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Abstract

Seeded-growth synthetic protocols enable precise control of particle size and shape, crucial for many

sensing applications. However, scaling-up these syntheses in a reproducible way is challenging, as

minimal variation in process parameters such as seed size, concentration or reaction temperature can

significantly alter the final product. Flow reactors enable tight control in the process parameters and

high reproducibility of the synthesis, representing a potential technology to perform seeded-growth

synthesis in large scale. This work reports the design of a flow platform for the controlled synthesis of

spherical gold nanoparticles with size up to 150 nm through a seeded-growth approach, and their use

in Surface Enhanced Raman Scattering (SERS) and Photoinduced Enhanced Raman Spectroscopy

(PIERS). The particle growth kinetics were studied via in situ time-resolved UV-Vis spectroscopy. The

spectroscopic data were fitted with a kinetic model, which was subsequently used for the design of

the reactor. The kinetics-based design approach enabled fast translation of the growth synthesis in

flow, eventually allowing the on demand flow synthesis of particles with controllable size, ranging

from 50 to 150 nm, with high reproducibility and full precursor conversion. The particles were tested

for SERS and PIERS for different substrates, including warfare agents and biomolecules, with

enhancement factors between 10ଷ and 10଼ depending on the analyte, demonstrating their potential

for detection of various analytes.
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Introduction

Gold nanoparticles (Au NPs) represent a topic of intense research in several areas, comprising optics

[1], biomedicine [2,3] and catalysis [4,5]. Their applications are strongly size dependent, with protocols

available in the literature enabling the synthesis of particles from the sub-nanometer scale [6] up to

hundreds of nanometers [7]. The reproducible synthesis of spherical gold nanoparticles above 20 nm

with narrow size distribution (~10% relative standard deviation) still remains a challenging task, as

most protocols available in the literature comprise seeded-growth syntheses [8–13], with potential

multiple reactant injections, which are highly operator-dependent. Various sources of irreproducibility

can compromise the synthesis, particularly regarding possible variation of initial seed size and seed

number concentration, as well as timing in reactants injection. These problems are exacerbated when

scaling up the production using conventional batch technologies, since issues linked to nonuniform

mixing and inhomogeneous temperature profile significantly affect batch reactors as their scale

increases. During recent years, flow reactors appeared as a viable technology for the synthesis and

scale up of nanomaterials production [14–16]. Several groups employed these type of reactors for the

synthesis of gold nanoparticles, via single step syntheses [17–21] or seeded-growth protocols

[16,22,23]. Despite the advancement in the field of flow synthesis of nanomaterials, only few

examples of nanoparticle size control over a broad range within the same flow platform exist.

Deshpande and Kulkarni [24] reported the synthesis of silver nanoparticles in size range between 65

and 120 nm using a cascade of CSTRs, however producing particles with broad size distribution. More

recently, Pinho and Torrente-Murciano [25] reported the synthesis of silver nanoparticles with

average size between 5 and 80 nm in a millifluidic reactor. This system required up to 5 precursor

injections in order to achieve the largest average size, with particle size distribution relative standard

deviation in the order of ~10 − 20%

Plasmonic gold nanoparticles, particularly with size above 20 nm, find applications in several sensing

technologies, including lateral flow immunoassays [26] and surface enhanced Raman spectroscopy
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(SERS) [27]. SERS is a highly sensitive technique capable of single molecule detection [28], with

minimal sample preparation. It is a non-destructive and very fast analysis, which has been successfully

used in a range of applications including medical diagnostics, [29] environmental monitoring[30] and

chemical threats detection [31,32]. The SERS effect arises when an analyte molecule adsorbs onto a

rough plasmonic metallic surface, leading to enhancement of the analyte Raman signal. In practice,

this is achieved using nanostructured surfaces or nanoparticles. Metals such as silver and gold have

been extensively used as SERS substrates, due to their stability, biocompatibility [33] and control of

the optical properties [34]. The two main contributions to the SERS enhancement are the

electromagnetic (EM) and the chemical enhancement (CE) factors, with the greatest contribution

attributed to the former [35–37]. The EM enhancement arises from the electromagnetic interaction

of light with the nanoparticle, leading to collective oscillations of surface conduction electrons of the

nanoparticle called localised surface plasmon resonance (LSPR) [38]. This phenomenon leads to an

enhancement of the electric field near the metal nanoparticle surface, in turn leading to

enhancements of both the incident and Raman-scattered fields. The CE factor involves specific

interactions between the analyte and the surface of the nanoparticle. Different mechanisms have

been proposed for the CE, the most accredited being the charge-transfer mechanism. This mechanism

involves charge transfer processes between the substrate and analyte [28,39]. SERS substrates can be

broadly divided in three categories [40]: (1) nanostructures made through lithographic techniques,

where the metal is deposited on the substrate using top-down approaches; (2) nanoparticles

assembled on surfaces through a bottom-up approach; (3) nanoparticles in suspension. The first

category relates to SERS substrates with the most regular structures. However, their (lithographic)

production is difficult to scale-up, making them more expensive. Substrates belonging to both

categories (2) and (3) are cheaper and easier to produce, thus appear to be a better candidate for the

in-field application of SERS, especially as an inexpensive point-of-care diagnostic tool. As these kinds

of substrates rely on the use of colloidal plasmonic particles, a critical aspect for their development is

the availability of highly reproducible methods generating monodisperse nanoparticles. Flow
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technologies can address this challenge, as they lead to improved nanomaterials synthesis

reproducibility [41]. A currently developing area in the field of SERS is the combination of metallic

nanoparticles with photo-activated substrates. This new technique, named photo-induced enhanced

Raman spectroscopy (PIERS), has also opened up the possibility of reusable and self-cleaning

substrates [42,43], both desirable qualities for the progression of SERS towards in-field applications.

