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A B S T R A C T   

To improve the reliability of in vitro release studies of drug delivery systems, we developed a novel in vitro 
method for the evaluation of drug release from polymeric micelles in complex biological media. Polymeric 
micelles based on poly(N-2-hydroxypropyl methacrylamide)-block-poly(N-2-benzoyloxypropyl methacrylamide) 
(p(HPMAm)-b-p(HPMAm-Bz)) of which 10% of the chains was functionalized with biotin at the p(HPMAm) 
terminus were prepared using a solvent extraction method. The size of the micelles when loaded with a hy-
drophobic agent, namely paclitaxel (a clinically used cytostatic drug) or curcumin (a compound with multiple 
pharmacological activities), was around 65 nm. The biotin decoration allowed the binding of the micelles to 
streptavidin-coated magnetic beads which occurred within 10 min and reached a binding efficiency of 90 ± 6%. 
Drug release in different media was studied after the magnetic separation of micelles bound to the streptavidin- 
coated beads, by determination of the released drug in the media as well as the retained drug in the micellar 
fraction bound to the beads. The in vitro release of paclitaxel and curcumin at 37 ◦C in PBS, PBS containing 2% v/ 
v Tween 80, PBS containing 4.5% w/v bovine serum albumin, mouse plasma, and whole mouse blood was highly 
medium-dependent. In all media studied, paclitaxel showed superior micellar retention compared to curcumin. 
Importantly, the presence of serum proteins accelerated the release of both paclitaxel and curcumin. The results 
presented in this study show great potential for predicting drug release from nanomedicines in biological media 
which in turn is crucial for their further pharmaceutical development.   

1. Introduction 

Polymeric micelles are widely investigated for their potential to 
incorporate a wide range of poorly water-soluble drugs to improve 
safety and therapeutic efficacy [1–4], and several formulations have 
been approved for clinical use in cancer therapy, e.g., the Cremophor- 
free based formulation of paclitaxel, in particular, Genexol-PM and 
Apealea [5]. Polymeric micelles are appreciated to i) protect the 
encapsulated drug against degradation and metabolic conversion upon 
administration, ii) prolong blood circulation and tumor accumulation, 
iii) release the drug in a sustained and controlled manner at specific 
systemic sites, and ultimately, iv) increase the therapeutic index of 

hydrophobic drugs. In vitro stability and drug release studies (also called 
dissolution kinetics) are key parameters in the (pre-)clinical evaluation 
of nanomedicines. 

Present drug release assays for nanocarriers are commonly per-
formed using separation or dialysis methods [6–8]. In the separation 
method, nanoparticles are dispersed in release media and incubated 
under constant agitation at physiological temperature. The media with 
the released drug are subsequently separated from the nanoparticles 
using centrifugation, size-exclusion chromatography (SEC), or field-flow 
fractionation (FFF). However, the complete separation of the nano-sized 
particles from the release media is challenging, particularly in complex 
media such as blood, leading to inaccurate determination of the released 
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drugs. In the dialysis method, nanoparticles are transferred into a dial-
ysis bag containing a certain release medium. The nanoparticles are 
retained in the dialysis bag, whereas the released drug diffuses through 
the dialysis membrane to the external phase containing the same release 
medium that is frequently sampled for quantitative analysis of the drug 
concentration. The dialysis membrane itself functions as a diffusion 
barrier, however, precipitation of released drugs in the bag and 
adsorption to the bag may occur. Consequently, the amount of drug 
determined in the bulk solution does not properly reflect the release 
profile of the investigated nanoformulation [9,10]. 

Besides the type of release assay, the selection of appropriate release 
media is also an important consideration. Phosphate buffered saline 
(PBS) is the most used medium for drug release studies. However, to 
maintain sink conditions, defined as the volume of the selected medium 
which can dissolve at least three to ten times the amount of drugs pre-
sent in the dosage form [11], an exceedingly large volume of buffer or 
addition of surfactants is required to solubilize the released hydrophobic 
drugs. The former makes drug quantification difficult due to the low 
concentration [12], and the latter might destabilize polymeric micelles 
resulting in misleading release profiles [13,14]. Moreover, the 
mentioned in vitro assays fail to predict in vivo retention due to the 
complexity of the physiological media such as plasma and blood. For 
instance, the presence of plasma proteins and cells or the formation of 
the protein corona might act as a sink or barrier for the released drug 
[15–20]. 

