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Abstract
A kind of novel thermal and pH stimuli-responsive core-shell microspheres (BSA@PVP) based on bovine serum albumin 
(BSA) have been synthesized via in-situ polymerization of N-vinyl pyrrolidone (NVP), and subsequent self-assembly in  
aqueous solution. The structure and morphology of the BSA@PVP microspheres were characterized by FT-IR, TEM and 
DLS. The changes of size and carried charges in response to temperature and pH value were assessed using UV-Vis spectra 
and DLS. The drug release behaviors were investigated under different conditions. The results indicated that the composites  
have core-shell structure, the diameter is about 0.15-0.35 µm and the negative charges are carried. These microspheres 
exhibited a continuous controllable release of the entrapped doxorubicin hydrochloride (Dox·HCl) for about 50 h. They 
were a kind of potential dual stimuli-responsive drug carrier. BSA@PVP microspheres exhibit high release rate in acidic 
environment that may be helpful to achieving a required placid level and rapidly controlling illness. Accordingly, there is 
a lower release rate in alkaline environment, which may be conducive to avoid the sudden release and maintain plasma 
concentration for a long time.
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Introduction

Bio-polymeric microsphere is a kind of excellent new func-
tional materials in the medical field due to its favorable bio-
compatibility and biodegradability. It can encapsulate large 
quantities of guest matters and release them in a controlled 
manner. As being added the incorporate functional units, it 
can self-test, self-judgment and self-dealing on the whole 
[1–3]. As a smart material [4], it not only plays an impor-
tant role in drug controlled release system [5], but also has 
a considerable prospect in harmful metal ions detection 

[6] and separation [7–9], immunoassay [10], cell separa-
tion [11], advanced cosmetics [12], environment-friendly 
high-performance catalysts [13, 14] and other related fields 
[15–19]. Some methods, such as the self-assembly of block 
copolymers in selective solvent [20, 21], layer-by-layer dep-
osition of polyelectrolytes on sacrificial core [22, 23], and 
microemulsion as well as miniemulsion polymerization [24, 
25], have been developed to fabricate core-shell polymeric 
spheres [26].

Bovine serum albumin (BSA) is a versatile protein. It is 
non-antigenic, biodegradable, and readily available. Albu-
min has been used as materials for preparation of micro-
spheres because it has a remarkable ability to bind a wide 
range of insoluble endogenous and exogenous compounds 
[27–29]. Currently, there have been great interests in exploit-
ing the shuttle protein carrier for the development of novel 
therapeutic reagents used as drug delivery [30, 31] and novel 
hydrophilic carriers [32, 33]. Poly(vinyl pyrrolidone) (PVP) 
is a biodegradable and water-soluble synthetic polymer. It 
can be used to prepare polymeric microspheres in aqueous 
solution [34, 35]. Now, it has attracted more and more atten-
tion in the fields of medicine and pharmaceutics due to its 
ability to bind reversibly various molecules (dyes, metals 
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and some polymers) in solution [36] and excellent biocom-
patibility with living tissue [37] and low cytotoxicity [38].

Temperature and pH value are important factors in physi-
cal, biological and chemical systems, they are vital stimulus 
signals to obtain and operate easily, either. In complex body 
systems, drugs are stimulated by both temperature and pH 
value. Obviously, single factor responsive materials cannot 
meet the functional requirements in biological and pharma-
ceutical fields. Therefore, it is necessary to develop a new 
kind of material which has multiple responses performance 
under different external stimuluses at the same time. As a 
result, temperature and pH value sensitive materials have 
increasingly attracted the attention of researchers.

In this paper, a novel BSA-based microsphere (BSA@
PVP) was prepared via in-situ polymerization of N-vinyl 
pyrrolidone (NVP) and subsequent self-assembly. We 
employ BSA as the biomaterial which has a lot of hydro-
philic groups, such as 116 amino, 99 carboxyl, and vinyl 
pyrrolidone (NVP) as functional monomer. Due to PVP 
chains could dissolve in pure water, the phase transition 
wouldn’t happen if the temperature is lower than the boil-
ing point of water [39]. Therefore, hydrogen bonds or polar 
bonds would be achieved around the albumins’ skeleton by 
absorbing a lot of PVP chains. That can further improve 
the temperature and pH sensitive properties of drug carrier. 
Their structure, morphology and particle size was character-
ized by the Fourier transform infrared (FT-IR), transmission 
electron microscopy (TEM), dynamic light scattering (DLS), 
and ultraviolet–visible (UV-Vis) spectra. Its dual stimuli-
responsive properties to temperature and pH value and con-
trollable drug release behavior have also been investigated.

