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Introduction: Gold nanoparticles (AuNPs) and their conjugates are used for

many applications in the field of sensors. Literature lacks procedures able to

separate, purify and characterize these species in native conditions without

altering them while assuring a high throughput. This technological gap can be

reduced by exploiting Asymmetrical Flow Field Flow Fractionation

multidetection platforms (AF4 multidetection).

Method: This work describes a complete set of strategies based on the AF4

system, from nanoparticle synthesis to separative method optimization to

conjugates screening and characterization, achieving quantitative control

and purification of ready-to-use conjugated Gold nanoparticles and

ensuring effectiveness in biosensing.

Results and Discussion: AF4-multidetection was used to study AuNPs with

different types of surface coating [Poly ethylene glycol, (PEG) and Citrate], their

binding behaviour with protein (Bovine serum albumin, BSA) and their stability

after conjugation to BSA. A robust but flexible method was developed, able to

be applied to different AuNPs and conjugating molecules. The morphology and

conjugation mechanism of AuNPs-BSA conjugates were evaluated by

combining online Multiangle light scattering (MALS) and offline Dynamic

Light Scattering (DLS) measures, which provided an important feature for the

quality control required to optimize bio-probe synthesis and subsequent

bioassays.
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1 Introduction

Engineered metal nanoparticles have attracted a lot of interest

due to their application in numerous fields such as catalysis,

disease diagnosis and treatment, sensor technology, and labeling

of optoelectronic recorded media. (Jamkhande et al., 2019).

However, numerous reports reveal a series of drawbacks that

limit their biochemical applications. For example, silver

nanoparticles (AgNPs) have high toxicity to host cells while Pd

Nanocrystals induce reactive oxygen species (ROS) formation.

(Wang et al., 2020). The emergence of gold nanoparticles has

largely filled this gap due to their outstanding features. Their

physical properties make them good imaging enhancers for x-ray

imaging and computed tomography, and they are easy to

customize by simple surface modification, reaching excellent

biocompatibility and high versatility. Their synthetic strategy

allows to obtain a wide range of differently sized and shaped

(nanoparticles, nanorods, nano stars, and nano shells) NPs. (Tian

et al., 2017). The study of AuNPs-proteins interactions and

characterization of the resulting species allowed the

development of numerous optical assays, (Guarise et al., 2006;

Chuang et al., 2010; Piovarci et al., 2021) while also representing a

necessary requirements in the development of systems within

applications in healthcare and food chemistry (Delong et al.,

2010; Wimuktiwan et al., 2015). For example, label-free

colorimetric sensors based on functionalized AuNPs with

aptamers or proteins have been widely used due to their easy

readout and potential for high throughput formats (Melikishvili

et al., 2021; Zhang and Liu, 2021): in the presence of target analytes

gold nanoparticles (AuNPs) are subjected to aggregation/de-

aggregation processes generating an absorbance shift (due to

plasmon resonance) which is able to reveal the presence of the

target of interest. Therefore, it is crucial to create procedures that

can purify and carry out a “quality check” on the NPs/conjugates

in a fast way andwith high throughput to ensure workingwith very

narrow size distributions.

Various analytical techniques have been exploited to examine

NPs, their conjugates, and associated properties. Examples are

ultraviolet-visible spectroscopy, (Li et al., 2010) fluorescence

spectroscopy, (Mariam et al., 2011) dynamic light scattering,

(Dobrovolskaia et al., 2009) atomic force microscopy, (Deng

et al., 2009) size exclusion chromatography (SEC), (Lundqvist

et al., 2008) capillary electrophoresis (CE), (Boulos et al., 2013)

steady state quenching titration, (Boulos et al., 2013) and circular

dichroism. (Treuel et al., 2010). However, most of them work in

batch mode and are able to only provide average results for the

sample. While SEC and EC are able to separate (thus potentially

purify) different components of a mixture (ex. AuNPs, proteins

and conjugates), they are extremely limited in terms of mobile

phase applicable. Moreover, these strategies often result in low

sample recoveries. An improvement may be represented by the

use of the highly flexible Asymmetrical Flow Field Flow

Fractionation (AF4). AF4 is a non-destructive, native size-

based separation technique where the eluted fractions can be

collected for further analysis (Marassi et al., 2019). AF4-

multidetection platforms have proven themselves as powerful

tools to analyze nanoparticles and metal nanoparticles, (Marassi

et al., 2018a; Roda et al., 2018; Caputo et al., 2021; Marassi et al.,

2022a) proteins and antibodies, (Qureshi and Kok, 2011; Leeman

et al., 2018; Marassi et al., 2021a; Leeman et al., 2021) aptamers,

(Ashby et al., 2014; Marassi et al., 2022b) even in complex

matrixes. (Lee et al., 2018; Marassi et al., 2021b; Marassi et al.,

2022c; Ventouri et al., 2022; Zappi et al., 2022). These platforms

made it possible to see the aggregation process involved in

binding experiments as well as to examine the binding

behavior of various species to AuNP surfaces (Meisterjahn

et al., 2014; Saenmuangchin and Siripinyanond, 2018).

