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ABSTRACT

Background: Analytical methods for the characterization of nanoparticle-based drug delivery systems often rely
on the quantification of unbound drug to provide information on drug loading and delivery, but fail to account
for system complexity, address the state of the releasing system, or simulate the physiological environment.
There is a clear need for new analytical methods capable of following the entire process of drug loading, stability
and release under physiological conditions, based on multi-parametric analytical platforms. Asymmetric flow
field-flow fractionation (AF4) can be used to size sort and isolate nanoparticles for further analysis or charac-
terization by online, uncorrelated techniques.

Results: We propose AF4 coupled with online multiple detectors to investigate the model drug delivery system
consisting of albumin (BSA)-coated gold nanoparticles (AuNPs) loaded with curcumin (CUR). A maximum
loading efficiency of 88.9 % is achieved by optimizing various experimental parameters. The absorbance ratio of
nanocarriers at 401 nm and 530 nm was successfully proposed as an index for evaluating drug loading (full load
was 0.77 + 0.01) and release from the carrier surface. At 37 °C, Au-BSA-CUR exhibits rapid drug release,
achieving 34.8 % total release. This process is accompanied by swift degradation and efficient diffusion of the
drug into the surrounding reservoir (~30 %). The appearance of new absorbance peaks in fractograms (curcumin
aggregation) at lower temperatures (20 or 30 °C) indicates the special properties of hydrophobic drugs, which
are monitored by the AF4 platform for the first time.
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Significance: The tailored strategy employed in our investigation provided detailed, real-time, in situ analysis,
making it a powerful tool for designing and optimizing drug delivery systems, providing insight into both loading
and release mechanisms, assessing nanoparticle stability, and tolerating saline media. These results suggest that
AF4-DAD-MALS is a more reliable and insightful technique for studying the stability, loading efficiency, and
release dynamics of nanoparticle-based drug delivery systems.

1. Introduction

Nanosized drug delivery systems have demonstrated their potential
to mitigate the shortcomings of traditional drugs in terms of poor
bioavailability, specificity, low solubility, cytotoxicity, and insufficient
accumulation in the body. In such systems the conventional molecular
drug is administered after loading on top or inside the nanosized carrier.
In most cases, such systems also involve the use of a coating agent to
promote the stability of the device in vivo (e.g. albumin for hemo-
compatibility) [1]. Of course, the intrinsic complexity of such systems
compared to the single molecular drugs requires a more complex char-
acterization, which needs to be increasingly thorough as the nanodevice
becomes more complex [2].

Gold nanoparticles (AuNPs), with their diverse geometries, have
gained prominence in the field of nanomedicine due to their outstanding
optical properties, versatile functionalization capabilities, and precisely
controlled drug release mechanisms [3,4]. In addition, the localized
surface plasmon resonance (LSPR) property of AuNPs is highly depen-
dent on their size, shape, and the surrounding environment. This
tunability makes them highly suitable for precise biosensing and
detection applications [5,6]. Therefore, their unique optical properties
enable them not only to transport and release therapeutic agents, but
also to monitor the target site and perform photothermal therapy,
thereby enhancing the overall therapeutic efficacy.

Functionalization of AuNPs and modification of endogenous proteins
can significantly improve their biocompatibility, selectivity, and resis-
tance to biodegradation. This approach ensures better integration and
performance in biological systems [7-9]. Indeed, over the past decade,
biomedical applications using AuNP-albumin nanoplatforms have been
extensively studied to address the challenges of drug efficacy and
selectivity with the aim of improving therapeutic outcomes [10]. Due to
its bioaccumulation, targeting capabilities, biocompatibility, and sur-
face properties, albumin can efficiently transport various therapeutic
agents to specific sites in the body, thereby enhancing targeted drug
delivery [11,12]. In addition, the unique optical properties of AuNPs
allow them to be monitored or imaged using multiple detectors.
Controlled drug release can be achieved through various mechanisms,
including photothermal effects, pH changes, and competitive reactions,
providing versatile and responsive drug delivery options [13,14].

Recent advances have explored a range of noble metal nanoparticle
systems conjugated with therapeutic agents for targeted delivery and
multimodal therapy. For instance, gold nanorods and nanocages have
been engineered to realize highly effective synergistic chemo-
—photothermal tumor treatment, with release of doxorubicin and other
chemotherapeutics [14]. Similarly, albumin-functionalized AuNPs have
been used to co-deliver imaging and therapeutic agents for enhanced
tumor accumulation and optical tracking [10]. Beyond cancer, silver-
—gold hybrid nanoparticles have shown promise in antimicrobial ther-
apy due to their synergistic release and targeting capabilities [15]. These
systems demonstrate the versatility of noble metals in drug delivery, but
also underscore persistent analytical challenges.

However, one of the major barriers to the clinical translation of such
nanomedicines remains insufficient drug loading and uncontrolled
release, which often result in therapeutic inefficacy, batch variability,
and higher production costs. Most clinically evaluated nanocarriers
incorporate only a few weight percent of the active compound, neces-
sitating large doses of the carrier and raising concerns about scalability
and potential toxicity. These limitations are especially critical when

high drug doses are required, as in oncology or chronic disease man-
agement. In this context, high drug-loading nanocarriers — particularly
those based on biocompatible materials — are of great interest, as they
may reduce carrier burden while achieving therapeutic thresholds more
efficiently [16]. These systems demonstrate the versatility of noble
metals in drug delivery but also underscore persistent analytical
challenges.

A 2016 study showed that most U.S. Food and Drug Administration
(FDA) approved nanoparticle delivery systems are polymer-based and
liposome-based NPs [17], but speculated that due to the variety of
available and increasingly understood NP-based delivery systems, future
trends may shift toward new types of nanoparticles. In a 2021 update
work, the authors describe 35 nanoparticles in clinical trials, 28 of which
are lipid-based NPs [18]. Although polymeric and lipid matrices have
many advantages, there is an urgent need to explore and advance a
variety of other forms of delivery systems, such as metal NPs, and
translate them into clinical trials.