Experimental

Materials and measurements

BSA was purchased from Shanghai Boao Bio. tech. Co. 
Ltd. Vinyl pyrrolidone (NVP) was obtained from Tianjin 
Guangfu Chem. Res. Inst., and was purified before use. Azo-
bisisobutyronitrile (AIBN) was recrystallized before use. 
Doxorubicin hydrochloride (Dox·HCl) was purchased from 
McLea Bio. Tech. Co. (Shanghai, China). All other reagents 
are analytical grade and were used without further purifica-
tion unless otherwise specified. Double-distilled water was 
used throughout this work.

The chemical interaction between BSA and PVP was 
studied by FT-IR Spectrometer (Alpha-Centauri, Matt-
son, USA). These obtained microspheres were mixed with 
potassium bromide (KBr) at a ratio of 1:100 by grinding and 
pressed into pellets for measurement.

TEM images of the as-synthesized microspheres were 
obtained on a transmission electron microscope (JEM-1230, 

JEOL). The sample was stained with 2.5% phosphotungstic 
acid (PTA) solution, then added on a copper grid in drops, 
which was placed in a Petri dish covered with a filter paper, 
and dried at room temperature for 3 min.

Hydrodynamic diameter, size distribution and ξ-potential 
of the BSA@PVP microspheres were detected using a DLS 
particle size analyzer (Zetasizer Nano ZS, Malvern, UK).

The content of drug in solution was detected by a UV–Vis 
spectrophotometer (Agilent 8453, Agilent, USA).

Synthesis of BSA@PVP microspheres

Firstly, a certain amount of AIBN was added into 4 mL of 
NVP solution. After being stirred for 15 min, 100 mL of 
BSA solution (10 mg·mL−1) was added, and then the mixture 
was stirred for 30 min at 55 °C under nitrogen atmosphere. 
The in-situ polymerization of NVP around the skeleton of 
BSA and the subsequent self-assembly had proceeded for 3 h 
at the same temperature. After being cooled to room tem-
perature, the resulted solution was dialyzed three times (MW 
cutoff 10 kDa) against the aqueous solution (Wt = 1:100) to 
remove the small molecular substance and dissociative PVP 
oligomers. After being lyophilized, the light yellow powder 
solid samples of BSA@PVP microspheres were obtained.

Dual stimuli‑responsive properties of BSA@PVP

The normal temperature of the human body is about 37 °C. 
Drugs containing protein components are usually stored at 
about 0 °C. The pH value of human blood is about 7.4. The 
pH value in the stomach after meals is about 3.0. Therefore, 
we set the test temperature at 0 °C, 15 °C, 25 °C and 37 °C 
and pH value at 7.4 and 3.6 to investigate the thermal and 
pH dual stimuli-responsive properties of BSA@PVP. The 
particle size analyzer was employed to assess sizes, and 
changes of carried charges in response to temperature and 
pH value. In the process of detection, DTS1060 type sample 
cell was employed, the scattering angle was 900, and the test 
temperature was 25 °C. The pH of BSA@PVP solutions 
were adjusted using HCl solution (1.0 mol·L−1) or NaOH 
solution (1.0 mol·L−1). At each test point, experiments were 
conducted in triplicate.

The release behaviors of drug loaded BSA@PVP 
microspheres

The aliquots of drug-loaded microspheres were prepared 
as follows: Firstly, 5 mg of drug was dissolved in 5 mL of 
BSA@PVP solution as one sample; Then, the solution was 
oscillated for about 10 h at room temperature to disperse 
the drug into microspheres adequately. The effects of tem-
perature and pH value on their drug release behavior were 
investigated. The drug encapsulation efficiency (DrugEE: 
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(%, w/w)) and drug loading capacity (DrugLC: (%, w/w)) 
of BSA@PVP microspheres in saline solution at 37 °C were 
calculated based on following formulas:

where WTdrug (mg) is the total amount of drug in each sam-
ple; Wcrs (mg) is the amount of dried carrier; Csol (mg·mL-
1) is the concentration of the solution after drug load; Vsol 
(mL) is the volume of the solution after drug load; mdrug 
(mg) is the amount of drug loaded into the carrier.