Additionally, these platforms enabled the separation of

conjugates from free components as well as the

characterization of their size, mass, and spectroscopic

properties. The results also demonstrated the platform’s

adaptability in terms of mobile phase choice, enabling the

tests to be carried out in the ideal setting for the conjugated

system. A further improvement in AF4 characterization of these

systems can be obtained by the coupling of the platform with an

Inductively coupled plasma-mass spectrometry (ICP-MS)

detector which provides lower Limit of detection (LODs) and

allows powerful peak deconvolution to identify different

coeluting species. (Bouzas-Ramos et al., 2019; López-Sanz

et al., 2019; Marassi et al., 2022d). However, the cost of the

detector and the fact the sample is destroyed upon analysis

prevent the collection of the separated protein-AuNPs systems

and is a drawback for application in the production pipeline.

Literature studies, also involving Field Flow Fractionation

(FFF), focusing of the interactions between AuNPs and albumins

are surprisingly limited considering their relevance in biological

systems. (Tsai et al., 2011; López-Sanz et al., 2019). Moreover,

little attention was paid to the effect of surface properties on

binding behavior and protein abundance on the nanoparticle

surface, which are extremely important for analytes

quantification and their possible future applications.

The aim of this work is to apply an AF4 system combined

with photodiode array and multiangle light scattering detector

(AF4-DAD-MALS) for developing a complete and flexible

analysis strategy of AuNPs with different surface coatings,

namely PEG-AuNPs and Citrate- AuNPs. In particular, while

PEG is also reported to prevent non-specific interactions of

serum proteins with nanoparticles, (Free et al., 2009) there are

also some reports where BSA was able to rapidly couple to PEG-

encapsulated gold nanoparticles increasing their stability and

biocompatibility and preventing aggregation, aspect strongly

desired for any applications related to biosensors. (Boulos

et al., 2013; Nicoară et al., 2019). Therefore, it is extremely

necessary to further clarify their binding behavior of PEG-

AuNPs and their coupling mechanism in biological or saline

environments.
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With this aim, we monitored the size evolution of synthetized

AuNPs in water and application-like medium. Then, the method

was optimized to characterize the different adsorption behavior of

protein on their surface. Overall this approach can offer a powerful

tool for the high-throughput production and characterization of

NPs/conjugates for sensors applications: a careful experiment design

allowed also for the first time to evaluate the mechanism of the

protein coating by considering online sizing results, both

overcoming Dynamic light scattering (DLS) limitation and

providing compatible results with standard methods.

2 Materials and methods

2.1 Materials

Gold III) chloride trihydrate (HAuCl4·3H2O, ≥49.0% Au basis),

Sodium citrate (C6H5Na3O7, ≥98.0%), Sodium phosphate dibasic

dihydrate (Na2HPO₄ * 2 H₂O, ≥99.0%), Sodium phosphate

monobasic dihydrate (NaH₂PO₄ * 2 H₂O, ≥99.0%), Poly

(ethylene glycol) methyl ether thiol (5000 g/mol), and Bovine

serum albumin (BSA, ≥98.0%) were purchased by Sigma Aldrich

(St. Louis,MO,United States of America). All AuNPs solutions were

prepared with purified 18MΩ water. Glassware was cleaned with

aqua regia and rinsed thoroughly with deionized water.

2.2 Synthesis of gold nanoparticles
(AuNPs)

Citrate AuNPs. The AuNPs were made utilizing a simple wet

chemical process, as described in the previous literature. (Yang et al.,

2016). In brief, 100 ml of HAuCl4 (1 mM) was heated to boiling,

then 6 ml of freshly produced sodium citrate (38.8 mM) was

promptly added to the boiling solution with vigorous stirring and

held for 15–30 min. The color of the solution quickly changed from

pale yellow to colorless, then to dark purple. The solution was

constantly stirred at the end of this operation until it cooled to room

temperature and was kept at 4°C.

Poly(ethylene glycol) (PEG)-AuNPs. The PEG-AuNPs were

synthesized by decomposing citrate on the surface of the AuNPs

with a thiolated Poly (ethylene glycol) (mPEG-SH). (Fernández-

López et al., 2009). Briefly, 100 ml aqueous solution of as-

prepared citrate AuNPs was concentrated to 10 ml via

centrifugation. Following that, 2 ml of mPEG-SH (5000 g/mol)

was added dropwise under vigorous stirring to 10 ml of as-

synthesized citrate AuNPs. The mixture was left to react for

12 h. The PEG-capped particles were filtered and redispersed in

water after centrifugation at 13,500 rpm for 20 min. The

concentration of AuNPs in the solutions was determined by

UV-vis spectrum (show in supplementary). These measurements

were conducted with a UV-2600i SHIMADZU UV-visible

spectrophotometer (SHIMADZU, United Kingdom).