While the biomedical promise of noble metal nanoparticles is well
established, critical challenges remain in accurately characterizing drug
loading, carrier stability, and release dynamics in physiologically rele-
vant conditions [19]. This requires a combination of analytical tech-
niques to fully understand and optimize their potential. By far the most
popular size and shape characterization techniques are scanning and
transmission electron microscopy (SEM, TEM) [20]. However, the spe-
cial sample preparation requirements of these two techniques hinder
their characterization in their native liquid dispersion state. Light scat-
tering (LS) techniques, especially dynamic LS (DLS), are able to monitor
the hydrodynamic size distribution range in the liquid dispersion media.
Static and multi-angle LS (MALS) can provide more information about
NPs, such as conformation, surface properties, and core-shell structure
[21]. However, the accuracy of these techniques is limited by the
multimodal size distribution and complexity of NPs, especially in the
presence of complex aggregates.

Rotello and colleagues have extensively contributed to this field,
particularly through ligand engineering strategies that modulate nano-
particle-biomolecule interactions for targeted delivery and sensing
[22]. However, many of these approaches rely on offline, endpoint as-
says or mass spectrometry imaging, which are limited in resolving dy-
namic processes like drug desorption, carrier aggregation, or
intermediate complexation [23].

Flow field-flow fractionation (F4) as a mature separation method can
be used to size sort and isolate NPs for further analysis or size/spec-
troscopic characterization by online, uncorrelated techniques, including
MALS, DLS, absorbance and luminescence spectrophotometry, and
inductively coupled plasma mass spectrometry (ICP-MS) [24,25]. In
particular, the whole separation procedure is performed in an empty
capillary channel through an external field applied perpendicularly to a
mobile phase flow with an ideally parabolic flow profile, which provides
a non-destructive, native size-based separation technique. Therefore,
based on the features and advantages of the instrument, it has been
widely used in many fields such as food, medicine, biology, etc. [25-28].

The evaluation and monitoring of in vitro drug release from nano-
sized formulations is even more challenging due to the difficulties in
achieving an efficient and rapid separation of the free drug from the
encapsulated drug and assuring sink conditions during the experiment
[2,29].

The vast majority of the current approaches can be schematized as a
two-step procedure involving the separation of the released drug from
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the carrier followed by its offline quantification (mostly by HPLC) [30].
Separation is achieved by techniques such as ultracentrifugation, size
exclusion chromatography (SEC), centrifugal ultrafiltration, or dialysis.
Ultracentrifugation and SEC can alter nanocarriers due to high centrif-
ugal forces, leading to artificial drug release. In contrast, softer ap-
proaches such as centrifugal ultrafiltration and dialysis (the most
exploited) may be affected by membrane clogging due to their limited
compatibility with the species and the experimental conditions consid-
ered. All the presented approaches suffer from another major deficiency:
they focus only on the quantification of the unbound drug, without
considering the complexity of the system. To overcome this limitation, it
is necessary to develop a platform capable of quantifying drug release
and simultaneously characterizing the state of the carrier and its envi-
ronment after release.

In contrast, our AF4 system combined with photodiode array and
multiangle light scattering detection (AF4-DAD-MALS) addresses these
shortcomings by providing real-time, size-resolved separation and
spectral analysis in situ. By coupling structural and compositional
characterization, this platform allows for simultaneous quantification of
unbound drug, carrier-associated species, and potential degradation
products under physiological conditions — a capability that directly
overcomes the limitations of traditional ultracentrifugation-UV or
dialysis-HPLC approaches [15].

Moreover, unlike other approaches proposed in the literature, our
methodology provides information on the state of the nanodevice and its
environment in the dialysis bag after release under biocompatible con-
ditions, instead of focusing only on the released components.

As a representative drug for the study, we selected curcumin (CUR),
which has been reported to have potent antioxidant, antibacterial, anti-
inflammatory, and anticancer effects [31,32]. First, the loading of CUR
onto the surface of the Au-BSA conjugates not only greatly improves its
solubility in aqueous media, but also reduces the degradation of cur-
cumin in aqueous solution. A maximum loading efficiency (LE) of 88.9
% can be achieved. In addition, the gentle AF4 principle can help reduce
sample loss and improve stability by compensating for any negative
effects of centrifugation. Moreover, with the support of the AF4-DAD
platform, we can further detect the changes of different species in the
incubation solution. In particular, the independent binding between the
drug and excess BSA provides another basis for the quantification of
drug loading. Further coupling with online MALS and offline DLS
allowed us to monitor the size change of Au-BSA-Cur carrier at each
stage. In the drug release study, we introduced a dialysis model to
simulate the drug release and diffusion process in vitro. The absorbance
ratio A 401 nm/A 530 nm Was proposed as an index for real-time, in situ
quantification of drug release from the carrier surface, and the diffusion
of the drug was simultaneously monitored by UV/Vis spectrophotom-
etry. This strategy not only proves that AF4 can be used to effectively
evaluate the drug release profile in real time, but also overcomes the
inconsistency of standard evaluation methods caused by multiple sep-
aration and purification steps.