In the present study, a novel in vitro assay based on biotin- 
streptavidin interaction was developed and validated. Biotinylated 
polymeric micelles loaded with paclitaxel and curcumin were employed 
for evaluation of their release properties in different media. Micelles 
based on poly(N-2-hydroxypropyl methacrylamide)-block-poly(N-2- 
benzoyloxypropyl methacrylamide) (p(HPMAm)-b-p(HPMAm-Bz)) 
were selected because of their good stability and drug loading capacity 
[21,22]. Biotin, also known as vitamin B7, binds to biotin receptors, 
which are (over)expressed by certain cells, such as lung cancer cells 
[23], and when decorated on the micelle surface, it can thus potentially 
be used as a targeting ligand. Moreover, biotin binds to the protein 
streptavidin with high affinity [23]. Therefore, in the present study, this 
strong interaction was exploited to capture drug-loaded biotinylated 
micelles from media (from PBS to whole mouse blood) using 
streptavidin-coated magnetic beads. This method allows determining 
simultaneously both the amount of drug released in the different media 
as well as the amount of drug still retained in the micelles. Overall, this 
study aimed to validate the novel in vitro release method based on bio-
tinylated polymeric micelles loaded with paclitaxel and curcumin using 
streptavidin-coated magnetic beads to get insights into the drug reten-
tion capability of micelles in biological fluids. 

2. Materials and methods 

2.1. Materials 

Streptavidin-coated magnetic beads (cat# BM551) dispersed in 
phosphate-buffered saline (pH = 7.5) containing 0.1% bovine serum 
albumin with EDTA and sodium azide were purchased from Bangs labs 
(Fishers, IN, USA). The characteristics are given by the supplier as fol-
lows, mean diameter = 1.5 μm, binding capacity = 2 μg biotin per 1 mg 
beads, and particle concentration = 5 mg/mL. Paclitaxel (PTX, cat# 
P9600) was supplied by LC labs (Woburn, MA, USA). Curcumin (cat# 
C7727), bovine serum albumin (BSA, cat# A7030, fatty acid-free), and 
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, cat# 
H7006) were purchased from Sigma-Aldrich (Zwijndrecht, the 
Netherlands), and dimethylformamide (DMF, cat# 041933) and aceto-
nitrile (ACN, cat# 012013) were from Biosolve (Valkenswaard, the 
Netherlands). RC membrane syringe filters (0.45 μm, cat# AF0–2123- 
51) were supplied by Phenomenex (Utrecht, the Netherlands). Magnetic 
rack (DynaMag-2 Magnet, cat# 12321D), Spectra/Por dialysis 

membrane (MW 6–8 kDa, cat# 11495839), and phosphate-buffered 
saline (PBS, pH = 7.4, containing 11.9 mM phosphate, 137 mM so-
dium chloride, and 2.7 mM potassium chloride, cat# BP2438–20) were 
purchased from Thermo Fisher Scientific (Landsmeer, the Netherlands). 
Polysorbate 80 (Tween 80, cat# T164–500) was ordered from Fisher 
Scientific (Loughborough, Leicestershire, UK). Block copolymers p 
(HPMAm)-b-p(HPMAm-Bz) with or without biotin conjugated to the p 
(HPMAm) terminus, as well as Cy3-labeled block copolymers, were 
synthesized and characterized as previously reported (characteristics 
given in Table S1) [21]. Mouse blood from C57BL/6 J mice was 
collected into EDTA-containing (0.184 M) tubes and plasma was pre-
pared by centrifugation at 1000 g for 15 min at 4 ◦C. 

2.2. Preparation and characterization of biotinylated polymeric micelles 

Empty biotinylated p(HPMAm)-b-p(HPMAm-Bz) micelles co-labeled 
with Cy3 were prepared by a solvent extraction method [21]. In detail, 
20 mg of polymers, comprising nonbiotinylated polymer (entry 1 in 
Table S1), biotinylated polymer (0, 2.5, 5, 10, 15, and 20%, respectively; 
entry 2 in Table S1) and Cy3-labeled polymer (2.5%; entry 3 in Table S1) 
were dissolved in 1 mL of DMF. Subsequently, the polymer solution was 
transferred into 1 mL of Milli-Q water while stirring for 1 min. DMF was 
subsequently removed by dialysis in a Spectra/Por dialysis membrane 
with a molecular weight cutoff of 6–8 kDa followed by filtration through 
a 0.45 μm RC membrane syringe filter. 

Drug-loaded biotinylated p(HPMAm)-b-p(HPMAm-Bz) micelles 
were prepared using the same method as for the empty micelles. In brief, 
18 mg of nonbiotinylated polymer (entry 1 in Table S1), 2 mg of bio-
tinylated polymer (entry 2 in Table S1), and drug (0.6 or 2 mg of PTX, or 
2 mg of curcumin) were dissolved in 1 mL DMF. Micelles were formed 
and dialyzed as described above for empty micelles. 

The size of the obtained biotinylated polymeric micelles was deter-
mined by dynamic light scattering (DLS) after 10-fold dilution in water 
at 25 ◦C using a Zetasizer Nano S 173 (Malvern Instruments, Malvern, 
Worcestershire, UK). The Z-average diameter (Zave) and polydispersity 
index (PDI) were calculated by the Zetasizer software v.7.13. The zeta- 
potential of the biotinylated micelles was measured after 10-fold dilu-
tion in 10 mM HEPES buffer, pH = 7.4, using a Zetasizer Nano Z 
(Malvern Instruments). 

