates [1,2]. In particular, the 
bactericidal activity of silver nanoparticles (Ag NPs) has been attributed 
to the combined action of several mechanisms such as the production of 
reactive oxygen species (ROS), induced gene modification, cell-wall 
penetration and damage, and protein and DNA interactions [3–6]. 
Great efforts are being devoted to synthesize Ag NPs as silver-ion re- 
servoirs in paints, textile fibers and surgery materials in order to gen- 
erate aseptic surfaces [7,8]. In addition, Ag NPs uses are extended to 
many others applications such as water treatment, coatings on cathe- 
ters, prosthesis, on surfaces used in the food industry, food packaging, 
etc [9]. 

The wet chemical reduction of silver precursors in batch systems is 
the most widespread method for Ag NPs synthesis. The use of hazardous 
reducing agents, such as sodium borohydride (NaBH4) or hydrazine 
(N2H4) is much extended. Furthermore, there is a strong motivation in 
applying the Green Chemistry concepts to in the material synthesis 

 
routes [10]. 

Consequently, different biological molecules have been evaluated as 
reducer agents for Ag NPs synthesis following safe, sustainable and eco- 
friendly procedures. For instance, microorganisms (bacteria, fungi ac- 
tinomycetes, yeast and viruses,) acting as bioreactors have been re- 
ported to produce a variety of nanoparticles either intra or extra-cel- 
lularly [11]. Plant extracts from stems, flowers, leaves and seeds have 
also been studied as green reducers and stabilizers materials for NPs 
synthesis [12]. Although both synthesis employing either microorgan- 
isms or vegetable extracts are in agreement with the main green prin- 
ciples, the use of the former implies highly strict pH and temperature 
working ranges or lack of sufficient control on the chemical composi- 
tion of the latter. 

Polysaccharides have also been proposed as green reducer agents as 
they are able to replace the need for toxic solvents and they can also act 
as easy particle separation agent [13]. In the literature, there are a great 
number of examples where glucose and starch have been tested either 
as reducing agents [14–16], or as capping ligands [16,17]. Likewise, the 
combination of glucose acting as reductant and starch as co-stabilizer 
has been also evaluated [18–21]. 

Glucose and starch have high market availability with stable 
 



formulation and low cost. In contrast, natural plant extracts that exhibit 
an analogous and promising role as effective reductors for the genera- 
tion of NPs, require tedious, time-consuming purification steps that so 
far are preventing their commercialization. 

Table 1 
Summary of the different synthesis conditions explored and the corresponding 
nomenclature assignation for each resulting Ag NPs suspension according to 
those parameters. 

 

The use of microfluidic systems for processing liquid phases to 
render nano-scaled materials has been taken into account as green 
process. Continuous material synthesis technology leads to a larger 
number of advantages compared with the batch-to-batch approach. 
Sebastian et al. [22] pointed out, “Microreactors constitute perhaps the 
enabling technology of the highest potential for liquid phase synthesis 
of Engineered nanomaterials (ENMs)” [23,24]. 

An intensive search of the reported works during the last ten years 

Ratio Concentration 
([Ag]/[glucose]) 

Reaction Temperature (°C) 

reveals the increasing efforts to find better alternatives for the Ag NPs 
production (Table S1). Although several authors studied glucose as 
reducing agent, the number of studies evaluating the use of glucose in a 
continuous synthesis is still scarce [18,19,21,25–29]. Horikoshi et al. 
[29] evaluated the Ag NPs synthesis employing glucose and micro- 
reactors and obtained narrow size distributions compared with the 
materials retrieved from conventional batch methods. Nevertheless, 
their studies did not validate the stability of the resulting Ag NPs sus- 
pensions for extended aging periods beyond 2–3 months [18,25,28]. 