Because the sizes of microspheres are very small, the 
dynamic dialysis method was employed to carry out drug 
release test, and the phosphate buffer solution (PBS, 0.02 M) 
was employed as dialysis medium (MW cutoff 3500). The 
amount of released drug was detected by UV-Vis spec-
trometer. The release rates under different temperatures and 
different pH conditions are calculated based on the initial 
amount of drugs in the microspheres:

where CRsol (mg·mL−1) is the drug concentration in the 
release medium after the drug was released for a certain 
period of time; VRsol (mL) is the volume of the release 
medium; mdrug (mg) is the amount of drug loaded into the 
carrier.

Results and discussion

Formation process of BSA@PVP core‑shell 
microspheres

The BSA@PVP microspheres were prepared by in-situ 
polymerization and subsequent self-assembly of NVP in 
BSA aqueous solution (Scheme 1). A logical formation pro-
cess of the BSA@PVP core-shell microspheres is designed, 
outlined in Scheme 1. Firstly, BSA and NVP are both read-
ily soluble in water. NVP was dispersed in BSA solution 

(1)
DrugEE(%,w∕w) = [(WTdrug − Csol × Vsol)∕WTdrug] × 100%

(2)
DrugLC(%,w∕w) = [(WTdrug − Csol × Vsol)∕Wcrs] × 100%

(3)mdrug(mg) = WTdrug × DrugEE

(4)Released% = [CRsol × VRsol∕mdrug] × 100%

with hydrogen bonds or polar bonds. A p-π conjugation sys-
tem is formed between the lone pair electrons of the amide 
bond (-CO-NH-) nitrogen atom and the C-O bond. Due to 
the delocalization of electron pairs on N atoms, the bond 
length of C-N bond is shorter than that of amines, and it has 
the property of partial double bond. In addition, oxygen's 
electron-sucking effect also reduces the density of electron 
clouds on nitrogen, thus reducing the alkalinity of nitrogen. 
Then, NVP in-situ polymerized around the skeleton of BSA 
(Scheme 1). At the moment, the short PVP chains should be 
completely water-soluble. Secondly, with the propagation of 
PVP chains, the high-molecule began to self-assemble under 
the electrostatic attraction and hydrogen bonding between 
the amino and carboxyl as well as the keto. Phase transition 
phenomenon was observed when the PVP chains reached 
a certain critical length (Figs. 1 and 2). Figure 1 indicated 
that the microspheres is core-shell, and the center is darker 
than the margin. This phenomenon demonstrates that the 
core is denser than the shell. As the aggregation of PVP 
chains had happened, the PVP chains were separated from 
the water phase, and then the elementary particles formed. 
Then, with PVP chains entering through BSA skeleton, a 
semi-interpenetrating polymer network thus formed. Simul-
taneously, along with the branching and cross-linking of 
PVP chains around those particles, a water-insoluble core 
formed (Fig. 1). Thirdly, the PVP chains gathered on the 
surface of core, and thus the shell was produced through 

Scheme 1   Schematic illustra-
tion of formation process of 
BSA@PVP core-shell micro-
spheres

Fig. 1   FT-IR spectra of BSA, PVP and BSA@PVP
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various interactions between the hydrophilic groups, includ-
ing hydrogen bonds, electrostatic force and other forms of 
bonds (Scheme 1, Fig. 1). Finally, some matters, such as 
NVP, initiators, and dissociative PVP oligomers were iso-
lated by dialysis. BSA@PVP microspheres were soft and 
flexible and could be uniformly dispersed in the aqueous 
solution (Figs. 1 and 2).