2. Materials and methods
2.1. Materials

Gold (III) chloride trihydrate (HAuCly-3H20, >49.0 % Au basis),
Sodium citrate (CgHsNa3O7;, >98.0 %), Sodium phosphate dibasic
dihydrate (NagHPO4 * 2H50, >99.0 %), Sodium phosphate monobasic
dihydrate (NaH2PO4 * 2H20, >99.0 %), Sodium chloride (NaCl, >99.0
%), Potassium Phosphate Monobasic (KH2PO4, >99.0 %), Bovine serum
albumin (BSA, >98.0 %), and Dimethyl sulfoxide (DMSO, GC 99.7 %)
were purchased by Sigma Aldrich (St. Louis, MO, USA). Potassium
chloride (KCl, >99.5 %) and curcumin (C21H90g, >97.0 %, mixture of
curcumin, demethoxycurcumin, and Bisdemethoxycurcumin) were ob-
tained by Fluka. These salts were used to prepare Phosphate Buffer Sa-
line (PBS) 1 x solution (NaCl 8 g/L, KC1 0.2 g/L, Na,HPO4-2H20 1.43 g/
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L and KHoPO4 0.2 g/L), which was used as the mobile phase and diluent
solution to mimic a physiological environment. All AuNPs solutions
were prepared with purified 18 MQ water. Glassware was cleaned with
aqua regia and thoroughly rinsed with deionized water.

2.2. Synthesis of gold nanoparticles (AuNPs)

Citrate gold nanoparticles (Citrate-AuNPs) were synthesized using a
simple wet chemical method, as described in previous literature [33].
Briefly, 100 mL of HAuCl4 (1 mM) was heated to boiling, at which point
6 mL of freshly prepared sodium citrate solution (38.8 mM) was
immediately added under vigorous stirring. The addition of sodium
citrate, known for its reducing and stabilizing properties, initiates a
series of reactions in which the color of the solution rapidly changes
from pale yellow to colorless and then to dark purple. This color tran-
sition is indicative of the reduction of HAuCl4 to elemental gold and the
subsequent formation of AuNPs. The reaction was maintained for 15-30
min, during which time the NPs grew and stabilized, with the dark
purple hue suggesting the presence of particles within a specific size
range. Stirring was continued throughout the cooling process until the
solution reached room temperature. The resulting AuNPs were then
stored at 4 °C for further use.

2.3. Synthesis of AuNPs-BSA conjugates

In this work, we primarily focused on citrate-coated AuNPs as the
main subject of investigation. In the previous chapters, we thoroughly
characterized the bioconjugates formed by these nanoparticles.
Compared to PEG-protected AuNPs, citrate-coated AuNPs exhibit higher
binding stability and greater resistance to environmental changes when
conjugated with BSA. To maximize the yield, the Au/BSA mass ratio was
set at 1:1. AuNPs were first diluted to 100 ppm in deionized water. Then,
500 pL of 100 ppm BSA was added to create a 1 mL mixture, which was
incubated for 1 h at room temperature (~25 °C) in a phosphate buffer
(10 mM, pH 7.4 or 6). Au-BSA bioconjugate solutions of different con-
centrations were prepared by simultaneously varying the concentrations
of the reactive monomers.

2.4. Formation of drug carriers: Au-BSA-CUR

The general method of drug deposition is as follows: DMSO was
chosen as the drug solvent, and 200 pL of a curcumin solution (0.5 mg/
mL) was added dropwise to the colloidal Au-BSA conjugates to achieve a
final drug concentration of 0.1 mg/mL. The mixture was then incubated
for 4 h in a water bath at (37 £ 1) °C with continuous stirring at
500-1000 rpm. The prepared sample was stored overnight at 4 °C to
ensure complete reaction. The Au-BSA-CUR carriers and any excess
curcumin were separated by centrifugation at 12,000 rpm for 7 min or
by AF4. A UV-2600i SHIMADZU UV /vis spectrophotometer (Shimadzu,
UK) was used to measure the absorbance spectra of all AuNPs and their
derivatives.

LE = (Total curcumin — Free curcumin) / Total curcumin * 100 %

To determine the loading efficiency (LE), the concentration of free
drug in the supernatant was measured using a UV spectrophotometer. A
calibration curve for pure curcumin in DMSO was established by pre-
paring solutions containing different concentrations of curcumin (2.5
pg/mL, 5 pg/mL, 7.5 pg/mL, 10 pg/mL, and 15 pg/mL) and measuring
their absorbance at 401 nm using a UV-Vis spectrophotometer. The
absorbance values were plotted against the concentrations to obtain a
linear regression equation. The LE of the Au-BSA-CUR carriers was then
calculated using the linear regression equation and the LE formula.

2.5. Size and morphology characterization

To ensure the accuracy of the sample size information, three primary
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characterization techniques were used in this study: offline dynamic
light scattering (DLS), scanning electron microscopy (SEM), and AF4
coupled online multi-angle light scattering (MALS). First, the products
from each stage of the synthesis process were divided into two portions.
One portion was subjected to centrifugation, while the other was puri-
fied using the AF4 platform. After purification, the samples from both
methods were collected and subjected to further analysis using DLS and
SEM.

A DynaPro NanoStar DLS (Wyatt Technology Corporation, USA) with
a laser wavelength of 662 nm was used for hydrodynamic diameter
characterization of synthesized AuNPs, Au-BSA conjugates, and Au-BSA-
CUR carriers at different stages. A quartz microsample cell (JC-206) was
used for all samples tested.

The FESEM (FESEM, Carl ZEISS SIGMA NTS, Germany) was operated
at an accelerating voltage of 10 kV, and the samples were magnified to
an appropriate level to clearly visualize the nanoparticle characteristics.

2.6. Invitro drug release experiment

Considering the inherent properties of curcumin, such as light
sensitivity and susceptibility to degradation, we conducted exposure
experiments on curcumin at different concentrations under controlled
experimental conditions. First, fresh curcumin solutions of different
concentrations (0.2 ppm, 0.5 ppm, 1 ppm, 1.5 ppm, and 2 ppm) were
prepared using a solution with an optimized solvent mixing ratio
(DMSO/water 1:4) as the solvent. Then, all the samples were tested by
UV spectrophotometer and the corresponding spectra were recorded.
The samples were then divided into two groups and subjected to light
exposure and light protection for 24 h, respectively, after which the UV
absorption spectra were recorded.