Herein, we have combined the use of green chemicals such as glu- 
cose and starch and microfluidic reactors to achieve a continuous 
production of Ag NPs. The reaction condition effects on the Ag NPs 
optical response, morphology and size distribution were studied. The 
characteristics of the obtained suspensions were monitored in some 
cases for up to 48 months in order to evaluate their colloidal stability. A 
systematic comparison between the batch and continuous systems was 
performed. The Ag NPs synthesized were additionally tested as anti- 
bacterial agents against Escherichia coli. Therefore, a bacterial model (E. 
coli) irrespectively of its nature have just used in order to demonstrate 
the antimicrobial action of those materials. Actually, it is more difficult 
to treat gram-negative bacteria in comparison to gram-positive bacteria 
due to the presence of a membrane around the cell wall of gram-ne- 
gative bacteria, which increases the risk of toxicity to the host being this 
membrane absent in gram-positive bacteria. In addition, porin channels 
are present in gram-negative bacteria, which can prevent the entry of 
drugs and antibiotics. These channels can also expel out antibiotics 
making much more difficult to treat in comparison to gram-positive 
bacteria. Finally, gram-negative bacteria possess both exotoxins and 
endotoxins but in case of gram-positive bacteria only exotoxins are 
produced [1]. Therefore, we chose E. coli due to the challenge that it 
represents and it was possible to corroborate that the glucose and starch 
do not inhibit the bactericidal effect of the synthesized nanoparticu- 
lated material. 

 
2. Material and methods 

 
2.1. Materials 

 
For the Ag NPs synthesis, AgNO3 (99.99%, Sigma-Aldrich) was used 

as metal precursor, β-D-Glucose (Cicarelli) as reductant and starch 
(Anedra) as stabilizing agent. All chemicals were pure (analytical 
grade) and used without further purification. Deionized water 
(18mΩ.cm) was used for the preparation of solutions in all the ex- 
periments. The nutrient culture media, Luria-Bertani (LB) broth, used in 
the antibacterial assays was prepared with meat peptone (Britania), 
yeast extract (Britania) and sodium chloride (Cicarelli). E. coli DH5-α 
strain was used as a model of Gram-negative microorganism. 

 
2.2. Synthesis of silver nanoparticles 

 
A modified protocol of a previous work described elsewhere was 

optimized to carry out the batch synthesis of silver nanoparticles in the 
presence of D(+)-glucose and starch used as reducer and capping 
agents, respectively [18]. The batch synthesis was carried out mixing a 

B: Batch  system,  residence  time:  6 h;  C:  Continuous  system,  residence  time: 
9 min. All the experiments were duplicated and labeled as “a” or “b” at the end  
of the naming code. 

 
solution of AgNO3 (0.01 M) with a solution of starch (0.17 wt. %) and 
glucose to achieve silver to glucose ratios (r = Ag/glucose) of 5/1; 1/1 
and 1/5. The reaction time was fixed 6 h in contrast to 20 h as the re- 
ference protocol. The system was magnetically stirred in a round flask 
immersed in a thermostatic glycerin bath under refluxing conditions at 
40, 55 and 70 °C (Table 1). For the continuous synthesis (Fig. 1), two 
syringe pumps (KD Scientific, KDS1000 model) fed the interdigital 
stainless steel-based microreactor provided by the Microelectronics 
Institute of Mainz (Germany) (Fig. 1c and d). At the outlet, a trans- 
parent Tygon® tubing (1.3 mm i.d.) was used to set a residence time of 
9 min. Two stock solutions, one containing the AgNO3 aqueous solution 
and the other containing the reducer-stabilizer aqueous mixture (glu- 
cose-starch) were loaded into two separated syringes and pumped into 
the micromixer with 8.8 mL/h as total flow rate. The micromixer and 
the aging tubing were immersed in a thermostatic glycerin bath in order 
to control the reaction temperature. The reaction time on both systems 
(batch and continuous) was established by macroscopic observations, 
when the yellowish color attributable to the formation of Ag NPs ap- 
peared. Furthermore, these parameters were set at reaction tempera- 
tures of 40 °C and 1/1 reactant ratios; those conditions were kept 
identical for the remaining syntheses and reaction conditions. 

Table 1 summarizes all the reaction conditions explored and the 
corresponding nomenclature assigned to each Ag NPs sample according 
to those synthesis parameters. Different reaction temperatures (40 °C, 
55 °C and 70 °C) and Ag to glucose molar ratios (r = 5/1, 1/1 and 1/5) 
were selected to evaluate the effect of the reaction conditions on the Ag 
NPs morphology and stability. Finally, the suspensions were kept under 
ambient conditions for up to 48 months to evaluate long-term aging 
effects. They were stored in Eppendorf like tubes without any specific 
precaution (i.e. light protection) and were systematically evaluated at 
different time points. 