In this work, we exploit the advantages offered by flow reactors to reproducibly grow preformed gold

seeds, leading to the controllable synthesis of monodisperse particles with size between 50 and

150 nm using a single growth step. The developed system allows on demand synthesis of multiple

sizes of nanoparticles by simply tuning the seeds inlet concentration. Following our recent work on

continuous synthesis of Au nanoparticles [41], we designed the flow reactor presented in this work

starting from the synthesis kinetics, studied (in batch) via in situ time-resolved UV-Vis spectroscopy.

The batch-derived kinetics were modelled using a first-order kinetic rate, which is then used to rapidly

determine the operating conditions of the reactor. The system here reported enables tight control

over the particle size, achieving extremely high reproducibility in the synthesis product (~1% variation

in the particle size between different reactor runs). Among the particles produced, the 50 nm ones

were employed for SERS and PIERS detection of various analytes. The produced particles appeared as

versatile substrates, allowing detection of a variety of different molecules including warfare agents

and biomolecules. We report successful detection of the reference molecule mercaptobenzoic acid

(MBA), as well as more challenging analytes including the biomolecules glutathione and glucose and

military explosives (RDX, 2,4,6-Trinitrotoluene (TNT), 2,2-Bis[(nitrooxy)methyl]-1,3-propanediol

Dinitrate (PETN) and tetryl).
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Experimental

Materials

Gold (III) chloride trihydrate (HAuClସ ∙ 3 HଶO, ≥ 99.9%), Tris base (Trizma® base, ≥ 99%), hydrogen

peroxide (30 wt.% in H2O, ACS reagent), citric acid monohydrate (ACS reagent grade ≥ 99.0%)

heptane (anhydrous, 99%), methanol (HPLC grade, 99.8 %), 2-propanol (laboratory reagent grade),

ethanol (HPLC grade), water (HPLC grade), tepol, acetone (HPLC grade, 99.7%), titanium (IV) ethoxide

(reagent grade, 97%), toluene (HPLC, 99.8%), 4-mercaptobenzoic acid (MBA, 99%), glutathione (≥

98%) and glucose (anhydrous, 96%) were purchased from Sigma-Aldrich. Accustandard explosives

reference solutions (RDX, 2,4,6-Trinitrotoluene (TNT), 2,2-Bis[(nitrooxy)methyl]-1,3-propanediol

Dinitrate (PETN) and tetryl) were purchased from Kinesis. All the reagents were used as supplied.

Nanoparticles characterization

Transmission electron microscopy (TEM) images of the particles were taken on a JEOL 2100 EXii

microscope with 120 kV acceleration voltage. UV-Vis spectra of the colloidal solutions were acquired

using an Ocean Optics Spectrophotometer (USB 2000+UV-Vis). For in situ time-resolved

measurements, the reactions were carried out in a quartz cuvette (10 mm optical path, Hellma Optics),

using a cuvette holder equipped with a magnetic stirrer (qpod, Quantum Northwest, stirring speed

3000 rpm). The synthesis conversion was measured via microwave plasma atomic emission

spectroscopy (MP-AES). A given volume of gold nanoparticles colloid was mixed with an equal volume

of a solution of NaCl (0.9 M) and HCl at pH 1 to cause particle flocculation. Then, part of the solution

was filtered through a 0.2 μm syringe filter. The original solution and the filtered solution were

digested in aqua regia (HNOଷ: HCl 1: 3 v: v), and then analyzed using an Agilent 4210 MP-AES optical

emission spectrometer, respectively providing the Au(III) concentration at the reactor inlet,ܥ୅୳(୍୍ )୍,଴,

and the Au(III) concentration at the reactor outlet, ୍୍)୅୳ܥ )୍,ఛ. The conversion was calculated as ܺ =

୍୍)୅୳ܥ) )୍,଴ − ୍୍)୅୳ܥ )୍,ఛ)/ܥ୅୳(୍୍ )୍,଴.
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Flow synthesis of 11 nm Au seeds

11 nm gold seeds were prepared using a segmented flow reactor according to previously published

work [41]. In brief, 1 mL stock solution of 8 mM Au(III) precursor was prepared by diluting 320 μL of

25 mM HAuClସ in 572 μL of deionised (DI) water (15 MΩ cm). Then, 108 μL of 2 M NaOH were

added, and the solution was kept in the fridge (~4 ℃) overnight. This stock was then diluted to

0.4 mM Au(III) with DI water. Two 25 mL glass syringes (Scientific Glass Engineering) were filled with

the 0.4 mM Au(III) solution and a 4.8 mM solution of citric acid, and then placed in a syringe pump

(KD Scientific Legato® 200). These two solutions were mixed in a first T-junction (0.5 mm internal

diameter (I.D.), Upchurch), then segmented with heptane in a second T-junction (0.5 mm I.D.,

Upchurch) and entered a 6 mL polytetrafluoroethylene (PTFE) coil (1 mm I.D., 10 cm radius of

curvature, Thames Restek) at a temperature of 90 ℃. The flow rates were adjusted for the reactants

to spend an average residence time of 7 min in the coil. This synthesis led to 11 nm seeds with narrow

particle size distribution (relative standard deviation of the distribution of 10% based on TEM), as

shown in Fig. S1. The particles were then collected and stored at 4 ℃ for further use.