The drug release experiments were performed using the dialysis bag
technique with a molecular weight cut-off (MWCO) 14.5 kDa containing
1 mL Au-BSA-CUR carrier solution. The MWCO was chosen to be higher
than the curcumin but lower than the AuNPs and BSA to avoid the error
from sample stability. First, the drug release experiments were per-
formed in a water bath setup under different temperatures: (20 &+ 1) °C
(i.e., room temperature), (30 & 1) °C, and (37 + 1) °C. The dialysis bag
was immersed in a reservoir containing 50 mL fresh PB buffer (10 mM,
pH 7.4) with a shaking speed of 100 rpm. At each time point, 1 h, 2 h, 4
h, 8 h, 24 h, 30 h, 48 h, and 52 h, the samples were extracted from the
reservoir for UV measurements to monitor the drug diffusion behavior.
To avoid the effect of concentration changes on drug diffusion, the so-
lution was poured back into the reservoir after each UV measurement.
The diffusion percentage is calculated based on the monitored signal
intensity corresponding to the standard curve at 401 nm, as shown in
Fig. S6. Meanwhile, 20 pL sample from the dialysis bag was injected to
the AF4 instruments to monitor the real-time drug release from the Au-
BSA-CUR carrier surface. In addition, to prevent the reduction of drug
carriers from affecting the total amount of drug released, a control group
with the same drug carriers was established to perform release studies
under identical conditions (1 mL of pure curcumin (0.1 mg/mL) con-
tained in a dialysis bag and placed it in the reservoir). At each time point,
drug carriers were extracted from the control group to supplement the
missing drug carriers in the experimental group.

2.7. AF4 multidetector platform setup

An AF-2000 AF4 system (Postnova Analytics, Germany) was used for
sample separation, identification, and characterization, which contains
a Postnova PN7520 solvent degasser, two Postnova PN1130 Isocratic
Pumps and a special cross-flow control to deliver the flow of PB buffer
(10 mM, pH 7.4). The separations were performed using a 10 kDa MW
cutoff regenerated cellulose membrane in a 300 mm channel with 350
pm thick spacer. The system is followed by a PN3242 4-channel UV-Vis/
DAD detector and a 21-angle multiangle light scattering detector, MALS
(PN3621). NovaFFF version 2.2.0.1 software was used to control the
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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.

Method optimization has extensively been described in a previous
work [21]. To enhance the separation efficiency, an exponential decay
model was applied to the cross-flow rate. This model gradually reduced
the cross-flow from 3 mL/min to 0.4 mL/min over the course of 10 min,
followed by a linear reduction to 0 mL/min over the next 15 min.
Throughout the process, the detector flow was kept constant at 0.5
mL/min to maintain a stable baseline. After each injection, a 5-min rinse
step was performed to ensure the complete elution of all species from the
channel. Detailed operating parameters are summarized in Table S1.
Four different wavelengths (280 nm, 525 nm, 435 nm, and 401 nm)
were monitored to identify the species in the mixture.

3. Results and discussion
3.1. Preparation and characterization of Au-BSA-CUR carriers

The Au-BSA-CUR carriers were prepared by mixing the synthesized
Au-BSA conjugates and specific concentration of curcumin solution. In
previous chapters, the synthesis conditions and quantification of Au-BSA
conjugates were studied and discussed in detail. For curcumin, the ratio
of DMSO and water is crucial for the drug loading process due to its poor
aqueous solubility. Therefore, it is very important to screen out the
optimal organic/water solvent ratio, which directly influences the drug
loading efficiency and the stability of the carriers. While keeping the
mass ratio of drug and conjugates in the solution constant, the drug
loading efficiency (LE) gradually decreases as the proportion of organic
solvent gradually increases, as shown in Table 1. Considering the
structure of curcumin, we also tried to improve the LE by adjusting the
pH of the Au-BSA conjugate system from 7.4 to 6. This action further
increased the drug LE from 68.8 % to 88.9 %, which can also be easily
judged from the color of the sample supernatant after centrifugation.
Therefore, the Au-BSA-CUR carriers should also have the potential for
pH-controlled release. However, to ensure that the drug carrier remains
stable and functional in an environment similar to body fluids, the ex-
periments in the upcoming series were conducted under in vitro con-
ditions with a pH of 7.4 carefully maintained throughout.

The UV/Vis technique was used to rapidly monitor the spectral
changes and the rapid formation of Au-BSA-CUR carriers. As shown in
Fig. 1 A, the absorbance of pure curcumin and gold nanoparticles was
observed at different wavelength regions, specifically 435 nm and 528
nm. Upon the formation of Au-BSA-CUR carriers, the absorbance peaks
shifted to 401 nm and 530 nm. Notably, each stage exhibited a unique
UV absorbance profile, with no overlap, providing a solid basis for
identification and quantification using a DAD detector during AF4
characterization. The synthesized Au-BSA-CUR carriers can be purified
by centrifugation and resuspension. The mixture (AU-BSA-CUR-MIX),
precipitation (AU-BSA-CUR-PRE), and supernatant (AU-BSA-CUR-SUP)
were stored at 4 °C for one week to evaluate sample stability. As shown
in Fig. 1, a significant signal attenuation was observed in the drug
absorbance region (~400 nm) for both AU-BSA-CUR-MIX (46 %) and
AU-BSA-CUR-SUP sample (53 %) after one week, while the signal of the
AU-BSA-CUR-PRE sample had an attenuation ratio of 23 % at 400 nm
(compared to Au-BSA conjugates) and had the same absorbance in-
tensity at 530 nm. Therefore, we can conclude that the signal

Table 1
Sample concentration, mixing ratio (total volume 1 mL), and drug loading ef-
ficiency (LE) information.