 

2.3. Characterization techniques 
 

UV–vis spectroscopy measurements were carried out in a double- 
beam UV–vis spectrophotometer PerkinElmer Lambda 40 without any 
sample washing treatment or dilution. The shape and average size of 
the nanoparticles were analyzed by Transmission Electron Microscopy 
(TEM) using a FEI Tecnai T20 microscope operating at 200 kV. The size 
distribution of the resulting colloidal nanoparticles was determined 
from the enlarged micrographs, using ImageJ free software [30] 
counting at least 200 particles. Size distribution was assessed using 
boxplot with R free software [31]. 

In order to study the reproducibility and the influence of the 
synthesis parameters (temperature and reagent ratios), samples of Ag 
NPs were prepared by duplicate and the Surface Plasmon Resonance 
(SPR) was determined just after synthesis (t0). The stability studies for 
each synthesis conditions were monitored by UV–vis measurements of 
the absorbance and the evolution of the SPR response after 8 (t1), 32 
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Fig. 1. a) Scheme of the experimental configuration displayed for the continuous synthesis of nanoparticles; b) Digital photograph of the standard slit interdigital 
microstructured mixer; c) Digital photograph of the interdigital device bottom plate; d) Optical image detailing the interdigital microchannels. 

 

(t2) and 48 (t3) months, respectively. 
 
 

2.4. Bactericidal assays 
 

After the characterization of the synthesized nanoparticles, the most 
stable set of suspensions was selected to evaluate the bactericidal ac- 
tivity using the viable cell colony count method. A single colony of E. 
coli was cultured in LB broth in an orbital shaker at 37 °C for 24 h, to 
reach stationary phase (ca.109 CFU/mL). For the experiment, 1 ml of 
E.coli (ca.2.5 × 106 CFU/mL) was mixed with 1 ml of Ag NPs or AgNO3 
at two different concentrations (to achieve final concentrations (9 and 
27 ppm) of Ag based on the original amount of silver nitrate used to 
prepare the NPs). The samples were incubated at 37 °C at 180 rpm. 
After 20 h, the samples were taken out, serially diluted with PBS and 
plated on LB agar plates. The plates were incubated at 37 °C for 24 h, 
and the viability was calculated by counting bacterial colonies on the 
plate. Control experiments were performed under identical conditions 
including a positive control in the absence of Ag NPs and a negative 
control in the absence of bacteria. Each experiment was carried out by 
triplicate. Data were compared using one-way ANOVA and Tukey- 
Kramer´s post hoc test, in GraphPad Prism 5. Results are expressed as 
means ± SD of measurements and different letters indicate significant 
differences between groups (p < 0.05). 

3. Results and discussion 
 

3.1. Influence of temperature and reactant ratios on the silver nanoparticles 
synthesis 

 
Fig. 2 shows the UV–vis spectra of the suspensions prepared by 

duplicate (and labeled as “a” or “b” in the standard nomenclature de- 
scribed in Table 1) taken at the synthesis day (t0) following batch (B) 
and continuous (C) methods at different reaction temperatures and Ag/ 
glucose molar ratios (r). 

The SPR maximum (Fig. 2) centered at ca. 420 nm and the spectra 
profiles were reproducible for both replicas and all the synthesis con- 
ditions. Fig. 2 shows that temperature, together with the reaction de- 
vice set up, became a relevant factor influencing the outcome of the 
optical response. The experiments carried out at the lower temperatures 
(i.e. 40 °C and 55 °C) barely exhibited the presence of the SPR band at 
ca. 420 nm (Fig. 2a–d, g–j and m–o) or displayed a very broad ab- 
sorption band suggesting the presence of polydispersed  Ag  NPs  
(Figs. 3a,b and S1). This latter effect was especially significant under 
batch conditions (Fig. 2 and Table 2). In contrast, higher temperatures 
led to a more effective silver reduction step to induce a major number of 
nucleation events, supported by sharper and more intense SPR bands 
with narrower full-width at half-maximum. 