2.3 Synthesis of AuNPs-BSA conjugation

The AuNPs were conjugated with BSA through passive

adsorption of proteins onto AuNPs surface as previously

described. (Safenkova et al., 2010). Firstly, the AuNPs were

diluted in water to 50 μg/ml. Then, they were nixed 1:1 in

volume with a 100 μg/ml BSA solution in phosphate buffer

(10 mM, pH 7.4), to obtain a final AuNP and BSA concentration

of 25 and 50 μg/ml, respectively. Themixture samples were incubated

for 30 min and 48 h at room temperature (RT ~ 25°C). The

conjugation reaction between BSA and AuNPs was verified by the

UV-Vis spectral shift of wavelength at themaximum absorption. The

size distribution test of AuNPs and their conjugates from Dynamic

light scattering (DLS) with a red laser (633 nm), Zetasizer (Malvern

Instrument Nano Series ZS, Worcestershire, United Kingdom). A

disposable cell (DTS0012; Malvern Instruments, United Kingdom)

was used forDLSmeasurements. The experimental parameters are as

follows: measurements angle 173◦, temperature 25°C, and each

sample was collected at least three times. The data were collected

and analyzed with Malvern Software ver. 7.13.

2.4 Asymmetrical flow field-flow
fractionation (AF4) coupled with DAD
detector, multi-angle laser light scattering
(AF4-UV/vis -MALS)

The AF4 system used is an AF2000 Multiflow asymmetrical

flow field flow fractionation system manufactured by Postnova

Analytics (Germany) which contains a Postnova PN7520 solvent

degasser, two Postnova PN1130 Isocratic Pumps was used to solvent

delivery and a special cross-flow control. The separations were

performed using a 10 kDaMW cutoff regenerated cellulose

membrane in a 300 mm channel with 350 µm thick spacer. The

system is followed by a PN3242 4-channel UV-Vis/DAD detector

and a 21-anglemultiangle light scattering detector,MALS (PN3621).

NovaFFF version 2.2.0.1 software was used to control the

instruments, set separation parameters, collect data, handle

signals from the detectors (MALS and DAD), and compute the

radius and molar mass of particles during measurements. After

samples were loaded into the AF4 channel, the separation process is

performed in four steps: 1) Preset flow: The instrument enters the

working state in advance according to the set experimental

parameters, which is to ensure the stable state of the instrument

and stabilize flows. 2) Focus step: During this step the sample is

uploaded into the channel and compressed in a very narrow band by

focus flow and cross-flow at the beginning of the channel and be pre-

separated. 3) Elution: At this stage, the focus flow is released from the

channel, and only the channel flow and the cross flow remains in the

channel. The strength of hydrodynamic field applied to

nanoparticles for their separation can be regulated by modifying

the intensity of cross-flow while analytes elute along the channel

towards the detectors. This parameter can be modified throughout
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the analysis to generate a decreasing cross-flow (namely gradient). 4)

Rinse step: The cross-flow is released at end of the separation process

and the channel flow rinses the channel allowing for any remaining

sample due to the cross-flow action to be removed.

For the method development, we conducted a two-stage

optimization concerning crossflows and mobile phases to

optimize sample recovery. Initially, the basic separation

conditions were proposed by referring to relevant literatures

(Schachermeyer et al., 2013; Ashby et al., 2014; Au - Drexel

et al., 2020) with some adjustments. The main adjustments were

the cross-flow rate in the focus step and the initial cross-flow rate in

the elution step (Table 1). After that, considering the importance of

mobile phase in theAF4 process and in the downstream applications

of the analytes, different carrier compositions were studied: Milli-Q

water, 10 mM Phosphate buffered saline, 10 mM Phosphate buffer,

and 2 mM Citrate Buffer. The method was subjected to further

optimization for the separation of AuNPs-BSA mixtures, by

modification the cross-flow program during the elution step to

achieve optimum separation for mixture components. The optimal

separation parameters and the detailed optimization processes are

illustrated in the discussion section.

3 Results and discussion

3.1 Characterization of gold nanoparticles
and AuNPs-BSA conjugates by batch
sizing and UV-VIS spectroscopy

After synthesis, PEG- and Citrate-AuNPs were characterized

by means of UV Spectroscopy and batch sizing.