In situ time-resolved UV-vis spectroscopy of growth experiments

The synthesis protocol was adapted from Li et al. [7] with minor changes. The produced 11 nm seeds

were diluted to different concentrations with DI water to a total volume of 1.3945 mL. This solution

was pipetted to a stirred quartz cuvette with UV-Vis monitoring. Then, 0.0375 mL of a 100 mM stock

of Tris base was added, followed by the addition of 0.0375 mL of 25 mM a stock solution of HAuClସ.

After 1 min, 0.0305 mL of HଶOଶ stock (30 %௪௧) was added. The concentration of Au(0) atoms in the

seeds after all the reactants were added in the three experiments performed was 0.007, 0.0008 and

0.00025 mM respectively. The spectra evolution was recorded with an acquisition time of 1 s.
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Flow growth of Au seeds

The growth process was translated in flow using the kinetics acquired in the UV-Vis spectroscopy

experiments. The experimental set-up employed for the flow growth of the seeds comprised:

● a polyether ether ketone (PEEK) T-junction (0.5 mm I.D., Upchurch), where a solution of Au

seeds (11 nm, concentration of Au(0) varying between 0.021 - 0.00075 mM depending on

the desired size) and Tris base (7.5 mM) was mixed with a solution of Au(III) precursor

(1.875 mM);

● a second PEEK cross junction (0.5 mm I.D., Upchurch), where the outlet of the PEEK T-junction

was mixed with a water solution of HଶOଶ (1.845 %௪௧), and segmented with heptane;

● a 10 mL polytetrafluoroethylene (PTFE) coil (2.4 mm I.D., 10 cm radius of curvature, Thames

Restek) providing the residence time required for growth completion.

The solutions containing seeds and Au precursor were pumped with the aid of a syringe pump (KD

Scientific Legato® 200), using disposable plastic syringes. The aqueous solution of HଶOଶ and heptane

were pumped using piston pumps (Milligat, Global FIA). The HଶOଶ reservoir was kept in an ice bath to

limit its degradation. A schematic of the set-up is provided in Fig. 1. The flow rates of Au(III), Au seeds

and Tris base and HଶOଶ were equal (0.055 mL/min). The heptane flow rate was set equal to the sum

of the three aqueous flow rates (0.165 mL/min). The outlet of the reactor was connected to a three-

way valve that directed the flow either to a waste vial or a collection vial. During reactor start-up, the

flow was directed to the waste vial. Once steady state was reached (after an operating time equal to

three times the nominal residence time of the reactor), the flow exiting the reactor was directed to

the collection vial.
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Figure 1. Schematic of the experimental set-up employed in the continuous growth synthesis of Au

nanoparticles

SERS and PIERS measurements

A 100 mM stock solution of MBA was prepared in methanol. The stock solution was serially diluted

using methanol to produce subsequent solutions with concentrations of 10 µM, 1 µM and 100 nM.

Solutions of explosives were diluted as required with the same solvents as received. SERS and PIERS

measurements were carried out on a Renishaw Raman inVia microscope with a 633 nm He-Ne

excitation laser (1.9 mW when operated at 25% power, spot size approx. 4.4 μm2). A minimum of 3

points were measured for each sample to ensure consistency between locations. For SERS

measurements Au NPs and analyte solutions were vortexed in a 1:1 volumetric ratio, and 20 µL of

this solution was deposited onto a glass microscope slide and allowed to dry before analysis. The

Raman analysis was performed on the solid sample obtained after the solution dried. For PIERS, 20 µL

of Au NPs/analyte mixture was deposited onto a TiO2 thin film prepared using aerosol-assisted

chemical vapour deposition (AACVD) and irradiated under UV-C light (254 nm, UVITec LI-215 G) for a
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minimum of 2 h. The experimental protocols followed for both SERS and PIERS measurement are

illustrated in Fig. 2.

Figure 2. Experimental protocols followed for SERS (top) and PIERS (bottom) measurements.

The film used for PIERS measurements was prepared as follows: Pilkington barrier glass was used as

the substrate material and deposition was carried on the atmospheric side of the glass to prevent

leaching of ionic impurities from the glass. The glass slides were cleaned using tepol, isopropyl alcohol

(IPA) and acetone and were fully oven dried prior to use. This process was repeated to ensure that all

surface dirt was removed from the glass. The glass substrates were then placed into a cold walled

chemical vapour deposition (CVD) reactor at 500⁰C. A piece of metal was loaded into the reaction

chamber suspended 8 mm above the glass to ensure laminar flow created by a baffle. The reagents

were used as supplied. Titanium (IV) ethoxide was used as a titanium source. The precursor was

dissolved in 20 mL of toluene inside a 100 mL round bottom flask. The gas inlet allowed the carrier

gas (nitrogen) to pass into the solution and transported the aerosol into the heated reactor at a rate

of 1 L/min. The flow rate was controlled by a flow gauge. An ultrasonic humidifier was used to

generate the aerosol. The produced film was characterized via X-ray diffraction (XRD) and X-ray
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photoelectron spectroscopy (XPS). The XRD pattern was acquired using a Bruker D8 Discover X-ray

diffractometer using monochromatic Cu Kα1 and Cu Kα2 radiation of wavelengths 1.54056 and

1.54439 Å respectively, emitted in an intensity ratio of 2:1 with a voltage of 40 kV and a current of

40 mA. The incident beam angle was 1° and data was collected between 10° and 66° with a step size

of 0.05° at 1.0 s/step. XPS was conducted on a Thermo Scientific K-alpha spectrometer with

monochromated Al Kα radiation, a dual beam charge compensation system and constant pass energy

of 50 eV (spot size 400 μm). Survey scans were collected in the binding energy range 0–1200 eV. High

resolution peaks were used for the principal peaks of titanium and oxygen. Data was calibrated against

C 1s (285.0 eV). Data was fitted using the CASA XPS software. Scanning electron microscopy (SEM)

images of SERS and PIERS substrates were obtained using a JEOL JSM 6701 operated with an

acceleration voltage of 10 kV.