TEM images were also acquired to evaluate size distributions of the 
freshly prepared Ag NPs (t0). A selection of representative TEM images 
has been displayed in Figs. 3 and S1. The particle size distribution was 
not very homogeneous in the batch reactor at 40, 55 or 70 °C and re- 
gardless of the precursor ratios (see Table 2 and Figs. S1–S2). In 



 
Fig. 2. Reproducibility study. UV–vis spectrum of the Ag NPs synthesis with discontinuous and continuous methods by duplicated replicas (a and b) at synthesis day 
(t0). Reaction conditions: see also Table 1. 

 

contrast, the continuous microfluidic setup led to more monodispersed 
size distributions when the reaction was carried out at 55 and 70 °C for 
all r-values (see Table 2, Figs. 3d–f and S1–S2). 

These results are in agreement with previous findings reported in 
the literature. For instance, Jiang et al. [32] observed that low tem- 
peratures (ca. 0 °C) could significantly inhibit both particle formation 
and growth processes. In contrast, these authors observed that in the 
temperature range from 17 to 55 °C the reaction rate and the particle 
sizes increased. In this regard, Bonatto et al. [33] also found an im- 
portant influence of the reaction temperature (75 °C) over the reducing 
effect on the synthesis of Ag NPs. In contrast, Vigneshwaran et al. [17] 
pointed out that at 120 °C the reduction reaction is accelerated by the 
presence of aldehyde functional groups, which are present in the car- 
bohydrates molecules. 

Remarkably, the temperature effect in the Ag NPs synthesis became 
more evident when the continuous microfluidic system was used. In 
fact, when the synthesis temperature reached 70 °C the UV–vis spectra 
rendered sharper and narrower SPR bands (Fig. 2f, l and r) than those 
obtained at 55 °C (Fig. 2d, j and p) and 40 °C (Fig. 2b, h and n), re- 
spectively. This result is attributable to the reaction conditions inherent 
to the use of the micromixer that favors a more homogeneous tem- 
perature distribution and a more efficient mixing of the reactants in the 
mixing process (Figs. 3f and S2). Previous works corroborated that 
microreactors enhance the monodispersity of the resulting nano- 
particles while reducing the consumption of reactants [24,34]. 

The influence of glucose as reducing agent was also evaluated sys- 
tematically varying the Ag/glucose molar ratios (r) in the synthesis 
process (Table 1 and Fig. 2). Taking into account the stoichiometry of 
the reduction reaction (r = 2/1) involving the silver nitrate precursor 
and glucose [35], the first selected ratio was glucose-deficient (r = 5/1) 
while the other ratios were carried out with an equimolar or an excess 

of glucose (r = 1/1 and 1/5). 
In this context, it was expected that at initial reaction times, the 

higher the glucose concentration, the more favorable the reduction of 
silver would be and, consequently, the higher the SPR band intensity. In 
batch conditions, there is a slight trend showing an increase on the SPR 
intensity when the reaction occurs under excess of glucose (Fig. 2o). El- 
Rafie et al. [16] evaluated maize starch as reducer and stabilizer to 
generate Ag NPs in alkaline conditions. These authors compared the 
redox potential of glucose and starch under similar reaction tempera- 
ture ranges (50–80 °C) and they identified a strong reducing capacity of 
glucose compared with that attributed to starch and fructose. Even 
though the starch is a non-reducing carbohydrate, those authors 
showed that alkaline conditions promoted the decomposition of the 
starch polymeric chains into fragments with reducing effects. Further- 
more, rising the temperature to 60 and 80 °C also increased the redox 
potential of starch. Consequently, the temperature could play an im- 
portant role on the acceleration of the reduction reaction and on the 
production of more reducing fragments coming from the starch. 

On the other hand, they also concluded that the use of strong re- 
ductants led to smaller and less polydispersed nanoparticles while 
milder reducing conditions resulted in lower reduction rates. In this 
regard, Batabyal et al. [35] observed that an aqueous solution of AgNO3 
was not reduced by starch at room temperature. It is generally well 
established that a hydrothermal treatment of starch leads to glucose 
formation as the mayor hydrolysis product [35]. These findings are in 
agreement with our observations. In order to corroborate this effect, the 
synthesis of Ag NPs at 70 °C and r = 1/5 was performed in absence of 
starch, the UV–vis response resulted in a spectrum intensity lower than 
the corresponding to the synthesis containing the stabilizer (Fig. S3). 
This result suggests the reducing effect of the starch. On the other hand, 
this suspension after 20 days of storage presented a precipitate having 



 
Fig. 3. Representative TEM images and corresponding particle size distributions of Ag NPs displaying the most promising plasmonic response and prepared at 40, 55 
and 70 °C (initial t0). Same information for other samples are shown in Fig. S1. 