FT‑IR analysis

Figure 1 shows the FT-IR spectra of BSA@PVP. It can be 
observed clearly in infrared spectrum, the characteristic 
absorption peaks of amide band I and II shift from 1668 and 
1536 cm−1 of pure BSA to 1656 and 1545 cm−1 of BSA@
PVP, the intensity of absorption peak at 1656 cm−1 is strong. 
It is attributed to the superimposition of amide band I peaks 
of BSA and the ketos peak of PVP. The peaks shift from 
1309 and 1121 cm−1 of pure PVP to 1274 and 1092 cm−1 of 
BSA@PVP, respectively. It is confirmed that the interaction 
of hydrogen bonds are produced between the amino of BSA 
and the carbonyl of PVP.

Morphology of BSA@PVP

TEM was employed to observe the morphologies of BSA@
PVP. In order to improve visibility, PTA was adopted to 
stain microspheres. Figure 2 shows a typical TEM micro-
graph of stained BSA@PVP. It can be observed that the 
diameter of BSA@PVP is about 0.2-0.4 µm, the structure of 
BSA@PVP microspheres is core-shell, and the color of the 
center is darker than that of the margin. This phenomenon 

demonstrates that the core is denser than the shell, which is 
consistent with the description of reaction process and the 
core-shell structure of BSA@PVP.

Stimuli‑responsive property of BSA@PVP

In human body, some factors, such as pH value, tempera-
ture, ionic level and blood sugar level, can influence drug 
efficacy. If the drugs can respond to the complex and chang-
ing internal environment within living body, it is undoubted 
that the best effects of drugs can be achieved to maximize 
the therapeutic effects while minimize the adverse reactions. 
The well-designed polymer BSA@PVP microspheres with 
special structures were expected to help drugs achieve this 
goal.

Temperature stimuli‑responsive behavior of BSA@PVP

Temperature plays an important role in pharmacodynam-
ics. Temperature-induced drugs can enhance the curative 
effect on tumor cells while reduce the toxic and side 
effects on normal cells. Therefore, as drug carriers, the 
temperature stimuli-responsive behaviors of obtained 
BSA@PVP microspheres were investigated. Figure 3 
shows the effect of temperature on the particle size (a), 
ξ-potential (b) and polymer dispersity index (PDI) (c) 
of BSA@PVP. It can be observed that the diameter of 
BSA@PVP is increased from 0.18 to 0.23 μm as well 
when the temperature is risen from 10 °C to 25 °C. How-
ever, the size of BSA@PVP microspheres appears a sud-
den decrease (Fig.  3a) when the temperature reaches 
30 °C. Meanwhile, the ξ-potential of BSA@PVP micro-
spheres decreases monotonously when the temperature is 
risen from 10 °C to 25 °C, and there is a sudden increase 
when the temperature rises to 30 °C (Fig. 3b). The rea-
sons are analyzed as follows: with the increasing of tem-
perature, the motion velocity of water molecule in the 
system was accelerated and the protonation of carboxyl 
was enhanced. At that time, the structure of BSA@PVP 
was maintained through the interaction of non-covalent 
bonds, which include electrostatic repulsion of -COO- 
groups, hydrogen bonds and hydrophobic interaction 
of PVP chains. The hydrogen bond plays a major role 
in the system, and the PVP chains are soft and extend 
in the water. In the procedure of swelling and permea-
tion, water molecules entered into the microspheres, 
as a result, the size of microspheres increased and the 
ξ-potential decreased. While the temperature was risen 
to the critical point (30 °C), the soft and extended PVP 
chains exhibited a typical phase separation and formed a 
hydrophobic region (coil-globule). Then, the hydrogen 
bonds were destructed and the hydrophobic interaction 

Fig. 2   TEM micrograph of undried BSA@PVP microspheres
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played a major role. While the BSA@PVP microspheres 
contracted, water molecules would be squeezed out, 
which would result in decrease of the microsphere size 
and increase of the ξ-potential.