Visually, PEG-AuNPs and Citrate-AuNPs appear as light red

solutions. They are also clear and transparent without visible

aggregation or precipitation, as shown in Figure 1, meaning they

are stable colloids. For UV-Vis batch measurements, milli-Q water

was used for background subtraction. The absorption spectra of

both AuNPs displayed a surface plasmon resonance band at 525 nm

(Figure 1), indicating that PEG-AuNPs and Citrate-AuNPs have

very similar size and optical absorption properties.

Then, AuNPs were mixed with a solution of BSA and their

UV profiles were re-evaluated. The spectra of both nanoparticles

showed a certain degree of red shift due to protein binding to

AuNPs surface, which has been widely reported. (Liu et al., 2015).

A similar information is obtained through sizing, which at

this day is the gold standard for evaluating nanoparticle

conjugation. Dynamic light scattering (DLS) showed that

freshly synthesized AuNPs averaged 38 and 25 nm

respectively for PEG-AuNPs and Citrate-AuNPs (Figure 2).

Following 30 min incubation with BSA, their size increased to

42 and 32 nm, indicating that BSA successfully coated AuNPs.

Based on the UV and DLS data, it is possible to confirm that

there is an interaction betweenAuNPs and BSA, and that the system

does not aggregate to a critical degree, a mechanism that would have

red-shifted the signal more and yielded to a higher and more

polydisperse size measurement. However, no information on the

stoichiometry of conjugation can be obtained since the size

distribution is not fully monodispersed, and the presence of free

protein can hinder the measurement. The conjugates formed

during this process would then need further purification

and quantitative control to be further applied to biological

detection and achieve quantification of analytes.

3.2 AF4-multidetection

3.2.1 Method development and characterization
of AuNPs

The unique properties of gold nanoparticles are determined by

the size of the nanoparticles and the action of surface stabilizer. (Bai

et al., 2020). AF4 is a popular technique for sizing nanoparticles,

which can be separated based on hydrodynamic diameter.

Compared to other separation techniques it provides a gentle

separation in native conditions and it is characterized by high

flexibility in terms of mobile phase and injectable sample.

Moreover, the retention time of AuNPs from fractogram can is

directly correlated to the hydrodynamic diameter by Eq. 1.

dh � 2kTVtr/ηπw2Vc (1)

where k is the Boltzmann’s constant (16 g cm2 s−2 K−1), T is absolute

temperature K), V is the channel flow rate (cm3 s−1), η is the carrier

liquid velocity (g cm−1 s−1), w is the AF4 channel thickness (cm) and

Vc is cross-flow rate (cm3 s−1). (Sánchez-Cachero et al., 2021)

TABLE 1 Method optimization for AuNPs analysis (Method 1-Gold nanoparticles, M1-G). All the experiment were conducted on PEG-AuNPs with a detector
flow 0.5 ml/min, focus time 5 min, and mobile phase Milli-Q water.

Methods Crossflow-focus
step (ml/min)

Initial crossflow-
elution step (ml/min)

Final crossflow-elution
step (ml/min)

Elution
program

Duration
(min)

Recovery
(%)

M1-G 1 1.5 0 Linear 15 80.2

M2-G 1.5 2.0 0 Linear 15 79.6

M3-G 2.0 2.5 0 Linear 15 86.5

M4-G 2.5 3.0 0 Linear 15 90.5

M5-G 3.0 3.0 0 Linear 15 99.4
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Therefore, the retention time is affected by many factors, such as

type of carrier liquid, membrane material, injection time, and cross

flow rate, etc. (Saenmuangchin and Siripinyanond, 2018)

In this study, a 350 µm thick spacer and a regenerated

cellulose (RC) membrane (MWCO = 10 kDa) were used in

agreement with earlier investigations. (Meisterjahn et al., 2014;

Ramos et al., 2014; López-Sanz et al., 2019). According to reports,

RC membrane has less hydrophobicity than polyethersulfone

(PES), which is advantageous for the recovery of metallic NPs.

(López-Heras et al., 2014). Another critical parameter is the

injection time since it determines sample equilibration in the

channel, critical for the complete separation of the sample in the

subsequent elution process. (Gigault et al., 2014). Injection times

from 3 to 5 min were selected for testing, both of which resulted

in good separation between void peak and AuNPs (data not

show). An injection time of 5 min was chosen to prevent the

increase in equilibration time required for sample volume

increases during method optimization. The cross-flow (Vc)

was studied according to AF4 theory: for a fixed spacer

thickness and when the flow rate out of the channel (Vout)

remains constant (0.5 ml/min), retention time of species increase

with the Vc/Vout ratio. (Bolea et al., 2011). Therefore, the cross-

flow was tested from 1 to 3 ml/min using PEG-AuNPs (100 ppm)

under the initial condition, as shown in Table 1.