 

Table 2 
Particle size distribution determined from TEM images at initial times (t0) and after 48 months t3 (sizes in nanometers). 
 

B C 
   

B C 
   

B C 
 

40_1 t0 5.5 ± 2.5 2.6 ± 0.8 55_1 t0
 

12 ± 10 3.8 ± 1.2 70_1 t0
 

4.8 ± 2.7 4 ± 1 
 

 t3 5.9 ± 10.3 na  t3 na 48.3 ± 73.1  t3 2.0 ± 1.9 6.3 ± 9.2  

40_2 t0 7.5 ± 3.6 5.2 ± 1.8 55_2 t0 11.3 ± 10.6 na 70_2 t0 14 ± 15 na  

 t3 na 5.7 ± 1.9  t3 na 4.2 ± 1.4  t3 14.3 ± 15.3 5.1 ± 6.9  

40_3 t0 na 1.9 ± 0.7 55_3 t0 5.2 ± 2.4 na 70_3 t0 10.2 ± 10.8 1.7 ± 1.7  

 t3 3.7 ± 1.8 na  t3 na na  t3 14.0 ± 21.8 4.3 ± 5.4  

na: No available. 



large particles and its corresponding UV–vis plasmon disappeared 
completely, appearing the signal assigned to ionic silver at 288 nm. 
Therefore, these results confirm the role of starch as stabilizer and re- 
ducing agent. It is also worth mentioning that the intensity of the SPR 
signal was also much stronger in the presence of starch than in its ab- 
sence (Fig. S3). 

Finally, the experiments performed with lower concentration of 
glucose showed that the reduction mainly took place at the highest 
reaction temperatures (Fig. 2e and f), thereby reinforcing the potential 
role of starch as co-reducing agent. Interestingly, this effect seems to be 
even more effective with the continuous flow configuration in the mi- 
croreactor. In contrast to the batch configuration, the microreactor 
induced a more intimate and homogeneous mixture of the reactants 
[24,34,36], especially at 70 °C (Figs. 2f, l, r, 3f and S2). A more efficient 
precursor mixture can lead to an enhanced grafting of the organic 
stabilizer on the surface of the growing crystals and to a consequent 
better control on the diffusion of the nutrients into the growing crystals, 
rendering homogeneous particles and subsequent narrow SPR peaks. 

 
3.2. Evaluation of the stability of silver nanoparticles after long-term storage 
periods 

 
UV-vis spectroscopy was used as a simple and reliable method for 

monitoring the stability of the nanoparticle suspensions at different 
time intervals. Fig. 4 shows the evolution of the SPR band for the dif- 
ferent Ag NPs suspensions prepared with the batch and the continuous 
set up, respectively. Spectra acquisition took place after storing the 
samples under ambient conditions for 8, 32 and 48 months, (t1, t2 and 
t3, respectively). In the case of batch synthesis, the SPR intensity in- 
creased with increasing aging times, especially after 32 months, sug- 
gesting that the reduction reaction was not concluded within the 

established reaction time or that larger NPs formed could have been 
dissolved progressively over time to generate smaller NPs. 