Au-BSA (ppm) CUR (mg/ml) DMSO/water LE (%)
100 0.5 1:4 68.8
107 0.4 1:3 59.7
120 0.3 1:2 49.7




V. Marassi et al.

1.0
AuNPs
—— Au-BSA

0.8 Au-BSA-CUR
5 —— CUR 5ug/mL
<
E
[
Q
c
(]
a
~
]
[}
a
<

T T T T T
300 400 500 600 700 800
Wavelength (nm)
1.0 —— AU-BSA-CUR-SUP
—— AU-BSA-CUR-SUP (one week later)

0.8
)
<
E 0.6
@
Q
c
S o4
=
<]
(7]
a
< 0.2

0.0

T T T T T |
300 400 500 600 700 800
Wavelength (nm)

Analytica Chimica Acta 1365 (2025) 344246

—— AU-BSA-CUR-MIX

1.0 ——— AU-BSA-CUR-MIX (one week later)
- 0.8 -
-]
<
£
Py 0.6
[*]
[
©
2
5 044
0
o
<

0.2

0.0

300 400 500 600 700 800
Wavelength (nm)
1.0 A
—— AU-BSA-CUR-PRE
—— AU-BSA-CUR-PRE (one week later)

=
<
E
@
o
c
©
£
o
173
2
<

T T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Fig. 1. The UV-Vis spectra of curcumin (5 pg/mL), AuNPs, Au-BSA conjugates, and Au-BSA-CUR carriers (A). The UV-Vis spectra of freshly prepared samples and
one week later samples, (B) the mixture (AU-BSA-CUR-MIX), (C) supernatant (AU-BSA-CUR-SUP), and (D) precipitation (AU-BSA-CUR-PRE).

attenuation of the AU-BSA-CUR-MIX sample is mainly due to the
degradation of free curcumin in the solution, and at the same time, the
release of part of the curcumin from the Au-BSA-CUR carrier slows down
the rate of drug degradation in the mixture. In addition, it is noteworthy
that the AU-BSA-CUR carrier showed a remarkable ability to remain
stable for a longer period after synthesis. Drug degradation did not affect
the colloid properties and stability of the bioconjugates, a critical
requirement for obtaining an accurate drug release profile.

Moreover, to evaluate the effect of BSA on the overall stability of
drug delivery and drug loading efficiency, we performed two compar-
ative studies (the workflow and results are shown in Fig. S2). First, one
experimental group was set up by incubating the Au-BSA conjugates
(purified by centrifugation) with curcumin, followed by another round
of centrifugation to obtain the Au-BSA-CUR carriers and supernatant.
The same experimental procedure was then performed using the Au-BSA
mixture (without centrifugation) in a control experiment, which
retained the excess BSA in the incubation solution. The experimental
group that experienced multiple centrifugations (Au-BSA-cen-CUR-cen)
has lower UV absorbance than the control group (Au-BSA-CUR-cen) at
both 401 nm and 530 nm. This suggests that some of the conjugates are
lost during the first centrifugation, resulting in a decrease in the total
amount of conjugates. On the other hand, by comparing the absorbance
intensity of the supernatants of the two samples, we can also find that
the intensity of the control group (Au-BSA-CUR-cen supernatant) is
significantly lower, indicating that more drug is adsorbed by Au-BSA
conjugates. Indeed, the presence of excess BSA in the solution can also
enhance the stability of Au-BSA conjugates, possibly due to a steric
hindrance effect. In general, centrifugation not only leads to sample loss
but also affects sample stability and drug uptake. Therefore, minimizing
centrifugation steps during sample preparation can enhance the stability

of the drug carriers and prevent a reduction in drug loading efficiency
due to loss of conjugates.

3.2. Size characterization

To gain deeper insights into the effects of centrifugation at different
stages of sample preparation and the stability of the synthesized bio-
conjugates, careful size measurements were performed at each stage
using offline DLS and online MALS coupled to AF4. The samples were
purified using two distinct separation methods, centrifugation and AF4,
before performing DLS measurements, as shown in Table 2 (the regu-
larization plots are shown in Fig. S3).

Notably, the hydrodynamic radius (Rh) of the samples obtained
through the gentle separation method (AF4) is close to with the theo-
retical values, showing improved stability even one week later.
Conversely, samples purified by centrifugation show an increase in Rh.
Harsh purification methods not only compromise sample stability but
also alter its inherent properties during the resuspension process.

Table 2

Size information from DLS and MALS. Rg from online AF4-MALS; Rh (Centri-
fuge) from DLS of samples purified by centrifugation; Rh (AF4) from DLS of
samples collected from AF4; Rg/Rh: shape factor).

Sample name Rg Rh (Centrifuge, Rh (AF4, Rg/
(nm) nm) nm) Rh
AuNPs 7.4 12.7 11.2 0.66
AuNPs-BSA 12.20 20.31 19.40 0.63
Au-BSA-CUR 13.50 21.20 19.90 0.68
Au-BSA-CUR (one week 13.20 27.41 18.94 0.70

later)
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Therefore, simplifying the centrifugation step in the synthesis process is
considered more advantageous for subsequent applications as it pre-
serves the natural characteristics of samples.

To further verify the accuracy of the results, we performed SEM tests
on the AuNPs and AuNPs-BSA bioconjugates after centrifugation, as
shown in Fig. 2. By comparing the two samples, we found that AuNPs
with exposed surfaces tend to aggregate in solution, and no obvious gaps
can be observed in the local magnified image (Fig. 2 A inset). In contrast,
BSA-protected AuNPs exhibit relatively high monodispersity and remain
more uniformly distributed even after drying, which may contribute to
the steric hindrance effect of BSA. Therefore, from this perspective, BSA
was successfully attached to the surface of the AuNPs, which signifi-
cantly improved the stability of the sample. It is worth mentioning that
the sample size obtained by SEM examination is closer to the data ob-
tained by MALS measurement, indicating that the online coupled MALS
detector can maximize the accuracy of sample size information under in
situ conditions.