Furthermore, considering that the synthesis conditions of

AuNPs are carried out in an aqueous environment, we first

used Milli-Q water as mobile phase. Of all methods, the best

resolution between PEG-AuNPs and void peak was obtained

for M5-G, as shown in Figure 3A, and gave us the smallest void

peak and the best sample recovery (99.4%). Moreover, with

M5-G, the Citrate-AuNPs (9.8 min) can also be successfully

separated with 99.8% recovery and have different retention

times than PEG-AuNPs (6.2 min).

We verified that both changes in AuNPs concentration

(5–50 μg/ml) and AuNP injection volume (10–400 μl) allowed

optimal recovery (97.8–100.5%). Method precision was assessed

both on retention times and on signal intensity by performing

three independent injections of both NPs samples. The profiles

exhibited deviations in terms of retention time and signal

intensity <1%. The limit of detection (LOD) and

quantification (LOQ) for AuNPs (expressed as mass of atomic

Au) were calculated as the injected amount at which their specific

signals (525 nm) are three or 10 times the signal noise of the

baseline (Table 2).

Citrate-AuNPs (9.8 min) could be successfully separated

from PEG-AuNPs and have different retention times than

PEG-AuNPs (6.2 min).

Combining the results provided by DLS (Figure 2), we

observed that though Citrate-AuNPs are hydrodynamically

smaller than PEG ones they elute later (Figure 3B). The main

reason for this phenomenon may be the stronger interactions

between Citrate-AuNPs and the membrane which leads to

delayed elution (Saenmuangchin and Siripinyanond, 2018). In

terms of gyration radius (Rg), measured by MALS, it was

observed that both particles are highly monodispersed and

have a very similar radius, i.e. 6.3 nm (Polydispersity Index

PdI 1.006) for Citrate-AuNPs and 7.1 nm (PdI 1.013) for PEG-

AuNPs. This value is lower than what observed for DLS

measurements, and is consistent with the particles being

solid spheres. In fact, their shape factor, expressed as the

ratio between gyration and hydrodynamical radius (Rh)

(Marassi et al., 2018b; Marassi et al., 2021c), would equal to

0.6 when using the average DLS values, but to 0.75 when using

the mode value. A value of 0.77 is expected for a compact

sphere while a shape factor of 0.6/0.5 is typical for core-shell

systems (Marassi et al., 2018a).

As a step forward, we considered the application envisioned

for AuNPs and their conjugates, that require the shift towards

buffers, and translated method optimization into a more

representative medium as mobile phase. Indeed, the properties

of the mobile phase (such as pH, ionic strength, and

composition) directly influence the electrostatic properties of

the AF4 system and samples. The choice of carrier composition

needs to be taken into account on one side to improve the

operational performance and on the other to ensure

compatibility with the expected application and obtain

representative results. (Gigault et al., 2014).

Firstly, a phosphate buffered saline solution (PBS, 10 mM,

pH 7.4) was chosen as carrier for the separation of AuNPs. As

shown in Figure 4, under the same separation conditions

(Method 5-Gold nanoparticles, M5-G), the two AuNPs were

extremely unstable in the channel: PEG-AuNPs aggregated and

TABLE 2 LOD and LOQ calculated values for AuNPs (expressed as atomic
mass of Au) for the method M5-G with Milli-Q water as mobile phase.

Citrate-AuNPs (525 nm) PEG-AuNPs (525 nm)

LOD (ng) LOQ (ng) LOD (ng) LOQ (ng)

5 15 1.6 5

TABLE 3 State and recovery of samples derived by different mobile phase (Phosphate buffered saline PBS, Phosphate buffer PB, Citrate buffer CB).
Aggregation: the sample remains in a colloidal state; Precipitation: the colloidal state of the sample is destroyed.

Milli-Q water PBS 10 mM pH 7.4 PB 10 mM pH 7.4 CB 2 mM pH 6.2

PEG-AuNPs √Recovery 99.4% √aggregation √aggregation √aggregation

Citrate-AuNPs √Recovery 99.8% ×precipitation ×precipitation ×precipitation
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shifted to higher retention times (Figure 4A), while

agglomeration occurs to Citrate-AuNPs which precipitates and

cannot be eluted out of the channel (Figure 4B).

In addition, we tried several other different buffer solutions

and evaluated elution results, as shown in Table 3.

Citrate-AuNPs (characterized by bare surface) are subject

to agglomeration and precipitation in the channel in all

buffers and no elution peak is observed at 525 nm. Their

colloidal state is thus destroyed. Contrarily, an elution peak is

observed for PEG-AuNPs, highlighting that PEG protection

FIGURE 1
UV-vis absorbance spectra of (A) PEG-AuNPs and PEG-AuNPs-BSA mixture (B) Citrate-AuNPs and Citrate-AuNPs-BSA mixture obtained from
UV spectrophotometer. Inset: photos corresponding to AuNPs and AuNPs-BSA, respectively.