The aged Ag NPs followed a similar trend in the continuous process 
and the intensity of the SPR band was higher at t1 and t2 than the ob- 
served at t0. However, in this case, the differences established between 
the SPR intensity at initial times t0 and t2 were much less relevant in 
comparison with the batch experiments, especially at higher tempera- 
tures and in the presence of higher concentrations of glucose (Fig. 4l 
and r). This confirms that the residence time selected for the continuous 
arrangement improved the homogeneity of the mixture, leading to a 
complete reduction of the silver precursor and to an optimal production 
of Ag NPs. In this context, the SPR intensity enhancement observed 
with ageing time when glucose concentration was in defect (r = 5/1), 
could be attributed to the reduction reaction between free silver ions 
and extra glucose units from the starch fragmentation [19]. However, 
when the synthesis was performed under glucose excess conditions    
(r = 1/1 and r = 1/5), the difference between SPR intensity from t0 and 
t2 was lower because silver ions could be fully reduced in the presence 
of an excess of reducing agent. Moreover, the starch could improve the 
stability during the storage periods of 8 and 32 months by keeping a 
reductant atmosphere, because of its combined effect of stabilizer and 
co-reducing agent. These results are in agreement with Cheviron et al. 
[21] who proved the dual influence of starch into the silver nano- 
particle suspension, i.e., stabilizer and reducer. They synthesized Ag 
NPs with and without glucose as reducing agent in presence of starch, 
and they concluded that Ag NPs size and polydispersity were higher 
than when glucose was added. They also observed that the SPR peak 
intensity increased while the reaction time increased, but the intensity 
of the spectra remained lower than the observed when the reaction 
mixture contained glucose. 

In this vein, it could be suggested that the high starch concentration 
 

 
Fig. 4. Evaluation of the colloidal stability of the Ag NPs after different aging periods. UV–vis spectra of the Ag NPs stored at room temperature at t0 (initial 
synthesis), t1 (after 8 months), t2 (after 32 months) and t3 (after 48 months). Spectra at t3 were enhanced 5 or 2 times (t3 × 5 or t3 × 2) for difference highlighting. 



 
Fig. 5. TEM images and histograms of Ag NPs size distributions of samples prepared at 40 °C with r: 5/1 (top) and 70 °C with r: 1/5 (bottom)  after  8 month (t1)  
storage. See Table 1 for specific name codes. 

 

conducted to a highly stable Ag NPs suspension even for periods above 
30 months and that the use of a continuous mixing configuration en- 
ables this achievement in a much shorter period of reaction (hours vs. 
months-years time scale). 

TEM analysis of selected Ag NPs samples after 8-months (t1) storage 
was also performed to evaluate the evolution of the particle size dis- 
tribution over time (Fig. 5). These measurements were carried out by 
applying the box plot method (Fig. 6). The horizontal line inside the box 
represents the median, the top and the bottom of the box represent the 
upper and lower quartiles, and the vertical length of the box, from 
upper to lower quartiles, is the interquartile range and therefore 50% of 
all cases have values within the box. Lines, called whiskers, are drawn 
from the edge of the box to the maximum and minimum values. 

From this analysis, the difference between the size distribution of 
the Ag NPs synthetized with batch and with the continuous system can 
be observed. Moreover, Fig. 5 shows TEM images with the mean size 
and the standard deviation of particles synthetized at 40 °C with r: 5/1 
and 70 °C with r: 1/5 by batch and continuous configuration at t1. As it 
was observed in Fig. 5, the smaller standard deviation of the particle 
sizes is obtained with the continuous method, leading to particle sus- 
pensions with narrower size distributions [24,37]. 

Finally, the suspensions were studied after being stored for 48 
months (t3) under ambient conditions without light protection. UV–vis 
and TEM results are shown in Figs. 4 and S4, respectively. The UV–vis 
spectra intensity decreased in all cases. In order to obtain a better 
comparison, all spectra obtained at t3 were magnified 5 times except for 

the synthesis condition 70 °C and r = 1/5 in which case the used factor 
was 2. These results could indicate the dissolution of Ag NPs into the 
suspension and the agglomeration of the NPs, easily observed by visual 
inspection of the suspensions. It could be also observed that the width 
of the spectra from the batch synthesis was much broader than in the 
analogous experiments performed with the microreactor. It is worth 
mentioning that the SPR in most of the continuous flow conditions did 
not change, indicating that the outlasting Ag NPs were still stable in the 
suspension and kept their size and morphology as it was demonstrated 
by the TEM images (Fig. S4). However, the particle-size histogram 
showed a new distribution including larger mean diameters. Although 
this final distribution at t3, there are still many small NPs with the same 
diameter measured at t1 (Table 2). 

The boxplot graph was also plotted with the Ag NPs size distribution 
of some suspensions measured after 48 months (Fig. S5). The results are 
in agreement with the UV–vis spectra presented in Fig. 4. In all the 
suspensions, larger particles were formed, although there were still 
nano-sized particles. From the UV–vis results obtained after 48 months, 
in which the spectra intensity drastically decreased, it could be sug- 
gested that during this long term a NPs dissolution process could have 
occurred. 