To determine the amount of the loaded drug, the micellar aqueous 
dispersions were diluted 10-fold with ACN to destabilize the micelles, 
and the dissolved PTX or curcumin was subsequently quantified by 
HPLC (Waters Alliance System). HPLC methods for the detection and 
quantification of these two compounds can be found in section 1 of the 
Supporting Information (SI). The encapsulation efficiency (EE) and 
loading capacity (LC) were calculated by the following formulas: 

EE(%) =
weight of loaded drug

weight of drug used for loading
× 100%  

LC(%) =
weight of loaded drug

weight of loaded drug + weight of loaded polymer
× 100%.

The concentration of the micelles was measured by thermogravi-
metric analysis (TGA) using a TA instrument Q50 (Waters, Milford, MA, 
USA). In detail, 50 μL of homogenized micelle dispersion was transferred 
into a tared aluminum pan, followed by heating from 20 to 120 ◦C at 
20 ◦C/min with an isothermal hold time of 100 min. The maximum 
temperature was far below the degradation temperature of PTX (220 ◦C) 
and curcumin (180 ◦C) [24,25]. A sample of dry polymer, analyzed for 
comparison, displayed no mass loss, indicating the stability of p 
(HPMAm)-b-p(HPMAm-Bz) up to 120 ◦C. 

2.3. Binding kinetics and binding efficiency of biotinylated polymeric 
micelles to streptavidin-coated magnetic beads 

To determine the binding kinetics of biotinylated micelles on 
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streptavidin-coated magnetic beads, nine aliquots of 13 μL of bio-
tinylated micelles labeled with Cy3 (prepared as described in section 
2.2; weight fraction of biotinylated polymer was 10%), corresponding to 
nine different time points, were mixed with 55 μL prewashed beads 
suspension dispersed in 117 μL of PBS resulting in a molar ratio of 
streptavidin/biotin (S/B) of 1.3:1. Nonbiotinylated micelles were used 
to study possible nonspecific binding to the beads. Subsequently, the 
mixtures were incubated under constant agitation for 0.5 (set as 100% 
fluorescence signal), 5, 10, 20, 30, 60, 120, 240, and 960 min at 4 ◦C. 
The incubation temperature was chosen to avoid any preliminary drug 
release from the micelles. Next, the samples were placed in a magnetic 
rack for 1 min resulting in forced sedimentation of the beads. The su-
pernatants were collected and diluted with DMF (1:1, v/v) for fluores-
cence measurement with excitation and emission wavelengths of 555 
and 570 nm, respectively (model FP-8300, JASCO, Hachioji-shi, Tokyo, 
Japan). To the bead fractions, 130 μL of DMF was added to destabilize 
the captured biotinylated micelles, and an equal volume of PBS was 
added prior to fluorescence measurement. The Cy3 fluorescence signals 
in the supernatant and the bead fraction were taken as the amount of the 
unbound and bound micelles, respectively. A calibration curve was 
obtained by diluting Cy3-labeled biotinylated micelles in DMF/PBS (1:1, 
v/v) at concentrations between 10 and 400 μg/mL. 

To determine the binding efficiency of biotinylated micelles to 
streptavidin-coated magnetic beads, nine aliquots of 13 μL of Cy3- 
labeled micelles with different weight fractions of the biotinylated 
block copolymers (0, 2.5, 5, 10, 15, and 20%, respectively), corre-
sponding to nine different amount of beads in the tubes, were mixed 
with 0 (set as 100% fluorescence signal), 5, 15, 25, 35, 45, 55, 65, and 
75 μL prewashed beads suspension in 117 μL of PBS, corresponding to 
molar ratios of streptavidin/biotin ranging from 0 to 7, respectively, 
followed by incubation under constant agitation for 10 min at 4 ◦C. 
Subsequently, the different samples were placed in a magnetic rack for 1 
min, and the amount of free and captured biotinylated micelles was 
determined by fluorescence measurement of the supernatant and beads 
fraction. 

2.4. In vitro drug release from biotinylated polymeric micelles associated 
with streptavidin-coated magnetic beads 

The release study was conducted using drug-loaded biotinylated 
micelles in five different media, namely PBS, PBS containing 2% v/v 
Tween 80, PBS containing 4.5% w/v fatty acid-free BSA, mouse plasma, 
and whole mouse blood. Tween 80 is a surfactant that can solubilize the 
released compound and therefore act as a sink for hydrophobic com-
pounds in aqueous environments. PTX solubility in PBS containing 2% 
v/v Tween 80 was reported to be 70 μg/mL (>210× the solubility in 
PBS) [26], whereas curcumin solubility in PBS/2% v/v Tween 80 was 
measured to be 28 μg/mL (>2500× solubility in PBS) [27]. In the 
release assay, the selected volume of PBS/2% Tween 80 (240 μL for 10% 
drug feed) was sufficient to solubilize the entire dose of PTX (4.8 ± 0.1 
μg) and curcumin (4.9 ± 0.1 μg) present in the micellar formulation. 
Albumin is a transporter/solubilizer for a great variety of both endog-
enous ligands such as fatty acids and drugs including paclitaxel and 
curcumin [28–30], and therefore fatty acid-free BSA was used to solu-
bilize the released drug and thus maintain sink conditions. Since one 
albumin contains two PTX/curcumin-binding sites [29,31], the molar 
ratio of albumin/drug used in this assay was more than sufficient to 
solubilize the dose of drug initially present in the micelles (Table S2). 