FIGURE 2
DLS measurements of PEG-AuNPs, Citrate-AuNPs, PEG-AuNPs-BSA conjugates, Citrate-AuNPs-BSA conjugates, and BSA samples (number
weighted size distribution profiles).
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preserves the nanoparticles’ colloidal state. However, the high

ionic strength of the buffer is enough to still induce

aggregation of the NPs.

To summarize, AuNPs alone will aggregate or even

precipitate in the AF4 channel when increasing the ionic

strength of the mobile phase, that increases polydispersity

and disrupts the colloidal properties of the nanoparticles.

However, this does not mean that the synthesized AuNPs

cannot be used in those buffers for further bio application.

When proteins are present, they can promote a stable protein

FIGURE 3
(A) Partial enlargement of AF4-UV/Vis fractograms of PEG-AuNPs at 525 nm. (B) AF4-UV/Vis fractograms of PEG-AuNPs and Citrate-AuNPs at
525 nm with method M5-G, and size distribution of PEG-AuNPs (Brown) and Citrate-AuNPs (Green) from MALS detector.

FIGURE 4
AF4-UV/Vis fractograms of PEG-AuNPs (A) and Citrate-AuNPs (B) at 525 nm with different mobile phase (black: PBS, red: Milli-Q water).
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corona formation on AuNPs surface, increase their stability

and biocompatibility. Thus, we further evaluated and

optimized separation parameters shifting from water to the

application medium (e.g., PB) in the presence of BSA, to

explore a complete and flexible analysis strategy monitoring

the size evolution of synthetized and conjugated AuNPs.

(Sermsri et al., 2010).

3.2.2 Method development and monitoring of
AuNPs-BSA conjugation

Next, BSA was used as a model protein to progress method

development, for its low price, high availability, and for its molar size

placing between small chains like aptamers and bigger proteins such

as antibodies. This approach aimed at building a flexible method

able to be widely applied to also study other proteins and ligand

adsorption behavior on gold nanoparticles surface, quantify and

purify ready-to-use conjugated particles with improved quality for

bio-detection. Conjugation was performed by mixing AuNPs and

BSA in a 1:2 proportion in mass, to ensure BSA excess and avoid

AuNP precipitation in the channel. The mixtures were injected after

30 min from mixing without pre-purification steps.

The initial separation conditions were those described in

method M5-G (Table 1), using PB as carrier. The injection time

was adjusted to 3 min, which was enough to separate the protein

and the conjugates efficiently. The main adjustments to the

elution program were made during the separation process.

Several cross-flow programs in the elution step, which directly

affected the elution efficiency of different components, were

studied. Linear (Program 1, Figure 5A), exponential (Program

2 and 3, Figure 5A), and combinations of them were tested

(Program 4, Figure 5A).

Overall, program four was considered as the best model and an

additional linear elution stage was added to facilitate smooth elution

of larger-sized conjugates. Under these optimal conditions (Table 4)

we were able to successfully separate BSA, AuNPs, and conjugates.

Moreover, the use of a multi-wavelength UV detector allowed to

visualize selectively protein and AuNPs and easily assign the eluted

peaks to the right component.

It is important to notice that though AuNPs are not stable in

Phosphate buffer, in the presence of excess BSA they not only form

conjugates products but also elute from the channel with excellent

FIGURE 5
(A) AF4-UV/Vis fractograms of Citrate-AuNPs-BSA conjugates (amount ratio Au/BSA 0.1) at 525 nmwith different cross-flowprogram. Program
1: linear, Green; Program 2: exponential ramp with 0.45 exp value, Blue; Program 3: exponential ramp with 0.25 exp value, red; Program 4:
exponential rampwith 0.25 exp value and a linear model, black. (B) AF4-UV/Vis fractograms of Citrate-AuNPs-BSA conjugates (amount ratio Au/BSA
0.5) at 280 nm (black) and 525 nm (red).

TABLE 4 Optimized method for the separation of BSA-AuNPs mixtures.

AF2000 operating conditions

Detector flow (ml/min) 0.5

Cross flow (ml/min) 3.0 (0–9 min)

3.0–0.4 (9–19 min, exp. 0.25)

0.4–0.0 (19–34 min, linear)

0.0 (34–39 min)

Injection flow (ml/min) 0.2

Injection time (min) 3.0
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recovery (>97%). Last, method performance was evaluated through

independent replicates for each Mix and BSA samples. The profiles

exhibited a maximum of 0.5% and 1% deviation in terms of

retention time and signal intensity. Higher shifts observed for the

conjugate peaks between different BSA-AuNPs mixes are associated

to different aggregation of the conjugates. The limit of detection

(LOD) and quantification (LOQ) for BSA and AuNPs were

calculated as described before from their respective specific

signals (280 and 525 nm). The results are reported in Table 5.