 

3.3. Bactericidal assay 
 

Because of the very small size of the obtained Ag NPs, it was not 
possible to separate them from the suspension. On the other hand, it is 



 
Fig. 6. Boxplot plot distribution of Ag NPs stored for 8 months (t1). 

 

known that the environment of bactericidal source could affect the 
silver antimicrobial activity. In this context, the obtained Ag NPs bac- 
tericidal response was tested without washing the suspension. 

The samples synthesized at 70 °C with r = 1/5 (in either batch or 
continuous conditions) stored for 8 months gave the best optical and 
morphological response in terms of reproducibility and stability and 
consequently they were selected to perform bactericidal assays against 
E. coli bacteria. The Ag NPs suspensions were diluted down to 9 and 
27 ppm final Ag concentrations. Aqueous solutions of AgNO3 with 
identical concentrations were used as controls. 

Fig. 7 summarizes the effects of the different Ag concentrations of 
samples and controls on the colony forming units (CFU) of E. coli after 
co-culturing for 20 h. These data fit within the range reported in the 
literature for the Ag NPs minimal inhibitory concentration (MIC) being 

 

Fig. 7. Bactericidal activity of Ag NPs synthesized by batch (B70_3) and con- 
tinuous (C70_3) methods and AgNO3 used as control. The concentration of Ag 
(9 y 27 ppm) is referred to the total amount of silver present in the culture. The 
concentration of bacteria (CFU/ml) was normalized by the concentration of E. 
coli present in the positive control (+). Each experiment was carried out by 
triplicate. Different letters indicate significant  differences  between  groups 
(p < 0.05). 

around 0.5–50 ppm [38]. 
According to the statistical analysis, the different letters indicate 

significant differences between groups. All samples showed significant 
differences in comparison with the positive control (+, absence of  
silver species), except for the sample C70_3 that contained 9 ppm of Ag. 
No significant differences were found among the samples containing 
27 ppm of Ag regardless of the type of sample or the preparation 
method. On  the  other  hand,  when  the  total  Ag  concentration  was 
9 ppm, the AgNO3 bactericidal activity was slightly higher compared to 
the one obtained for Ag NPs. 

It has been widely reported that the main bactericidal effect is due 
to the presence of silver ions [39,40]. Consequently, many factors must 
be considered to analyze the Ag NPs bactericidal activity. These include 
all the parameters that promotes the Ag+ release from the particles and 
their bioavailability, like particle size, oxidation rate, and culture media 
composition [39–41]. 

In the first case (27 ppm of Ag concentration), these data suggest 
that there is a connection between the particle sizes and the bactericidal 
activity. Despite the fact that C70_3 particles were smaller (mean size 
3.74 nm) than B70_3 particles (mean size 12.90 nm), B70_3 presented 
considerably larger size distribution (standard deviation  12.6 nm)  
(Fig. 5) and more than 50% of particles were smaller than 10 nm. 
Therefore, particles from B70_3 and C70_3 could be considered small 
enough to be completely dissolved as Ag+, showing a similar toxicity 
than AgNO3. There are strong evidences supporting the higher bacter- 
icidal response of smaller Ag NPs due to their high area per volume 
ratio which generates the presence of a reservoir of Ag ions on the 
surface of nanoparticles readily available upon dissolution in the cul- 
ture media [39]. Lalueza et al. [40] claimed that the bactericidal effect 
depends on the bioavailability of silver ions; the more available, the 
better biocidal properties of the silver material. In their work, the na- 
noparticles with average sizes around 100 nm did not show a significant 
bactericidal effect compared with AgNO3, suggesting a negligible effect 
on having large and ultra-stable nanoparticles. 

In the second case (9 ppm of Ag concentration), it is important to 
consider that the culture media was not diluted and all the samples and 
controls were exposed to the same culture media compositions with 
high content of organic matter (peptone meat extract and yeast extract). 
Zhang et al. [41] previously studied the dispersion of Ag NPs on 



different solvent media and their corresponding bactericidal activity. 
They observed that Ag+ release is sensitive to the media components. 
They suggest that the presence of organic material could coat the Ag 
NPs surface and inhibit the particles dissolution. Consequently, we 
could propose a hypothesis, that when the lower nanoparticle con- 
centration is used the coating effect of organic matter could be more 
important retarding the particle dissolution. However further in- 
vestigations should be performed in order to corroborate this specula- 
tion. 