It is generally accepted that there are different definitions of the SERS ܨܧ depending on experimental

conditions [36]. Here, the extent of the SERS and PIERS enhancement was quantified by computing

the enhancement factor, ,ܨܧ from an analytical chemistry point of view [36] as:

ܨܧ =
ௌாோௌ/ܰௌாோௌܫ
ோ௔௠ܫ ௔௡/ܰ஻௨௟௞

where ௌாோௌܫ is the intensity of a selected vibrational mode for the analyte peak and ோ௔௠ܫ ௔௡ is the

intensity of the same vibrational mode of the sample in bulk phase. ܰௌாோௌ is the concentration of

analyte adsorbed on the gold particles and ܰ஻௨௟௞ is the concentration of analyte in the liquid bulk.

These values were calculated as follows:

ܰௌாோௌ =
ܥ ܸ ܰ஺ ோ௔௠ܣ ௔௡

௦௨௕ܣ

ܰ஻௨௟௞ =
ℎ ܰ஺ ߩ ோ௔௠ܣ ௔௡

ܯ

where ܥ is the analyte solution concentration, ܸ is the volume of the droplet, ܰ஺ is Avogadro’s

constant, ோ௔௠ܣ ௔௡ is the laser spot area (351.76 nmଶ), ௦௨௕ܣ is the substrate area (9 mmଶ), ܯ is the
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molecular weight of the analyte, ߩ is the density of the target analyte and ℎ is the confocal depth

(21 µm). All enhancement factors are defined with respect to the non-SERS of the same molecule in

the same conditions as the SERS experiments.

Results and discussion

Particle growth kinetics

The reactor design procedure starts with the batch study of the synthesis kinetics via in situ time-

resolved UV-Vis spectroscopy. Recently we demonstrated that kinetics derived from UV-Vis

spectroscopy measurements can be employed to guide the design of flow reactors producing gold

nanoparticles [41]. Three different seed concentrations were tested, corresponding to 0.007 mM,

0.0008 mM and 0.00025 mM Au(0) in colloidal form, whereas the other parameters were

maintained constant. Relevant features of the spectra were extracted to monitor the synthesis

evolution (see Fig. 3). In particular, the evolution of the absorbance at 400 nm ܣ) (ସ଴଴ݏܾ is useful to

assess when the precursor conversion is completed, as it relates to the amount of Au(0) present in

solution [44,45]. One can hence define the precursor conversion (ݐ)ܺ as: (ݐ)ܺ = (ݐ)ସ଴଴ݏܾܣ] −

ܣ =ݐ)ସ଴଴ݏܾ →ݐ)ସ଴଴ݏܾܣ]/[(0 +∞) − =ݐ)ସ଴଴ݏܾܣ 0)].
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Figure 3. (a) Conversion of precursor ܺ as a function of time for different seed concentrations and

(b) particle size evolution over time for the corresponding experiments. The Au(III), Tris base and

HଶOଶ concentrations are maintained constant in all experiments (0.625 mM, 2.5 mM and 0.2 M

respectively), whereas the Au seeds concentration is altered (0.007, 0.0008 and 0.00025 mM of

Au(0) in colloidal form).
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Fig. 3 (a) shows the evolution of the precursor conversion as a function of time for three different seed

concentrations. It is worth noting that all the syntheses terminated after approximately 25 min. This

value is also consistent with that reported by Li et al. [7] determined by ex situ UV-Vis measurements.

In their work, Li et al. demonstrated that this seeded-growth synthesis most likely proceeds through

a surface growth process with negligible homogeneous nucleation. This is also supported by the

particle size obtained from the batch experiments here reported, as the final size after the growth

process corresponds very closely to that obtained assuming constant particle number concentration

during the synthesis (Fig. S2). Assuming constant particle number throughout the synthesis, we can

translate the precursor conversion curve in Fig. 3 (a) in particle size evolution in time (see SI 3), shown

in Fig. 3 (b). Interestingly, the reaction terminates after the same amount of time in all conditions,

despite starting from different seed concentrations and leading to different particle sizes.