The fractograms corresponding to the analysis of AuNP-BSA

mixtures are shown in Figure 6. Peak attribution was performed

both from MALS molar mass and size measurement and trough

BSA injections.

BSAwas eluted at 6.5 min: calculatedMWfor the BSAmonomer

was 65.9 kDa and its retention time was compatible with the one

predicted by FFF theory; with respect to DLS measurements, FFF-

calculated hydrodynamical radii resulted slightly higher for the

conjugates, an effect justifiable by the lack of contribution from

free BSA.

The second peak eluted after 15 min was indeed identified as

the conjugate peak. The nature of the peak could also be

confirmed by the high absorption at 525 nm (Figure 5B),

which is only typical of AuNP and not relative to BSA.

The peak at 3 min (void time) observed in all fractograms was

also observed for blank injections and thus was identified as a

system peak. The optimized method provides enough separative

time and space to differentially elute analytes in a wide range of

size (rh up to ~ 87 nm) in a reasonable time span. Moreover, it

well separates the first eluting species (BSA) from its aggregates

(dimer and trimer) and from the void peak.

Figure 6A,B report the calculated retentions time expected for

proteins in a molar mass range of 10–200 kDa and for species with a

hydrodynamic radius of 20–40 nm. This calculation easily show

how proteins of different MW would be well separated both from

the void and the conjugate peak, and how AuNP conjugates of

different size could be successfully isolated. The developed method

fulfills its scope of being adaptable to other conjugated systems

exploiting different AuNPs and other kinds of proteins and ligands

ranging from 10 to 200 kDa (ex. IgG ~ 140 KDa) and for the

development of the assays of interest. It is also worth stressing out

that since FFF is a gentle non-destructive technique a well separated

protein peak allows also its collection; the collected protein is still not

altered and pure and can be used for further experiment which is

extremely important while working with expensive samples such as

monoclonal antibodies or labeled proteins.

3.2.3 AuNPs-BSA characterization and insights
on their conjugation mechanism

The detectors coupled at the end of the separative systems (DAD,

MALS) allowed to record the continuous absorption spectrum and

the Rg of the conjugates, which were monitored after 30 min of

incubation and after 48h, to look for possible variations.

TABLE 5 LOD and LOQ calculated values for BSA and AuNPs (expressed as atomic mass of Au) for the optimized method described in Table 4.

BSA (280 nm) Citrate-AuNPs (525 nm) PEG-AuNPs (525 nm)

LOD (pmol) LOQ (pmol) LOD (ng) LOQ (ng) LOD (ng) LOQ (ng)

0.9 3 14 47 7 23

FIGURE 6
Representative fractograms at 280 nm and calibration data for PEG-AuNPs (A) and Citrate-AuNPs (B) mixes with BSA.
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The size distribution and the absorption spectra for PEG-

AuNPs-BSA and Citrate-AuNPs-BSA conjugates at different

incubation time are shown in Figure 7.

In terms of UV absorption, both conjugates are similar in

terms of plasmonic band (with a maximum at 529 nm and

530 nm respectively) and even after 48 h this trend did not

change. When considering online sizing, two populations

eluted within the main peak could be recognized in both

cases: a monodispersed one, which consists of the majority of

the conjugate, and a later eluting distribution with increasing

size. PEG-AuNPs-BSA main population was found to be 9.5 nm

in Rg (16.1–19.1 min), with a tail increasing from 11 to 34 nm

(19.1–21.3 min). Citrate-AuNPs-BSA conjugates were also

characterized by two populations, one with constant average

Rg of 8.9 nm (15.4–20 min) and one with an increasing Rg

ranging 11–30 nm (20–24 min).

The similar size distribution and fractogram at different

incubation time indicates that both conjugates reached

adsorption equilibrium within 30 min. After 48 h of

incubation, the PEG conjugates showed a retention shift and

loss of monodispersion, as shown in Figure 7A. Considering the

surface properties of PEG-AuNPs, it may be caused by the

insufficient binding between PEG and BSA during the

incubation, resulting in the shedding or aggregation of BSA.

Instead, Citrate-AuNPs with bare surfaces have stronger affinity

for BSA. This suggests that citrate-stabilized AuNPs could be a

better candidate for protein conjugation.

The bigger populations observed for both conjugates

(20–24 or 19.1–21.3 min) are not affected by visible changes

during the incubation time, which indicates that they are formed

during the interaction of AuNPs and BSA, and subsequent

incubation did not change their binding behavior.