3.3. AF4 characterization of drug loading on the Au-BSA bioconjugates

As a soft separation method, AF4 provides a more intuitive way to
monitor the samples in situ without changing their original properties.
At the same time, by combining online multi-detectors, DAD and MALS,
we can easily distinguish them and analyze their size distribution and
shape information. The Au-BSA mixture sample and the Au-BSA-CUR
mixture sample (room temperature and 37 °C) were directly injected
into the AF4 system. Initially, when curcumin reacts with the Au-BSA
conjugates, its maximum absorbance wavelength shifts from 435 to
401 nm. Hence, 401 nm is used as the primary monitoring wavelength to
show the spectral changes before and after drug loading. Meanwhile,
280 and 530 nm serve as important internal references to track the
stability of Au-BSA conjugates.

In the case of the Au-BSA mixture, based on size information, BSA
was expected to be eluted first from the channel, followed by the Au-BSA
conjugates. As shown in Fig. 3 A, BSA and its dimer were eluted at 7.5
min and 9 min, respectively (280 nm), while the Au-BSA conjugates
were eluted at 17.5 min (280 nm and 530 nm), which demonstrates the
successful synthesis of Au-BSA conjugates. For the Au-BSA-CUR mixture
sample at room temperature, the chromatograms changed at both 280
nm and 401 nm, as shown in Fig. 3 D. Compared to the pre-drug loaded
state, the fractogram at 401 nm revealed new peaks corresponding to the
elution region of BSA (7.5 min and 9 min), implying not only the suc-
cessful adsorption of curcumin on BSA but also the loading on the Au-
BSA conjugates surface. However, we also observed an absorbance
peak between 10 and 15 min, which never appeared before. Through
three-dimensional (3D) and two-dimensional (2D) spectral analysis of
both samples (Fig. 3B and C and Fig. 3 E, F), we can confirm that there is
no characteristic absorbance of AuNPs and BSA in this region, but the
unique spectrum of curcumin. Therefore, this peak is attributed to
sample precipitation caused by the hydrophobicity of curcumin at room
temperature or insufficient stirring.
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Further studies were performed by placing the mixture sample in a
37 °C water bath with constant stirring. During re-injection we found
that not only the drug deposition peak disappeared, but also the ab-
sorption intensity at each wavelength was improved, as shown in Fig. 3
G and 3H. To better understand the drug loading and release, we
introduced for the first time the absorbance ratio (A401 nm/As530 nm) as an
index to judge the amount of drug on the surface of conjugates. In
previous work, we have repeatedly verified that the ratio (A401 nm/As30
nm) is a constant for Au-BSA conjugates, 0.54 &+ 0.01 (n > 3). Under fixed
conditions, the ratio can potentially reach up to 0.77 £+ 0.01 (n > 3).
Furthermore, during multiple synthesis processes, we found that even if
the conjugate partially aggregates due to external conditions, the ratio
remains stable until the drug release. Therefore, the comparative anal-
ysis between AF4-DAD versus traditional centrifugation followed by UV
monitoring underscores the unique advantages of AF4-DAD in the
context of characterizing Au-BSA-CUR carriers in the mixture, while the
centrifugation-UV monitoring fails to detect a decrease in loading effi-
ciency (A401 nm/As30 nm = 0.64) due to hydrophobic drug aggregation.
In addition, drug aggregates cannot be filtered by the AF4 membrane,
and their presence is expected to be identified during the subsequent
drug release process, which is more conducive to our understanding of
the behavior of hydrophobic drugs during delivery and release.

For comparison with the UV characterization data, we also per-
formed AF4 characterization on the Au-BSA-CUR mixture sample
retained for one week. As the storage time increases, the signal intensity
of the sample is inevitably affected, and its retention time is also slightly
shifted. Furthermore, by plotting the size as a function of distribution
and cumulative, the stability and behavior of samples in the solution at
different stages becomes more visible, as shown in Fig. 4. The gyration
radius (Rg) of both Au-BSA conjugates and Au-BSA-CUR drug carriers
are concentrated at 10-13 nm, except for the drug carriers where a small
part of nanoparticles with Rg higher than 15 nm exist (<5 %). However,
when the sample was kept at room temperature for one week, their size
distribution becomes broader and more than 50 % particles have Rg less
than 10 nm, which means the drug carriers dissociates and aggregates
significantly in solution. Notably, this critical information related to
drug quantification cannot be obtained by UV characterization and
offline DLS characterization. Therefore, the potential applications of the
AF4 multi-detector system in the field of drug release and real-time
monitoring are more prominent.

3.4. Effects of experimental conditions on curcumin

The limited bioavailability of curcumin is primarily attributed to its
hydrophobic nature, which leads to instability in aqueous solutions and
rapid hydrolysis with subsequent molecular fragmentation under
physiological pH conditions [31]. Surprisingly, despite these challenges,
the degradation products of curcumin exhibit greater aqueous solubility
compared to curcumin itself, and they exhibit similar biological activ-
ities in addressing various diseases [32]. Consequently, whether the
inherent low stability of curcumin is a drawback or an advantage

Fig. 2. The SEM imaging of (A) AuNPs (insert: local magnified image: scale bar 100 nm) and (B) Au-BSA sample after centrifugation.
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remains unclear. However, the degradation will be a challenge to
accurately monitor drug release profile. Therefore, it is extremely
necessary to detect the UV spectral changes of curcumin in the solution
under release conditions, which will help us locate the sample absorp-

tion band during the monitoring process.