Conventional reaction limited/diffusion limited growth models [46] would not capture this

observation, as different initial seed concentration would lead to different growth rates (particularly,

faster growth for a higher particle concentration). This observation leads us to suggest the following

simple set of reactions to describe the synthesis:

2AuClସ
ି + 3HଶOଶ

୩భ
→ 2Au(0) + 8Clି + 3Oଶ + 6Hା (i)

nAu(0)
୩మ
→ Au୬

(ii)

Au୬ + Au seeds
୩య
→ larger Au NP (iii)

Reaction (i) provides the monomers required for the growth of the particles through reaction (ii)-

(iii), where the monomers formed in (i) are incorporated in the seeds leading to particles

enlargement. A similar mechanism has been proposed for the synthesis of quantum dots [47,48],

where the precursor is first converted to a monomeric unit, through a reaction equivalent to (i). These

monomers can either induce nucleation or attach to growing particles. In reaction (ii), the Au(0)

atoms formed in (i) coalesce forming colloidally unstable clusters of gold atoms. These clusters tend

to undergo aggregation towards larger (and colloidally stable) particles, as observed in several Au
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nanoparticles syntheses [49,50]. We hypothesize that reaction (i) is a slow process leading to the

production of Au(0) at low concentrations throughout the whole growth process, which translates in

a low concentration of Aun clusters formed through reaction (ii). The low concentration of gold

clusters, combined with the higher aggregation rate between “small” and “large” particles compared

to that between two “small” particles [51], eventually lead to the growth of the seeds through reaction

(iii) with negligible formation of new particles. Notably, continuous nucleation combined with size-

dependant aggregation has already been observed in the formation of silica nanoparticles through the

well-established Stöber process, where particle growth and size focusing take place through selective

aggregation of continuously formed nuclei with growing particles [51]. Different works report the

seedless reduction of Au(III) to Au nanoparticles by HଶOଶ in the absence of seeds through reaction

(i) [52–54]. We observed that the pH of the solution drops after reaction completion from 7.2 to 4.4,

a decrease consistent with the stoichiometry of reaction (i), supporting the proposed mechanism for

Au(III) reduction. The presence of intermediate small Aun clusters during the growth of Au

nanoparticles has recently been observed by Cheng et al. [55] via liquid-phase TEM. These

intermediates were then incorporated in the Au seeds leading to particle growth.

In the synthesis studied here, Tris base plays a role in the attachment of the formed clusters on the

surface of the particles, as shown by Li et al. [7], where an excess of Tris leads to the formation of

polygonal particles, probably due to preferential attachment of the atoms along certain crystal facets.

Tris also plays a role in regulating the solution pH, relevant for gold precursor speciation, which in turn

regulates the precursor reactivity [56], while pH influences the rate of reduction of Au(III) by HଶOଶ

[52]. For the overall growth process to take place with the same rate regardless of the seeds

concentration, reaction (i) needs to be the rate limiting step, that is, ଵ݇ ≪ ଶ݇ and ଵ݇ ≪ ଷ݇. This

hypothesis appears reasonable given the tendency of small gold clusters to aggregate forming

colloidally stable nanoparticles [49,50] (in the absence of very specific ligands [57]), combined with

the low reducing strength of H2O2.
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The conversion curves in Fig. 3 (a) were fitted using a first order rate equation for reaction (i), i.e.

(୧)ݎ = − ଵ݇[Au(III)] (the concentration of HଶOଶ is assumed constant as it is in large excess, with

[HଶOଶ]/[Au(III)] = 320):

(ݐ)ܺ = 1 − ݁ି௞భ௧ (1)

The fitting of the curves in Fig. 3 (a) with eq. (1) renders a value of ଵ݇ = 3.03 ∙ 10ିଷିݏଵ (Fig. S3).

Then, the size (ݐ)݀ is given by (see SI 3 for the derivation):

(ݐ)݀ = ൬
୍୍)୅୳ܥ )୍,଴

௦௘௘ௗ௦ܥ
(ݐ)ܺ + 1൰

ଵ
ଷ

௦݀௘௘ௗ௦

(2)

Where ୍୍)୅୳ܥ )୍,଴ is the initial gold precursor molar concentration, ௦௘௘ௗ௦ܥ is the molar concentration of

Au(0) atoms as seeds and ௦݀௘௘ௗ௦ is the seed average size.

Growth of Au nanoparticles to target sizes in continuous flowThe use of heptane as segmenting

fluid allows us to approximate the reactor as a plug flow reactor (PFR), where all fluid elements travel

with the same velocity. With this approximation being valid, we can then write [58] :

ܺ( )߬ = (ݐ)ܺ (3)
݀( )߬ = (ݐ)݀ (4)

Where ߬ is the reactor average residence time. It is convenient to design the reactor to work at full

conversion, to improve the economics of the process, as well as to avoid uncontrolled growth of

particles in the collection vial. For this reason, we fixed the value of ߬ to be 25 min for all the

conditions tested. This is because the reaction time depends only on reaction (i), hence for all

conditions tested the reaction terminated after the same amount of time. We then changed the value

of ௦௘௘ௗ௦ܥ (leaving ߬unchanged) to obtain different average particle sizes of the product. We tested

this approach for the flow synthesis of particles with size of 50, 100 and 150 nm (replicating the batch
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experiments), as well as 75 nm (not tested in batch). Table 1 summarises the conditions employed for

each flow growth synthesis, with the results reported in Fig. 4.

Table 1. Conditions used in the different flow growth syntheses.

Predicted final particle size [݊݉ ]

50 75 100 150

ܯ݉]௦௘௘ௗ௦ܥ ] 0.007 0.002 0.0008 0.00025

௦݀௘௘ௗ௦[݊݉ ] 11 11 11 11
஺௨(ூூூ),଴ܥ ܯ݉] ] 0.625 0.625 0.625 0.625
௥௜௦்ܥ ܯ݉] ] 2.5 2.5 2.5 2.5
ுమைమܥ ܯ] ] 0.2 0.2 0.2 0.2
߬[݉ ݅݊ ] 25 25 25 25
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Figure 4. TEM micrographs and particle size distribution for the different size particles synthesised

in flow. Conditions used to synthesise the particles are reported in Table 1. (a) Average particle size
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53 nm, predicted value 50 nm, (b) average particle size 77 nm, predicted value 75 nm, (c) average

particle size 108 nm, predicted value 100 nm, (d) average particle size 157 nm, predicted value

150 nm. (e) Measured against predicted particle size for the different flow syntheses reported. (f)

UV-Vis spectra of the four samples produced using the flow reactor (spectra have been normalized

over the absorbance at 400 nm).