The release of the drugs was studied as follows: 9 aliquots of 13 μL of 
drug-loaded micelles containing 10% biotinylated polymers (3 or 10% 
PTX feed, or 10% curcumin feed), corresponding to nine different time 
points, were mixed with 55 μL prewashed beads which were dispersed in 
117 μL of PBS (Fig. 2). After constant agitation for 10 min at 4 ◦C, the 
tubes were placed in a magnetic rack for 1 min causing the beads to 
move to one side of the Eppendorf tubes. The supernatants, possibly 
containing non-bound micelles and non-encapsulated drugs, were 

discarded. Predetermined volumes of release medium PBS, PBS/Tween 
80, PBS/BSA, mouse plasma, and whole mouse blood (240 μL for 10% 
drug feed, 130 μL for 3% drug feed) were added to the beads and the 
samples were subsequently incubated at 37 ◦C under constant agitation. 
After 0.5 (set as 100% drug content), 15, 30, 60, 120, 240, 360, 1440, 
and 2880 min, sample tubes were placed in a magnet rack for 1 min. The 
supernatants containing the released drug were collected and diluted 
with ACN (1:1, v/v). In the case of serum protein-containing media 
(PBS/BSA, mouse plasma, and mouse blood), the precipitated albumin 
and/or other plasma proteins were centrifuged at 12000 g for 10 min 
prior to HPLC analysis. The method was validated by spiking PBS/BSA, 
mouse plasma, and whole mouse blood with known amounts of drugs, 
followed by precipitation of proteins and determination of the amounts 
of drugs in the supernatants. Full recovery of the added drug was ach-
ieved in all media (Table S3). Next, 130 μL of ACN was added to the bead 
fractions containing the bound micelles plus their retained drug content, 
to destabilize the micelles. Finally, the drug concentrations were 
quantified by HPLC analysis. The amounts of drugs in the release media 
and the bead fractions were taken as the percentage of drug release and 
drug retention, respectively. The HPLC methods for the detection and 
quantification of paclitaxel and curcumin can be found in the SI. Each 
experiment was repeated three times and data are given as the average 
values based on these three independent measurements. 

3. Results and discussion 

3.1. Characterization of empty and drug-loaded biotinylated polymeric 
micelles 

Empty biotinylated micelles were prepared by solvent extraction 
using DMF as a solvent for p(HPMAm)-b-p(HPMAm-Bz) with or without 
biotin at the p(HPMAm) terminus and water as non-solvent. Table 1 
shows that the hydrodynamic diameter of the obtained micelles con-
taining different percentages of the biotinylated polymer ranged be-
tween 62 and 77 nm with a low polydispersity (PDI ≤ 0.14), 
demonstrating a small size distribution. The micelles had a negative zeta 
potential at pH = 7.4, which is attributed to the carboxylic acid group at 
the terminal end of the polymer chains that is deprotonated at the 
measurement conditions (pH = 7.4, Fig. S2). The zeta potential of the 
micelles became less negative from − 16.2 ± 0.5 to − 9.0 ± 0.7 mV with 
an increasing weight fraction of biotinylated block copolymer from 0 to 
20%, which most likely can be ascribed to the loss of carboxyl groups 
upon biotinylation. 

Table 2 shows that 10% biotinylated micelles loaded with different 
feeds of either PTX or curcumin exhibited similar sizes and poly-
dispersity (~65 nm with PDI ≤ 0.14). The micelles showed good 
encapsulation efficiency (79 ± 4%) and loading capacity (2.6 ± 0.1%) 
at 3% feed of PTX, whereas the encapsulation efficiency was 51 ± 1% at 
10% PTX feed, resulting in a loading capacity of 6.1 ± 0.1%. On the 

Table 1 
Physicochemical characteristics of empty micelles.a  

Weight fraction of biotinylated block 
copolymer (%) 

Zave 

(nm) 
PDI Zeta potential 

(mV) 

0 70 ± 3 0.13 ±
0.02 

− 16.2 ± 0.5 

2.5 63 ± 5 0.14 ±
0.01 

− 14.2 ± 0.3 

5 62 ± 6 0.14 ±
0.01 

− 14.0 ± 0.1 

10 65 ± 2 0.13 ±
0.01 

− 13.9 ± 0.2 

15 77 ± 4 0.10 ±
0.01 

− 12.9 ± 0.4 

20 75 ± 6 0.13 ±
0.01 

− 9.0 ± 0.7  

a Data are presented as mean ± SD of three independently prepared batches. 
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other hand, curcumin was more efficiently loaded in the core of the 
biotinylated micelles at 10% feed with a high encapsulation efficiency 
(82 ± 6%) and a loading capacity of 9.0 ± 0.1%. These results are in line 
with previous studies, in which PTX and curcumin were loaded with 
high encapsulation efficiency into structurally related micelles based on 
poly(ethylene glycol)-b-p(HPMAm-Bz) polymers [6,19,32,33]. 