Pure curcumin of different concentrations was dispersed in a DMSO/
water (1:4) solvent mixture and then tested under identical conditions,
with one group exposed to light for 24 h and the control group protected
from light, as shown in Fig. S4. Under light-proof conditions, the UV
absorbance spectrum of the sample barely changed within 24 h, while
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under light-exposure conditions, the signal at 401 nm was attenuated by
up to 60 %. However, it is noteworthy that the absorbance at 270 nm
increases under illumination conditions. Considering the structure of
curcumin, the peak at 270 nm corresponds to the absorbance band of its
degradation products, Fig. 5 B [32]. Therefore, the effect of light on the
drugs is significantly greater than the degradation of the drugs in
aqueous solution. Under light-proof conditions, the drug can remain
stable in the mixed solution for 24 h, which is crucial for using the AF4
multi-detector platform to accurately monitor the drug release curve.

In addition, to study the diffusion behavior of the drug, 1 mL of pure
curcumin (0.1 mg/mL) was placed in a dialysis bag and placed it in the
reservoir (10 mM PB, pH 7.4) to observe whether meaningful absor-
bance band would appear in the reservoir after a period of time. Unlike
the conditions in the light experimental study, the reservoir used here
does not contain any organic solvents. As shown in Fig. 5 A, the UV
absorbance intensity at 270 nm of the sample extracted from the
reservoir gradually increases over time and eventually stabilizes. Simi-
larly, the absorbance at 401 nm follows the same increasing trend. We
observed that the UV spectrum of the solution extracted from the
reservoir shows absorption features of curcumin (270 nm and 401 nm),
although they were not entirely consistent with the original. This sug-
gests that the sample underwent rapid degradation after diffusion into
the external reservoir, ultimately resulting in its degraded form, which is
determined by the properties of curcumin.

When the impact of experimental conditions on curcumin is fully
understood, it becomes easier to make accurate judgments regarding the
data collected during the monitoring process. Although the samples
degraded after diffusion, we can still monitor their presence by
measuring the absorbance at 270 nm or 401 nm, since both wavelengths
exhibit the same growth trend. The absorption at 401 nm might corre-
spond to different intermediates or partially degraded forms of the drug
compared to those at 270 nm.

3.5. Invitro drug release

In the next stage of drug release, we adopted a dialysis bag-assisted
release model, as it is a standard procedure for these kind of evalua-
tions, and it can lead to simultaneous benchmark characterization of
release and evaluation of our platform performance [34-37]. In this
setup, we monitored both the real-time drug release curves and the
diffusion curves of the Au-BSA-CUR carriers at different temperatures.
These spectral signatures provide evidence that the original drug com-
pound undergoes chemical changes before or during the diffusion pro-
cess, resulting in the presence of its degraded form in the solution, as
shown in Fig. 6. The 200-300 nm region is often crowded with over-
lapping peaks from various substances, including solvents and other
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potential contaminants, suggesting that absorbance at 270 nm may not
be sensitive enough to detect small differences in diffusion amounts at
these temperatures. By converting the absorbance intensity at 401 nm
into drug diffusion percentage, we can construct a drug diffusion profile,
as shown in Fig. 6 D. As expected, higher temperatures facilitate drug
diffusion, allowing diffusion equilibrium to be reached within 10 h,
while at lower temperatures, equilibrium may be delayed to 24 h or
longer.

To further ensure the accuracy of the experiment, we also monitored
the trend of the absorbance intensity at 270 nm over time at different
temperatures, as shown in Fig. S5. The changes in absorbance intensity
at 270 nm showed a similar trend to that at 401 nm. However, the
observation that the total amount of drug diffusion at different tem-
peratures (20 °C and 30 °C) shows minimal variation using 270 nm
absorbance suggests that temperature may not be the only factor within
this range. In other words, this temperature-dependent drug diffusion is
understandable; however, the existing data do not allow us to determine
whether the degradation rate of the drug also influences the diffusion
process. These data not only suggest the presence of a potentially stable
and robust release mechanism from drug carrier solutions but also un-
derscore the need to explore additional conditions or employ alternative
monitoring methods to fully understand the diffusion process.

3.6. AF4 multi-detector platform for drug release profile

The observation that the total amount of drug diffusion at different
temperatures (20 °C and 30 °C) shows minimal variation using 270 nm
absorbance suggests that temperature may not be the only factor within
this range. This indicates a potentially stable and robust release mech-
anism but also highlights the need to explore other conditions or
monitoring methods to gain a more complete understanding of the
diffusion process. Therefore, we simultaneously monitored the sample
release behavior from the surface of Au-BSA-CUR carriers by extracting
samples from the dialysis bag at the same time points and injecting them
into the AF4 multi-detector system. AF4 allows for real-time monitoring
of the release process, providing immediate insight into the kinetics of
drug release from the Au-BSA-CUR carrier. This dynamic analysis can
not only help establish a real-time drug release curve but also simulta-
neously track the behavior of the released drug in the solution, providing
a more comprehensive understanding of the drug diffusion data.