To some extent, the PDI can illustrate the uniform-
ity of particle size. The PDI of BSA@PVP shows ser-
rate change, when the temperature is risen from 10 °C 
to 30 °C. The PDI value is the minimum when the tem-
perature is at 30 °C, which suggested that the particle 
sizes are almost uniform. Subsequently, along with the 
continuous rise of temperature, the PDI is also increased. 
It indicates that the particle size is non-uniform (Fig. 3c). 
At the same time, if the single microsphere contracts, the 
hydrophobic action will lead to the aggregation of BSA@
PVP and form larger aggregates, so the PDI is increasing 
correspondingly [40]. The variation of PDI is associated 
with that of the size and ξ-potential of the microspheres. 
Therefore, It is concluded that the optimal temperature 
is about 30 °C.

pH stimuli‑responsive behavior of BSA@PVP

It is found that the size of BSA@PVP presents a serrate 
change with the increasing of PH value (Fig. 4a). When 
the pH value is increased from 2.0 to 4.2, the diameter of 
BSA@PVP decreases from 0.15 μm to 0.08 μm, and then 
increases from 0.08 μm to 0.42 μm, as a result, there is a 
minimum diameter 0.08 μm. When the pH value is varied 
from 5.0 to 6.6, the diameter of BSA@PVP increases from 
0.37 μm to 0.41 μm, and then decreases from 0.41 μm to 
0.29 μm, as a result, there is a maximum diameter 0.41 μm. 
The ξ-potential of BSA@PVP also shows a serrate change, 
moreover, the ξ-potential maintains the positive value when 
the pH is lower than 4.2, and it is negative when the pH is 
higher than 5.8 (Fig. 4b). The BSA@PVP aggregates when 
the pH value is 4.2-5.8, and uniformly disperses again when 
the pH is higher than 5.8.

Figure 5 shows the photos of BSA@PVP solution in dif-
ferent pH conditions. When the pH value is 4.2, the white 

Fig. 3   Effects of the temperature to size a, zeta potential b and PDI c of BSA@PVP microspheres

Fig. 4   Effects of the pH value to size a and zeta potential b of BSA@PVP microspheres
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precipitate appears in solution. It is considered that the 
aggregation of BSA@PVP occurs when the pH value is 4.2, 
due to the pH in the system is close to the isoelectric point 
of BSA (pI = 4.7). In this case, the ξ-potential of the micro-
spheres is almost to zero. And the electrostatic repulsion 
between the microspheres was lost. Thus, the microspheres 
appear aggregation.

In addition, due to the amino protonation in acidic envi-
ronment, hydrogen bonds and electrostatic attraction are 
weakened. The microspheres become loose, which helps 
water molecules penetrate into the microspheres. As is 
shown in Fig. 4, the particle diameter is increased and the 
ξ-potential is decreased while the pH value varies from 3.6  
to 2.2. Contrasted to those of pH value varying from 3.6 
to 2.2, the diameter and ξ-potential exhibit the significant 
changes when the pH varies from 3.6 to 4.2. It can be attrib-
uted to the more isoelectric point aggregation of water mol-
ecules penetration. The variation of BSA@PVP ξ-potential 
(Fig. 4b) in response to pH indicates that the surface of 
microspheres should mainly be composed by BSA and PVP, 
and the long PVP chains form the core of core-shell micro-
spheres, which is also confirmed by the reaction process and 
core-shell structure of BSA@PVP.

Drug‑release behavior of BSA@PVP

Doxorubicin hydrochloride (Dox·HCl) is a kind of widely 
used drug in cancer chemotherapy. However, it is difficult 
to keep a stable and lasting plasma concentration due to the 
burst. Here, the BSA@PVP was employed as microcapsule 
to encapsulate Dox·HCl to keep plasma concentration. Fig-
ure 6 shows the release profiles of Dox·HCl from BSA@
PVP in saline solution at 37 °C, with an average DrugEE 
(%, w/w) being 85.3% and DrugLC (%, w/w) being 2.87%. 
Although it is demonstrated that the burst release behavior is 
for the initial 6 h, the entrapped Dox·HCl could be continu-
ously released up to 50 h. It is also demonstrated that there 
is an obvious slow-release effect compared with the blank 
control samples (physiological saline and BSA solution).

Drug‑release of BSA@PVP in response to temperature

Figure 7 shows the release profiles of Dox·HCl from BSA@
PVP microspheres at different temperatures. It is found that 
the drug releases of BSA@PVP microspheres at 0 °C and 
15 °C show the monotonous increases in response to the 
different temperature within 50 h. This change is consist-
ent with the law that the movement of water molecules 
can be accelerated with the increase of temperature under 
normal circumstances, and the drug release will increase 
accordingly.