3.2. Binding properties of biotinylated polymeric micelles 

The binding kinetics and binding efficiency of Cy3-labeled bio-
tinylated polymeric micelles with streptavidin-coated magnetic beads 
were investigated. Our previous study revealed the binding ability of the 
micelles containing 10% biotinylated polymers by cells that overexpress 
biotin receptors [21], demonstrating that the biotin groups are exposed 
at the p(HPMAm) shell of the micelles. Therefore, as expected and 
shown in Fig. 1A, biotinylated micelles also bound to the streptavidin- 
coated beads and reached equilibrium within 10 min. This resulted in 
binding of 90 ± 6% micelles at a molar ratio of streptavidin/biotin (S/B) 
1.3:1. Importantly, nonbiotinylated micelles did not show any affinity 

for the beads upon incubation up to 960 min under the same conditions 
(Fig. S3), nor with increasing amount of streptavidin beads (Fig. S4), 
confirming that observed binding of the biotinylated micelles indeed 
occurred through biotin-streptavidin interactions. 

Previous publications have demonstrated that <25% biotin coverage 
of the surface of polymeric micelles exhibited good surface accessibility 
and efficient cellular uptake through binding to the biotin receptor 
[34–37]. Therefore, the weight fraction of biotinylated polymer in the 
Cy3-labeled micelles was tuned from 2.5 to 20%. Fig. 1B shows that the 
amounts of bound micelles increased with increasing amounts of beads 
added to a fixed concentration of micelles. Surprisingly, this was inde-
pendent of the degree of biotinylation. As shown in Fig. 1C, S/B was 
linearly related to 1/f, in which f is the fraction of biotinylated polymers 
in micelles. As pointed out in section 2 in the Supporting Information, 
this corresponds to a model in which the surface coverage of the beads 
by the micelles is indeed independent of the percentage of biotin on the 
micelles. According to this model, the molar ratio of streptavidin to 
biotin (S/B) was 0.11. Sleiman et al. reported the application of 
streptavidin-coated magnetic beads in the quantification of biotin 
accessibility on the surface of PEGylated luminescent iridium micelles 
[38]. In their study, a biotinylated PEG-based triblock copolymer was 
synthesized, and each polymer has on average one biotin unit at the 
terminal end and thus these micelles were composed of 100% bio-
tinylated polymers. In that case, 24 μg of biotinylated triblock polymer 
(Mn 20,400) was bound to 1 mL beads (1 mg/mL, containing 0.125 μM 
streptavidin). Therefore, 1.18 nmol biotinylated polymer (or biotin) was 
bound to 0.125 nmol streptavidin. The experimental S/B ratio was 

Table 2 
Physicochemical characteristics of drug-loaded biotinylated micelles.a  

Drug and feed Zave (nm) PDI EE (%) LC (%) 

PTX, 3% 65 ± 1 0.10 ± 0.01 79 ± 4 2.6 ± 0.1 
PTX, 10% 65 ± 5 0.14 ± 0.01 51 ± 1 6.1 ± 0.1 
Curcumin, 10% 62 ± 1 0.09 ± 0.01 82 ± 6 9.0 ± 0.1  

a Data are presented as mean ± SD of three independently prepared batches. 

Fig. 1. Binding of biotinylated micelles to streptavidin-coated magnetic beads. (A) Binding kinetics of micelles (with 10% biotinylated polymers) at 4 ◦C in PBS at S/ 
B = 1.3:1 mol/mol. Data are presented as mean ± SD of three independent replicates. (B) Binding efficiency of micelles upon incubation with increasing volume of 
streptavidin-coated magnetic beads (added from a stock solution 5 mg/mL) for 10 min at 4 ◦C in 117 μL PBS. The concentration of micelles was constant, whereas the 
weight fractions of biotinylated block copolymer were varied. Closed symbols represent the percentage of biotinylated micelles bound to the beads, and open symbols 
represent the percentage of unbound micelles. (C) The molar ratio of streptavidin/biotin (S/B) as a function of 1/f, where f is the fraction of biotinylated polymers 
in micelles. 

Y. Wang et al.                                                                                                                                                                                                                                   



Journal of Controlled Release 349 (2022) 954–962

958

0.125/1.18 = 0.11, which is in excellent agreement with our value. In 
our study, the number of streptavidin units that are covered by each 
micelle is equal to 0.11 × Nagg = ~90, assuming an aggregation number 
(Nagg) of 800 [22]. The surface of a projected circle with a diameter of 
70 nm is 3848 nm2 which covers those 90 streptavidin molecules, which 
in turn equals ~42 nm2 per streptavidin molecule assuming that the 
surface of the beads is fully covered with streptavidin. This corresponds 
to a diameter of 7.3 nm for one streptavidin molecule, which is close to 
the previously reported size of streptavidin (4.2 × 4.2 × 5.6 nm) [39]. 