For both samples this population represents only a small part

of the conjugate, and the area ratio of the two is 20:1. However, it

represents impurities and would affect sensor performance and

signal response, since it corresponds to uncontrolled

conjugation: it is crucial to identify and remove it by means

of fractionation. These aggregates may be associated to multiple

BSAs combined with one AuNP, or AuNPs multimers bound to

BSA, the latter being less likely since it would lead to a higher

order of aggregation. If these species are note removed prior to

the intended use of these particles misleading results may occur:

e.g., in the case of colorimetric sensors with a target protein, the

sensitivity would decrease in the first case (higher protein: AuNP

ratio) or increase in the second case (higher AuNP: protein ratio).

For the simple characterization of the species, we limited sample

FIGURE 7
Size characterization of AuNPs-BSA conjugates with MALS detector. The absorbance at 525 nm was overlaid with Rg for (A) PEG-AuNPs-BSA
conjugates (amount ratio Au/BSA 0.5) and (B) Citrate-AuNPs-BSA conjugates (amount ratio Au/BSA 0.5). Lower panels: representative absorption
spectra (isoabsorbance plot) of (C) PEG-AuNPs and (D) Citrate-AuNPs. Inset: zoom of the plasmonic resonance maxima.
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consumption and injected 40 μl (1 μg Au), and by collecting 90%

of the conjugate peak i.e. 2 min of elution, which both reduces

dilution and selects monodisperse particles, the final

concentration (expressed as μg of Au) of the purified

conjugates is 0.9 μg/ml. However, it is possible to scale up

both injection volume and Au concentration at least by one

order of magnitude respectively while retaining peak shape and

separation quality, yielding fractions of purified conjugates of

about 100 μg/ml, more appealing for further use.

Finally, we considered the calculated size obtained by MALS

for freshly, synthesized, AuNPs and their protein conjugates.

MALS sizing in fact resulted the clearest in terms of PDI, and was

less subject to interferences such as excess protein andmembrane

repulsion. This way, we evaluated the conjugation ratio between

protein and AuNPs: this parameter is extremely relevant for

biosensor development since it impacts reproducibility and

quality. Moreover, the coexistence of different conjugations

would have detrimental impact on sensor linearity and

reliability. However, it is complex to achieve such a

characterization with batch techniques or hydrodynamic

sizing which is influenced by soft solvating layers, and this

aspect is often left aside when dealing with particle

conjugation. In our case, since we could isolate BSA-AuNPs

without the compresence of BSA, which has a different retention

time, we could directly and realistically measure the conjugate

size. In particular, for both particles the radius of the conjugate

between AuNPs and protein corresponded to the arithmetic sum

between AuNPs and BSA monomer gyration radius.

In fact, for BSA-PEG-AuNPs the Rg was 9.5 nm (7+3) and

for BSA-Citrate-AuNPs it was 8.9 nm (6+3). This information is

useful to obtain the conjugation structure: since we had already

calculated, from the shape factor, that AuNPs are spherical and

compact, the addition of BSA (which is also a solid sphere or

3 nm Rg) can lead to the sum of the original particles size only if

the coating is uniform and a monolayer.

To summarize, through accurate method development and

data evaluation, we managed to propose a flexible separation

method, and obtained both data about the synthesis and

conjugation quality, including considerations about the most

stable AuNP, and the mechanism of conjugation, which involved

formation of a uniform monolayer of BSA coating the gold

particles. Our study involved for the first time the careful

combination of FFF calibration through theoretical modelling,

online detection and offline sizing, delivering a method which

could be reliably applied to both different AuNPs and different

conjugants in a wide molar mass range (10kDa–200 kDa). These

results confirm how AF4-multidetection, when using an

appropriate method, can be useful in all stages on conjugate

preparation and can provide i. Starting material quality check; ii.

Rapid characterization of conjugated species and evaluation of

stability iii. Recovery of excess protein and fraction collection of

monodispersed conjugated particles for improved sensing

applications.

4 Conclusion

In our work, we broke through the limitations of traditional UV/

Vis spectroscopy and DLS in the process of nanoparticle analysis and

characterization, and combined the AF4-UV/Vis- MALS platform to

explore the characterization of AuNPs with different surface

properties and their conjugates. In order to apply AF4 for

separation of AuNPs with various types of surface coating, we

evaluated and optimized separation parameters shifting from water

to the application medium. After method development, we

successfully separated and characterized protein and conjugates.

The developed method allows a fast purification of the analytes

(BSA and BSA-AuNP) and their collection without altering their

nature. The method exhibited high throughput and flexibility since it

is possible to work with multiple kinds of AuNPs and proteins

(10–200 kDa) with promising application as a powerful tool for

the development, purification and quality monitoring of sensing

components in bioassays. Moreover, the ability of AF4-UV/Vis-

MALS platform for estimation of interaction of each type of

AuNPs with BSA in is interesting and deserves further

applications. The size information from MALS and DLS also

revealed the combination ratio of AuNPs and BSA during the

formation of conjugates, which is of great significance for the

application of biological probes in the field of sensors.
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