It is shown that the drug releases at 25 °C and 37 °C 
appear the obvious rise within 10 h. Then they keep the 
stable rules with about a release rate of 80% at later stage. 
It is shown that the release rate at 37 °C is especially lower 
than that at 15 °C when the drug release time reaches 50 h. 
It is considered that the PVP chains present irregular curl at 
about 30 °C, which results in the contraction of the whole 
microspheres and the decrease of their size. Even more seri-
ous, some microspheres collapsed or partly aggregated. A 

Fig. 5   Photos of BSA@PVP 
solution in different pH condi-
tions

Fig. 6   Release profiles of Dox·HCl from BSA@PVP microspheres in 
saline solution at 37 °C
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certain amount of drugs were wrapped into those collapsed 
or aggregated microspheres, thus, once the drugs on the sur-
face were completely released, it would be difficult that the 
drugs in the collapsed or aggregated space were released. 
As a result, the drug release at 37 °C was kept stable after 
10 h. The phase transition did not occur at 0 °C and 15 °C, 
therefore, the drug release rate was kept a continuous rise.

After a careful observation, it was found that the drug 
release rate at 25 °C is faster and higher than that at 37 °C 

within 4 h. It had no phase transition at 25 °C at the begin-
ning, which resulted in the faster drug release at 25 °C than 
that at 37 °C within 4 h. At 25 °C, the mild phase transition 
could appear while the release time was extended. Therefore, 
the drug release rate no longer increased monotonously just 
like it at 0 °C and 15 °C, but were kept a stable state like it 
at 37 °C. From above phenomenon, it was concluded that 
BSA@PVP is more likely to present a continuous phase 
transition rather than non-continuous phase transition.

The size of BSA@PVP microspheres appears obvious 
reduce at around 30 °C (Fig. 4). This indicates that the phase 
transition occurred at around 30 °C. Meanwhile, the drug 
release behaviors at different temperature also proved the 
existence of phase transition. So it can be confirmed that the 
BSA@PVP microspheres have obvious thermo-responsive 
property.

Drug‑release of BSA@PVP in response to pH values

The release profiles of Dox·HCl from BSA@PVP in differ-
ent pH values at 37 °C are shown in Fig. 8. The drug releases 
of BSA@PVP demonstrate a regular increase with pH value 
varying from 3.6 to 7.4. When the pH is 3.6, protonation 
of BSA was enhanced; the hydrogen bonding between the 
amino and the PVP chains was weakened. The BSA@PVP 
microspheres became loose, meanwhile, the drug release 
became easier. When the pH is 7.4, the microspheres are 
tight, drug diffusion resistance increases, drug release rate 

Fig. 7   Release profiles of Dox·HCl from BSA@PVP microspheres in 
double-distilled water at different temperature

Fig. 8   Release profiles of 
Dox·HCl from BSA@PVP 
microspheres at different pH 
condition at 37 °C
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obviously becomes lower than that of pH at 3.6. In physi-
ological saline, BSA@PVP microspheres are stable, drug 
release rate is moderate. At that time, the absolute value 
of charge carried by the microspheres was the largest, they 
were more evenly dispersed in solution due to electrostatic 
repulsion, and the drug was constantly diffused from them. 
In conclusion, the drug release behaviors of BSA@PVP 
microspheres in different pH environment also confirm that 
they have pH sensitivity property.

Conclusions

In summary, the in-situ polymerization and self-assembly 
methods were adopted to synthesize a kind of novel BSA@
PVP microspheres. The diameter of microspheres is about 
0.2-0.4  µm. This microspheres have special core-shell 
structure and soft, flexible properties. They can be easily 
impregnated drugs or other substances. They also have the 
temperature and pH sensitive properties. There are close 
relations between the sizes, electric charges and drug release 
behaviors of BSA@PVP microspheres under the different 
temperature and pH conditions. As drug carriers, BSA@
PVP microspheres exhibit high release rate in the acidic 
environment, which may be helpful to achieving a required 
placid level and rapidly controlling illness. Accordingly, 
there is a lower release rate in alkaline environment, which 
may be conducive to avoid the sudden release and maintain 
plasma concentration for a long time. BSA@PVP core–shell 
microspheres have dual stimuli-responsive properties and 
biocompatible skeleton, which will make it become an 
attractive candidate for applications in medicinal and bio-
medical fields.
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