3.3. Drug release from biotinylated polymeric micelles 

To confirm that polymeric micelles do not dissociate in the release 
media nor fuse with components of the media, PBS, PBS containing 2% 
v/v Tween 80, and 4.5% w/v fatty acid-free BSA were incubated with 
drug-loaded biotinylated micelles at 37 ◦C for 48 h. The size of micelles 
was not changed as measured by DLS and Tween micelles (± 20 nm) and 
BSA (± 6 nm) were detected as separate peaks (Fig. S5). As shown in 
Fig. 2, the drug-loaded micelles were pre-captured by the beads after 
incubation at 4 ◦C for 10 min in PBS and subsequent collection by a 
magnetic rack. PBS was then discarded to remove non-encapsulated 
drug molecules or loosely bound drug-loaded micelles. The PTX and 
curcumin in the micelles captured by the beads was 90 ± 3% and 89 ±
3% of the initially loaded drug, respectively (Fig. S6), which is consis-
tent with the binding efficiency of micelles to the beads (Fig. 1A). For the 
release studies, the captured beads containing drug-loaded micelles 
were resuspended in the release medium and incubated at 37 ◦C under 
constant agitation for 48 h. 

3.3.1. Release of PTX from biotinylated polymeric micelles 
Upon incubation in PBS, the amount of PTX retained in the micelles 

first dropped during the first 6 h to 82 and 65%, for micelles with 3 or 
10% PTX feed, respectively, followed by a slight decrease reaching 72 
and 56% after 48-h incubation, respectively (Fig. 3A). After the first 2 h, 
the release medium contained 15–20% of the loaded PTX, and thereafter 
no further increase was observed for the micelles with both 3 and 10% 
PTX feed. This resulted in a mass balance, which is the sum of released 
and retained drug, of 70–90% which can likely be ascribed to PTX 
degradation in the release medium. Representative HPLC chromato-
grams of free and encapsulated PTX in micelles incubated in PBS/BSA 

are shown in Fig. S7. Indeed, we found a major degradation peak in the 
HPLC chromatogram (retention time 6.5 min, UV 227 nm) of released 
PTX, whereas PTX that was retained in the polymeric micelles was 
degraded to a lesser extent at the same time interval. This demonstrates 
that the drug loaded in the hydrophobic core is less degraded than that 
in the solution, which has been reported previously for other combina-
tions of drugs and polymeric micelles [40–42]. Different from the ~20% 
PTX release in PBS observed in the current study, it was reported that 
only 8% of PTX release was observed for mPEG-b-p(HPMAm-Bz) mi-
celles after 48 h incubation in PBS using a centrifugation method [33], 
supporting that this centrifugation method gives an underestimation of 
drug release. The novel drug release model can benefit from a dual- 
parameter metric, i.e., drug release and drug retention. Although the 
released PTX undergoes degradation in PBS, an accurate release profile 
can be provided by measuring the drug retention. Moreover, our release 
method provides additional parameter, i.e., the rate of drug degradation 
in release medium, which could be useful information in nano-
formulation design and application. 

As shown in Fig. 3B, 80% of the loaded PTX was released in the 
medium during the first 4 h incubation in PBS buffer containing 2% v/v 
Tween 80 as a solubilizer. Thereafter the micelles only showed a slow 
release of about 2% during the next 44 h. Analysis of the micelles 
showed that the remaining ~20% of loaded drugs was detected in the 
micelles, indeed meaning that the mass balance was around 100%. 
Compared to our novel release approach, the conventional dialysis 
method showed similar fast PTX release from π- π stacking polymeric 
micelles during the first 2 h incubation in PBS/Tween 80 or PBS/Triton 
X-100, which was followed by a gradual release during the following 7 
days [6,43]. As the released PTX does not undergo degradation in PBS/ 
Tween, drug release profile can be accurately obtained from the dual 
parameter of drug release and retention. Fig. 3B also shows that the 
observed fast release was independent of the initial drug loading. Similar 
observations have been previously reported for other PTX formulations 
upon incubation in PBS/Tween 80 [6,44]. 

A release of 20–25% of the loaded PTX was seen during the first 4–6 h 
of incubation of the micelles in PBS containing 4.5% w/v BSA and 
thereafter further release was hardly observed (Fig. 3C). The same figure 
also shows that around 65% of PTX loading was retained in the micelles 
after 4–6 h of incubation. Our novel release method showed a similar 
PTX release profile from π- π stacking polymeric micelles in PBS/BSA as 

Fig. 2. Schematic illustration of the developed method to study in vitro drug release of drugs from polymeric micelles in complex biological media, using biotinylated 
micelles and streptavidin-coated magnetic beads. The figure was created using BioRender (https://biorender.com/). 
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for the conventional dialysis method [6]. Again, the release profile was 
not dependent on the initial drug loading (3 and 10%). Further, to prove 
that drug release is release medium volume-independent, a release study 
was performed with a fixed volume and concentration of micelles (10% 
PTX loading) using a 2-fold volume of PBS/BSA. As shown in Fig. 3D, the 
PTX release and retention profiles were within the experimental error 
like those in a 2-fold smaller volume of PBS/BSA (Fig. 3C), demon-
strating that sink conditions were valid at both conditions. 