As Fig. 4 (e) shows, the particle size achieved is close to that theoretically predicted (5 to 8 %

deviation). TEM images show that the 50 and the 75 nm particles display good sphericity (Fig. 4 (a)-

(b)). As the size increases to 100 nm, a fraction of the particles starts displaying a slightly more

polygonal shape (Fig. 4 (c)), feature that gets exacerbated as the size increases to 150 nm (Fig. 4 (d)).

This could be related to the increase in the ratio between Tris base and particle concentration as the

size increases, since excess Tris base has been reported to decrease the sphericity of the Au

nanoparticles [7].

The precursor conversion was measured for all flow syntheses by MP-AES, found to be always above

97% (Fig. S4), as expected from our calculations (full precursor conversion was set as constraint in the

reactor design). Fig. 4 (f) shows that the UV-Vis spectra of the particles produced using the flow reactor

closely match those theoretically calculated in the literature [8,59] supporting particle monodispersity

and absence of aggregates, also observed in the TEM pictures.

It should be noted that the model used to design the reactor is only applicable for spherical particles,

while particle anisotropy would require modification of eq. (2). Furthermore, we described the

particle populations solely through concentration and average size, which is an approximation

appropriate only for narrow size distributions (as in the specific case studied). More refined modelling

techniques describing the evolution of the particle size distribution should be implemented when this

assumption is not satisfied, such as population balance modelling [47,58,60].

The proposed flow process enables in a single growth step the production of gold nanoparticles up to

150 nm with high monodispersity and uniform shape. Notably, the growth process takes 25 min
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regardless of the final desired size: protocols available in the literature leading to uniform spherical

particles of size above 50 nm take as long as few hours with multiple reactant injections required

[8,12,13], while faster protocols often lead to a significant fraction of non-spherical particles [9]. One

other advantage of the protocol reported is the possibility of working at relatively high Au precursor

concentration during the growth step (i.e. 0.625 mM), while protocols in the literature usually work

at lower precursor concentrations to prevent homogeneous nucleation (in the order of 0.25 mM or

lower) [8,12].

As regards reproducibility, the 50 nm synthesis was independently repeated three times, i.e.

repeating both seeds production and subsequent growth. The repeats revealed only 1% change of

the average particle size (Fig. S5). The high synthesis reproducibility is a benefit deriving from the use

of flow reactors [14], ensured by the tight control of the process parameters in millifluidic systems. In

the specific case, it is relevant to highlight the high reproducibility of the seeds synthesis, where the

average size of the produced seeds varies ~2% between different runs [41]. Low reproducibility of

the seeds synthesis would have significantly affected the reproducibility of the following growth step.

The reproducibility values observed in this work match state-of-the-art values for gold nanoparticles

[41,61,62], which report these levels of reproducibility for seedless synthesis of Au nanoparticles (with

size in the order of 10 nm).

SERS experiments

In order to evaluate the potential use of the produced nanoparticles in SERS and PIERS sensing,

experiments were conducted using the 50 nm particles produced in flow and MBA as a model analyte.

MBA represents a common molecule used to test the properties of plasmonic nanoparticles as

components of SERS substrates [40]. Furthermore, MBA has been used as part of SERS tags for SERS

imaging [27]. Fig. 5 reports the SERS spectra of MBA at various concentration down to 100 nM. The

two distinct peaks of MBA at around 1087 and 1595 cmିଵ, assigned to characteristic aromatic ring

vibrations, can be clearly identified in the spectra (highlighted by the red asterisks).
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Figure 5. SERS spectra of MBA at different concentrations ranging from 100 nM to 10 μM. The red

asterisks highlight the analyte reference peaks.

From a quantitative standpoint, SERS properties of nanomaterials are often evaluated based on their

enhancement factor .ܨܧ The calculation of the ܨܧ is not a straightforward task [36,40]. This

parameter should in principle be independent (or weakly dependent) from the probe molecule and

representative of the plasmonic enhancement of the SERS signal. In reality the adsorption of the

analyte on the nanomaterial surface depends on the affinity of the probe molecule towards the

nanomaterial. Hence, following recent trends in the SERS community [40]. MBA was employed as

probe to evaluate the ,ܨܧ due to the high affinity of sulphur (contained in MBA) towards the surface
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of Au nanoparticles. SERS ܨܧ of 2.37 ∙ 10଻ and 2.95 ∙ 10଻ for the peaks at 1087 and 1595 cmିଵ

respectively were calculated (see SI 7). In the literature, values of ܨܧ for MBA ranging from 10ଷ to

10଻ are reported [63–65]. The ܨܧ obtained in this work hence is among the highest found for MBA.