Real-time assisted monitoring using the AF4 multi-detector platform
allows us to gain a multifaceted understanding of the behavior of drug
carriers under release conditions, as shown in Fig. 7. The wavelengths of
530 nm (Fig. 7A-C, and E) and 401 nm (Fig. 7B-D, and F) were used to
monitor the stability of drug carriers and to investigate possible drug
aggregation phenomena, respectively. As presented in Fig. 7A-C, and E,
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Fig. 5. (A) The UV spectra of samples extracted from the reservoir (10 mM PB, pH 7.4) at different time points. (B) The main structural forms of curcumin and its

degradation products (drawn using Chemdraw 19.0).
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the stability in size distribution and retention time indicates that the
carrier maintains its structural integrity and does not degrade or change
its properties over the range of temperatures studied, which is crucial to
ensure consistent drug release profiles. In addition, a stable size distri-
bution ensures that each carrier particle behaves similarly, resulting in
uniform release rates and better predictability in drug delivery. It is
worth noting that at 20 °C, the signal at 530 nm decayed after 48 h
(Fig. 7 E), but no impurities or meaningful signal peaks appeared in the
chromatography, indicating that the sample was partially aggregated in
the dialysis bag, which can also visible in the dialysis bag. The reliable
performance and size distribution observed before 48 h provide valuable
data on the initial drug release. In contrast, at 37 °C, the signal at 530 nm
did not decay, but impurity peaks appeared at 48 and 52 h. These im-
purity peaks were not present before this time and were also observed in
the 401 nm chromatogram. Therefore, we attributed them to system-
induced impurity peaks or partial sample carryover caused by multi-
ple injections, but it did not affect the experiment.

The distinct differences in chromatogram behavior at 401 nm at
different temperatures highlight the importance of temperature in
influencing drug release and degradation processes, as shown in
Fig. 7B-D, and F. It is particularly noteworthy that new peaks appeared
in the 10-15 min range below 30 °C, and 20 °C (red dotted box in Fig. 7
D and F). These peaks correspond to the locations where drug aggregates
were observed, as discussed in the previous section. In the discussion, we
noted that this peak can be avoided during the synthesis process by
ensuring sufficient stirring and maintaining a 37 °C water bath, which
can help to prevent aggregation and thereby improve drug loading ef-
ficiency. However, the results of the actual monitoring process indicated
that, despite using a water bath at the appropriate temperature and
ensuring sufficient stirring, the aggregation peaks persisted in these
samples. We believe that drugs released from the surface partially

aggregate at lower temperatures due to hydrophobic effects and grad-
ually degrade over time, while at higher temperatures, the aggregation
is not obvious and is replaced by rapid degradation. Based on these
analyses, the slower diffusion and longer time to reach diffusion equi-
librium at lower temperatures can be attributed to both thermodynamic
factors and the aggregation of curcumin.

The main peak signals showing a decreasing trend indicate that there
is a reduction in the concentration of the primary drug component on
the surface of Au-BSA-CUR carriers. By taking the ratio of absorbance at
401 nm-530 nm (A 401 nm/A 530 nm), vVariations due to baseline drift or
overall signal intensity changes can be normalized, making it easier to
detect relative changes in the drug concentration, as shown in Fig. 8.
Comparing drug diffusion, the drug release phase can be completed
within 10 h, regardless of the temperature, while the total amount of
drug released and the rate of release differ significantly between lower
and higher temperatures. Therefore, rapid drug release of the at low
temperatures, coupled with slower diffusion into the external solution,
leads to partial aggregation due to hydrophobic interactions. This un-
derstanding highlights the importance of considering both the release
kinetics and diffusion dynamics in the formulation and storage of drug
delivery systems. Of particular note is that the drug is not fully released
under any temperature conditions. During subsequent long-term moni-
toring, the release factor (A 401 nm/A 530 nm) tends to stabilize, indicating
that the drug has not undergone further degradation on the carrier
surface. This conclusion is supported by UV spectrum analysis at the
corresponding time points, where the peak at 270 nm remains stable
(Fig. 6). With a ratio of 0.77 as full load, the maximum drug release that
can be achieved at 37 °C is 34.8 %.
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4. Conclusion

In summary, we have successfully developed a competitive strategy
for real-time in-situ characterization of the drug release profile based on
the AF4 multi-detection system. By combining detailed offline charac-
terizations (such as DLS and UV-Vis spectroscopy) with advanced online
characterizations (such as DAD and MALS), this study successfully
optimized the drug carrier synthesis and characterization process and
established a unified evaluation standard for subsequent drug release
profile monitoring. Firstly, the combination of online MALS and offline
DLS measurements highlighted the effect of centrifugation on the size
distribution and stability of drug delivery systems. The real-time size-
resolved sample information provided by AF4 helped to identify the
subtle differences in the drug delivery system’s resistance to different
conditions during the monitoring process. In addition, the comparative
analysis between AF4-DAD and traditional centrifugation followed by
UV monitoring underscores the unique advantages of AF4-DAD in the
context of characterizing Au-BSA-CUR carriers in the mixture, while the
centrifugation-UV monitoring fails to detect a decrease in loading effi-
ciency due to hydrophobic drug aggregation. These advantages make

10

AF4-DAD-MALS a more reliable and insightful technique for studying
the stability, loading efficiency, and release dynamics of nanoparticle-
based drug delivery systems. Therefore, in the second phase, the real-
time drug release profile was successfully constructed by plotting the
ratio A 401 nm/A 530 nm versus time. The results highlight the rapid
release of hydrophobic drugs at different temperatures (within 10 h) and
the inevitable aggregation behavior at low temperatures (30 °C and
20 °C), which will directly affect the further diffusion and degradation of
the drugs. Furthermore, the establishment of drug diffusion curves also
confirms the unreliability and unpredictable errors of real-time moni-
toring of easily degradable drugs using UV monitoring techniques.
Overall, this work demonstrates the ability of the AF4 multi-detector
technique to provide detailed, real-time and in-situ analysis, making it
a powerful tool for the development and optimization of drug delivery
systems. In the future, the tailoring of the release media of the most
promising bioconjugates, with an “in silico” perspective, could also
support release studies in simulated body fluids.
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Fig. 8. Drug release profile of Au-BSA-CUR carriers under different tempera-
ture. The factor A 401 nm/A 530 nm (Maximum signal absorbance of nanocarriers
at 401 nm and 530 nm).
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