When micelles with 3 and 10% PTX loading were incubated in mouse 
plasma at 37 ◦C, the PTX retention decreased to about 50% during the 
first 6 h, and thereafter gradually decreased to 40% at 48 h. Accordingly, 
up to 50% of the loaded drug was observed in the release medium during 
the first 6 h (Fig. 3E). However, during the next 6 to 48 h of incubation, 
total PTX measured in the medium did not further increase but 
decreased to 30–45%. Eventually, the total mass balance was around 
80% at 48 h for both micelles with 3 and 10% PTX loading, which is 
likely due to the above-mentioned degradation of PTX. 

Fig. 3C and E show that PTX was released faster in mouse plasma 
than in PBS/BSA. Also, the amount of PTX released is higher in plasma 
than that in BSA. It has previously been reported that the photosensitizer 
meta-tetra(hydroxyphenyl)chlorin (mTHPC) was released from benzyl- 
poly(ε-caprolactone)-b-poly(ethylene glycol) micelles in a medium- 
dependent manner using asymmetric flow field flow fractionation 
(AF4) [45]. It was found that the release of mTHPC in human plasma 
occurred faster and to a higher extent than that in human serum albumin 
(HSA), likely due to the high affinity of the photosensitizer for specific 
plasma proteins, i.e., lipoproteins. Kumar et al. reported that, PTX, 

besides to HSA, also binds to alpha 1-acid glycoprotein and lipoprotein 
[46]. Therefore, the presence of these proteins in mouse plasma may 
accelerate PTX release as compared to PBS/BSA as a release medium. 

Upon incubation in whole mouse blood, independent of the initial 
loading, around 50% of the loaded PTX was released from the micelles 
during the first 6 h, and 40–45% of PTX was retained in the micelles after 
48 h incubation, resulting in a mass balance of >90% (Fig. 3F). Hence, 
very similar PTX retention profiles were observed in whole mouse blood 
and plasma (Fig. 3E & F). However, the amount of PTX measured in 
whole blood medium was 1.5-fold higher than that in plasma at 24 h- 
incubation. This discrepancy of PTX released in plasma and whole blood 
requires further investigation. 

3.3.2. Release of curcumin from biotinylated polymeric micelles 
Incubation of curcumin-loaded micelles with 10% loading in PBS at 

37 ◦C showed that 50% of the initial amount was still retained in the 
micelles after 6 h (Fig. 4A). The faster release of curcumin compared to 
PTX is likely due to less compatibility of curcumin with the hydrophobic 
core of the micelles. Thereafter the retained curcumin slowly dropped to 
~30% during the next 42 h. However, no released curcumin was 
detected in PBS, resulting in a mass balance of only 30% at 48 h. Given 
the near insolubility of curcumin in an aqueous solution and poor sta-
bility at pH > 6.5 [47–49], it is plausible that the released curcumin was 
precipitated and/or degraded. Indeed, we did observe curcumin 
degradation products (UV 254 nm) in the chromatogram with retention 
times of 1.50–2.20 min after 48-h incubation (Fig. S8), probably 
including bicyclopentadione as demonstrated by Naksuriya et al. [48]. 

Fig. 3. PTX release and retention profiles. Released and retained PTX were measured (as schematically shown in Fig. 2) by capturing drug-loaded biotinylated 
micelles with streptavidin-coated magnetic beads from various media upon incubation at 37 ◦C under constant agitation (in 240 μL medium for 10% PTX feed, 130 μL 
for 3% PTX feed): (A) PBS, (B) PBS containing 2% v/v Tween 80, (C) PBS containing 4.5% w/w BSA, (D) PBS containing 4.5% w/w BSA (2-fold higher volume), (E) 
mouse plasma, and (F) whole mouse blood. Filled squares represent released PTX, open squares represent retained PTX, and circles represent the total amount of the 
measured PTX (= released + retained PTX). Red symbols represent micelles with 3% PTX feed; black symbols represent micelles with 10% PTX feed. The left arrow 
points to PTX retention; the right arrow points to PTX release. Data are presented as mean ± SD of three independent replicates. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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When PBS was supplemented with 2% v/v Tween 80, loaded cur-
cumin was quantitatively released in the first hour of incubation, and the 
mass balance was ~100% (Fig. 4B). Obviously, the Tween micelles 
solubilized the released curcumin and also protected it against degra-
dation which is in line with our previous findings [48]. 