The high values of ܨܧ observed are attributed to the high monodispersity of the Au nanoparticles,

factor promoting close packing of the particles during solution drying, which leads to a high number

of hotspots generated in the substrate. SEM images of the particles dried on the microscope glass

slide support the last statement (see Fig. S6), with close packing between the particles observed

(degree of coverage ~372 particles/μm2). Notably, the substrates used in this work were produced

by simply drying the colloidal solution on a microscope slide. Higher values are expected when

combining the produced colloidal particles with surfaces designed to promote particle aggregation,

leading to closer packing of the Au nanoparticles [66,67].

Given the positive results obtained using MBA, we tested the same particles as substrates for the

detection of more challenging analytes, such as the nitro explosives TNT, RDX, PETN and tetryl.

Solutions of explosives mixed with AuNPs were deposited onto a glass microscope slide and allowed

to dry before analysis. In general, there is good correlation between the peaks observed in the SERS

spectra in this study with Raman spectra reported in literature. The key feature in the structures of

TNT, RDX, PETN and tetryl is the NO2 group, observed in its symmetric and asymmetric vibrational

modes (discussed below). The SERS spectra of TNT, RDX, PETN and tetryl are shown in Fig. 6.
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Figure 6. SERS spectra of (a) TNT (2.2 nM), (b) RDX (1.13 μM), (c) PETN (0.79 μM) and (d) tetryl (1.74

mM). The red asterisks highlight the analyte reference peaks, as discussed in the main text.

The graphs show that on addition of Au NPs, a significant number of peaks were observed for all

explosives, confirming the enhancement properties from the synthesised Au NPs. A common feature

in the structures of all explosives tested is the nitro functional group. The symmetric and asymmetric

stretches are the most intense vibrational modes for this group, and typically appear in the ranges of

1260–1400 cm-1 and 1500–1650 cm-1, respectively [68]. These stretches can be observed in the SERS

spectra. For TNT, the peak observed at 1340 cm-1 is attributed to the NO2 symmetric stretch, 1540

cm-1 is attributed to the NO2 asymmetric stretch, 1220 cm-1 to the ring breathing/bending vibrational

mode and 1612 cm-1 to the C=C ring stretching [69]. For PETN, the peak at 1382 cm-1 is attributed to

the NO2 symmetric stretch, that at 1456 cm-1 is attributed to the NO2 asymmetric stretch and the

peak at 1074 cm-1 is attributed to the C-N stretch [70,71]. For nitramine compounds, the peak

between 760-767 cm-1 is attributed to the out-of-plane deformation of the nitro group [68]. This was

observed in both RDX and tetryl, at 761 cm-1 and 763 cm-1, respectively. In addition, Raman band

assignments for the other RDX peaks include: the NO2 symmetric stretch, at 1382 cm-1, the NO2

asymmetric stretch at 1564 cm-1 and the C-N-C ring breathing mode at 864 cm-1. For tetryl, the NO2

symmetric and asymmetric stretches were observed at 1354 cm-1 and 1541 cm-1, respectively. All

observed peaks lie very close to SERS studies reported in literature [72–77].
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We expanded the use of the 50 nm Au NPs for the detection of biomolecules. We started by

studying a relatively simple analyte, glutathione, molecule containing a thiol group that can strongly

bind to the surface of Au NPs. Glutathione (GSH) is the most abundant intracellular thiol, with blood

concentration in healthy subjects between 0.6 and 3.6 mM [78]. It is an important indicator of

cellular health and by evaluating its level in blood it is possible to have an indication of the degree

of mitochondrial dysfunction at a tissue level. We tested the Au NPs for the detection of GSH at a

concentration of 10 μM (lower concentration than that found in blood/serum). The Raman

spectrum is very intricate with many peaks, while the SERS spectra shows distinct bands at 889,

1243, 1280 and 1391 cm-1 (Fig. 7 (a)). The most intense ones coming from the amide bond

vibrations. Not all bands are intensified equally since the enhancement emerges only when the

molecule is in close proximity or directly attached to the active substrate and the enhancement

depends on which functional group is attached [79].

To expand the potential target molecules for SERS, glucose was tested as analyte, and successfully

detected with the 50 nm gold nanoparticles (Fig. 7 (b)) down to a concentration of 10 μM (for

hypoglycaemia and diabetes the concentration of glucose in blood is in the millimolar range, [80]

whereas the normal level of glucose in saliva is between 0.1 – 0.3 mM [81]). For this analyte, the

900 − 1200 cmିଵ region is often referred to as the fingerprint region; this is dominated by the exo-

and endo-cyclic C-O and C-C stretches. It has been noted that this region is difficult to interpret

[82]. The Raman spectrum for glucose is rich, but only a few bands can be used as marker bands for

the detection and quantification of glucose in blood and plasma samples (i.e. the 1125 cmିଵ band

[83]). Furthermore, detection of glucose is more challenging as it does not contain any sulphur atom

in its structure, which would ensure a good adsorption on the surface of the particles. On the

spectra observed (Fig. 7(b)), some peaks attributed to glucose located at 1073 cm−1 and 1125

cm−1 were detected down to a concentration of 10 μM, associated with stretching of the C–O bond

and bending of the C–OH one . Glucose was successfully detected in the same concentration
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reported by Shafer-Peltier et al. [84], who employed an Ag film over nanosphere substrate modified

with an alkanethiol monolayer to increase the surface affinity of the particles. Focusing on label-

free detection, we detected glucose at a lower concentration than Sooraj et al. [85], who reported

glucose sensing in a range of 0.28 to 288 mM using arrays of silver nanoparticles deposited on a

focus ion beam-patterned Si surface.
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Figure 7. SERS spectra of (a) 10 μM glutathione and (b) 10 μM glucose. The red asterisks highlight

the analyte reference peaks, as discussed in the text.