Finally, our work agrees with the evidences reported about the in- 
fluence of the particle size and the media composition on the Ag NPs 
bactericidal activity. Even more, it was possible to corroborate that the 
chemicals of the particles synthesis (glucose and starch) do not interfere 
on the toxicity of the nanoparticles leading to an effective real use of 
silver ions from the particles by the culture medium. 

 
4. Conclusions 

 
This study presents a novel and environmentally benign method for 

the synthesis of spherical colloidal Ag NPs with excellent characteristics 
in terms of reproducibility and stability. A green synthesis protocol was 
followed in which starch and glucose were used as stabilizing agent and 
reducing agent, respectively. Batch and continuous systems were used 
in order to compare the reproducibility and the long-term stability of 
the resulting Ag NPs suspensions. The effects of the reaction tempera- 
ture and the reagent ratios on the final product characteristic were 
studied in order to determine the optimal synthesis conditions. From 
the obtained results, it could be concluded that the optimal silver na- 
noparticle production was obtained when an Ag/glucose ratio = 1/5 
and temperature 70 °C were set, for both batch and continuous systems. 
However, the continuous system gave the best results in terms of re- 
producibility and stability in comparison with the batch synthesis under 
identical reaction conditions but much lower reaction residence times. 
In fact, a narrower nanoparticle size distribution was obtained with the 
microreactor compared to the one obtained with the batch reactor. This 
was because the microfluidic route led to an improved mixing of the 
reactants, to an elevated conversion, and it enhanced the transfer of 
mass and heat. 

Feeding together both green reagents, glucose and starch, conduced 
to superior Ag NPs stability, mainly when the synthesis process was 
performed under continuous regime. The presence of starch was crucial 
for guaranteeing the Ag NPs stability into the suspension. The main 
contribution of this work is the analysis of the behavior (optical re- 
sponse, morphology and size distribution) of the Ag NPs suspensions 
obtained with both arrangements and different reaction conditions after 
a long-term storage (48 months) without light protection. In all cases, 
the concentration of Ag NPs decreased after four years because of ag- 
glomeration and some dissolution effect. Although for the better 
synthesis condition observed (70 °C, r = 1/5) the loss of nanoparticle 
concentration resulted lower than the one observed in the other 
synthesis conditions. 

Finally, it could be concluded that the combination of a green 
protocol with a continuous production enabled the production of long- 
term stable Ag NPs with potential bactericidal applications. 
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Figure S1. TEM images and particle size distribution of some representative Ag NPs 

suspension at t0.   
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Figure S2. Box plot of size particles distribution of Ag NPs at t0. 

 

Figure S3. Effect of the absence of starch on the silver reducibility and on the AgNPs stability. 
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Figure S4. TEM analysis of selected Ag NPs samples after 48-months (t2) storage. 
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Figure S5. Box plot of size particles distribution of Ag NPs stored 48 months. 
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Table S1. Ag NPs synthesis method (batch or continuous) and the type of reducer agent (with 

green or toxic environmental effects) evaluated in literature in the last ten years. 

Synthesis method 
Reducer Agent 

Reference 
Green Toxic 

Batch Ascorbic acid  [1, 2] 

Batch Cocoa extract  [3] 

Batch Citrate  [4] 

Batch Glucose  [5-11] 

Batch Hydroquinone  [12] 

Batch Lactose  [13] 

Batch Microorganism  [14] 

Batch Plant extract  [15, 16] 

Batch PVP  [17] 

Batch Tanic acid  [18] 

Batch Tochoferol  [19] 

Batch  NaH [20] 

Batch  NaBH4 [21-24] 

Batch  N2H4 [25] 

Batch  
NaBH4 / 

N2H4 [26] 

Continuous Cinnamomum camphora extract  [27] 

Continuous Cacumen Platycladi extract  [28] 

Continuous Glucose  [29] 

Continuous Oleic Acid  [30] 

Continuous Tanic acid  [31] 

Continuous  NaBH4 [32-34] 
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