Fig. 4C shows that when curcumin-loaded micelles were incubated in 
PBS containing 4.5% w/v BSA, 80% of the loaded curcumin was rapidly 
released in the first 1–2 h and 20% of loading was retained in the mi-
celles. This graph also shows that micelles did not release the remaining 
20% curcumin whereas the released amount gradually dropped from 
80% to 60% after 48 h, leading to a mass balance of ~80%. The gradual 
drop is likely caused by the degradation of the albumin-bound curcu-
min. Although one albumin molecule can bind two curcumin molecules 
and protect curcumin against decomposition [19,50], obviously, the 
protection of curcumin degradation by albumin is inferior to that of 
Tween micelles (Fig. 4B & C). Fig. 4D shows that incubation of 
curcumin-loaded micelles at 37 ◦C in plasma also showed a rapid release 
in the first 1–2 h of up to 80% of the loading, and the released curcumin 
was fully degraded within 48 h. Curcumin degradation peaks with 
retention times of 1.50–2.20 min at UV 254 nm were observed in the 
HPLC chromatogram. Around 5% of loaded curcumin was retained in 
the micelles between 2 and 6 h of incubation with plasma and at 48 h no 
curcumin was detected in the micelles. Finally, during the incubation of 
curcumin-loaded micelles in whole blood, the same retention profile for 
curcumin was observed as for plasma (Fig. 4E). It is remarked that the 
degradation rate of curcumin was faster in whole mouse blood than that 
in plasma (Fig. 4D & E). By spinning down the blood cells, ~20% of 
curcumin was observed to be associated with RBCs in the first 6 h-in-
cubation (Fig. 4F), yet the AUC of degradation peaks in RBCs fraction 
also increased within 6 h. This can be possibly explained by the 

redistribution of curcumin from the plasma fraction to the RBCs. These 
results support the instability of curcumin in the presence of albumin 
and particularly erythrocytes, which is in line with previous reports that 
curcumin is distributed into, and metabolized by RBCs in a species- 
dependent manner [51–53]. Our release method provides a useful tool 
to study the association of released curcumin with erythrocytes, which 
will provide useful insights for the investigation of the pharmacokinetics 
and the tissue distribution of curcumin. 

These results show that the curcumin release in PBS/Tween >
plasma ≈ whole blood > PBS/BSA > PBS within 8 h incubation. The 
released curcumin was stabilized by albumin to some extent, and a 
delayed curcumin degradation in PBS/BSA and plasma was seen within 
6 h incubation as compared to curcumin released in PBS (Fig. 4A & C), 
which is in good agreement with a previous publication that the released 
curcumin from mPEG-b-p(HPMAm-Bz) micelles was subsequently sol-
ubilized by albumin as determined by AF4 analysis [19]. Similarly, 
Wang et al. also reported that curcumin degradation was significantly 
reduced in cell culture medium containing 10% fetal calf serum and in 
human blood than in 0.1 M phosphate buffer during 8 h incubation [54]. 
Kee et al. revealed that albumin and fibrinogen are responsible for 
binding curcumin in human plasma, and more importantly, these pro-
teins suppress the hydrolysis of curcumin and thus retard degradation 
[55]. 

4. Conclusion 

A new in vitro method for studying the release kinetics of water- 
insoluble drugs from polymeric micelles in complex biological media 
is described. The proposed “fishing” approach of biotinylated nano-
particles by streptavidin-coated magnetic beads enables the 

Fig. 4. Curcumin release profiles. Curcumin retention and release were measured in various media by capturing drug-loaded biotinylated micelles with streptavidin- 
coated magnetic beads upon incubation at 37 ◦C under constant agitation: (A) PBS, (B) PBS containing 2% v/v Tween 80, (C) PBS containing 4.5% w/w BSA, (D) 
mouse plasma, (E) whole mouse blood, and (F) first 6 h in whole mouse blood. Filled black squares represent curcumin release, open black squares represent 
curcumin retention, and black circles represent the total amount of the measured curcumin. The left arrow points to curcumin retention; the right arrow points to 
curcumin release. Data are presented as mean ± SD of three independent replicates. 
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determination of time-dependent drug retention and release (and thus 
total mass balance) in biological media. Moreover, our results illustrate 
how inappropriate in vitro release media, like PBS and PBS supple-
mented with solubilization agents such as surfactant or BSA, can lead to 
underestimated or overestimated drug release kinetics and profiles, and 
result in a misleading conclusion of drug retention. In this work, we 
demonstrate that this assay allows studying the release of PTX and 
curcumin from polymeric micelles in mouse plasma and whole mouse 
blood in vitro. Since biotinylated polymers and lipids can be easily 
synthesized and are also commercially available, this novel method can 
be extended to other biotinylated nanoformulations in a broad range of 
biological media e.g., homogenate suspensions of tumor tissues, and 
loaded with a wide variety of drugs, both of hydrophobic and hydro-
philic nature. In conclusion, the further development and application of 
the magnetic beads-enabled method potentially improves the reliability 
of the in vitro release assay, thereby facilitating high throughput testing 
of various nanomedicines and reducing the number of animal experi-
ments needed. 
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