The ܨܧ for the various biomolecules and explosives spans between ~10ଷ to 10଻ (see SI 7). This

heterogeneity is not surprising, as previously discussed, related to the different affinity of the

various analytes towards the particle surface [40].

PIERS experiments
It has been proposed that pre-irradiation of a semiconductor on which plasmonic nanoparticles are

deposited gives an enhancement beyond the normal SERS effect: the so-called photo-induced SERS

effect (PIERS) [42,43]. The PIERS effect can be used to improve the magnitude of the Raman signals.

UV treatment of certain SERS substrates produces oxygen vacancy defects, thus creating sub-band

gap trapping sites. Hybrid structures combining noble metals and semiconductors with varying

morphologies have also been reported and used for SERS for multi analyte detection. Significant
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enhancements can be obtained by using these composite materials which combine the

electromagnetic enhancement with the chemical enhancement effects of the semiconductor and

adsorbate [86]. TiOଶ composites are usually used as robust, recyclable SERS substrates because of

their photo-catalytic degradation of organic pollutants and self-cleaning ability. Recently, Glass et al.

[43] showed that 50 nm is the optimal size for spherical gold nanoparticles as regards PIERS

enhancement. For this reason, we tested the 50 nm particles as substrates for PIERS, drying the

mixture of analyte and Au nanoparticles on a TiOଶ thin film (see SI 9 for the film characterization)

before irradiation of the composite substrate with UV light. Fig. 8 shows SERS (on TiOଶ surface) and

PIERS of MBA as target molecule.
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Figure 8. SERS and PIERS spectra of MBA (1 μM), using 50 nm Au NPs deposited on a TiOଶ (anatase)

thin film. PIERS spectra were recorder after 60 min of exposure to 254 nm UV light.

Micromolar concentration of MBA was successfully detected on TiO2 anatase thin films at enhanced

intensities. The Au NPs contribute to the SERS enhancement through electromagnetic enhancement,
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while the TiOଶ contributes through chemical enhancement: this causes an increase in the SERS

intensity on TiO2 compared to that on glass, with the ܨܧ increasing from ~3 ∙ 10଻ to 7 ∙ 10଻ for both

the MBA reference peaks. After UV exposure, the signal enhancement further increased by a factor of

~1.6 for both MBA reference peaks, reaching a value of 10଼. SEM images of the Au nanoparticles

dried on the TiO2 thin film showed a degree of packing lower to that observed on the glass slide (film

coverage of ~136 particles/μm2). This supports the assertion that the increase in the SERS signal

coming from the Au particles dried on the semiconductor film (compared to those coming from the

particles dried on the glass slide) is due to chemical enhancement [86]. The further increase in signal

after UV radiation is attributed to the PIERS effect, with the light irradiation generating a charge

transfer from the semiconductor film to the particles [42]. The ratio between the PIERS and SERS (on

TiOଶ film)ܨܧs of approximately 1.6 is consistent with the increases observed by Glass et al. [43] using

commercially available 50 nm Au nanoparticles deposited on an TiOଶ thin film. Notably, combining

the Au nanoparticles with the TiO2 film (without UV radiation of the substrate) led to a 2.3 times

enhancement of the MBA signal compared to that obtained from the particles dried on the glass slide,

demonstrating the potential of combining semiconductor thin films with plasmonic nanoparticles

towards lowering the detection limits in surface enhanced Raman scattering.

Conclusions

In this work we reported the development of a robust system for on demand production of gold

nanoparticles, Au NPs, of controlled average size in the range 50 to 150 nm via a seeded-growth

method. The synthesis starts from flow-produced seeds of 11 nm and the seeds are grown to the

desired size simply by tuning the seed concentration, while keeping all the other parameters

unchanged (i.e., reactant concentrations and temperature). The reactor design and its operation were

guided by the study of the growth kinetics via in situ time-resolved UV-Vis spectroscopy. These

experiments allowed the formulation of a kinetic model that was then applied to set the operating
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conditions of the flow reactor, which allowed full precursor conversion in all the conditions tested.

The developed flow platform enabled the synthesis of Au nanoparticles over a broad size range,

spanning from 50 to 150 nm, corresponding to a window of particle volumes of more than one order

of magnitude. Different experiments using different seed samples showed high reproducibility, with

only 1% variation of the average particle size obtained after the growth, matching state-of-the-art

values for reproducibility of gold nanoparticles synthesis. Compared to other synthetic methods, the

process reported enables the synthesis of a variety of monodisperse and spherical gold nanoparticles

in a relatively short time with a single growth step. The produced 50 nm Au NPs were tested as

components of SERS and PIERS substrates for the detection of different analytes, comprising MBA, a

standard analyte useful for SERS imaging, as well as low Raman cross-section materials, including

various explosives and biomolecules. These analytes were successfully detected in a label-free fashion

down to nM concentrations (depending on the analyte) via SERS, with enhancement factors, ,sܨܧ

ranging from 10ଷ to 10଻ depending on the molecule of interest. The 50 nm particles were also

deposited on TiO2 films and tested for the detection of MBA via PIERS. The use of a semiconductor

thin film improved the MBA signal by a factor of ~2.3, possibly due to an increase in the chemical

enhancement contribution to the overall Raman enhancement. Irradiation with UV light further

increased the signal by a factor of 1.6, to an overall almost 4-fold enhancement and an ܨܧ of 10଼.
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