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Controlled release of therapeutic protein is desirable for protein delivery applications. This study discuss about a
unique nanomaterial which is capable to provide the protein release in controlledmanner. The nanomaterial has
been synthesized from folic acidmolecules and bovine serum albumin (BSA1) is loaded in these nanoparticles as
a model protein. The size distribution of the synthesized folic acid nanoparticles was observed between 200 and
300 nm. The release study using high performance liquid chromatography suggests that more than 90% of BSA
can be encapsulated in the nanoparticles having BSA loaded up to 19.29 mg (57% of folic acid loaded). Release
study also reveals that more than 95% of the total folic acid and BSAwere released in phosphate buffer saline so-
lution within 48 h. Investigation of folic acid release along with BSA release reveals that the particles are formed
through folic acid-protein complex. Salt concentration in the release medium and crosslinked cations in the
nanoparticles are found to be the key parameters to control the release rate. Thus, folic acid nanoparticles are ef-
ficient carrier for protein encapsulation and release in the controlled manner with minimum drug loss.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Injection is a more effective route of protein administration as pro-
teins are digestible in the body [1]. However, a patient requiresmultiple
injections because thesemolecules have short life span [2]. Frequent in-
jection doses cause side effects and increase the cost of the therapy.
Therefore, a cost effective and more efficient therapeutics with the
help of a controlled drug delivery system is desirable [3–5]. Sustained
release of drug through nanocarriers has already been introduced in
the previous studies [6–9]. Nanoparticles as a carrier increase the bio-
availability of drugs at the targeted site [9–14]. Nanoparticles can poten-
tially circulate for a long time in the body and provide release for
multiple hours or days depending on their properties [15–19]. Hence,
protein delivery through nanoparticles is an effective way to control
the drug release aswell as to design an efficient protein delivery system.

Folic acid (FA2) is a water soluble vitamin which shows liquid crys-
talline properties. The molecules of the self-assembled FA interact
with various drugs and dyes [20]. Studies prove the associative interac-
tions between proteins (for example, BSA) and FA using fluorescence
emission spectroscopy, X-ray diffraction, FTIR spectroscopy and molec-
ular simulations [21–24]. Studies have also analysed the impact of FA

molecules on the structure of proteins. Interaction studies between FA
and casein suggests that the integrity of protein structure retain even
after addition of FA molecules [23]. Similarly, presence of FA molecules
does not impact themicroenvironment around protein likeβ-lactoglob-
ulin [22]. FA has also been used in several insulin delivery strategies and
these strategies have shown increase in the bioavailability of insulin
[25–27]. On the other hand, a study indicates that FA molecules affect
the secondary structure of BSA [21]. Therefore, it can be concluded
that the impact of FA addition on the structure of protein varies with
the type of protein while associative interactions with FA is applicable
for casein, β-lactoglobulin, BSA and many other proteins. Hence, FA as
a carrier will show similar behaviour with different proteins.

FA has already been used in a variety of drug delivery applications
[28–31]. FA decorated protein delivery systems demonstrate an in-
crease in the bioavailability of protein after administration in the body
[26,27,32]. Hence, FA is a safemolecule for protein delivery. Past studies
have discussed the use of FA nanoparticles in the delivery of small mo-
lecularweight drugs (molecularweight 200 to 800 g/mol) [33–36]. Pre-
vious work on FA nanoparticles shows that the variation in the type of
crosslinking salts like calcium chloride, aluminium chloride and iron
chloride have different effects on the release of drug [33–36]. In addi-
tion, control over the size of particles by variation in the loading of FA
and other constituents during formulation synthesis also affect the pro-
tein release as shown in the previous studies by our group [33–36].
However, the behaviour of FA nanoparticles for protein delivery can dif-
fer due to larger molecular weight of proteins. Therefore, additional
work is required for the application of FA nanoparticles in the protein
delivery.

Materials Science and Engineering C 70 (2017) 327–333

⁎ Corresponding author.
E-mail addresses: rajat87gupta@gmail.com (R. Gupta), sanat.mohanty@gmail.com

(S. Mohanty).
1 BSA: Bovine serum albumin
2 FA: Folic acid

http://dx.doi.org/10.1016/j.msec.2016.09.012
0928-4931/© 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2016.09.012&domain=pdf
http://dx.doi.org/10.1016/j.msec.2016.09.012
mailto:sanat.mohanty@gmail.com
http://dx.doi.org/10.1016/j.msec.2016.09.012
http://www.sciencedirect.com/science/journal/09284931
www.elsevier.com/locate/msec


In the presentwork, the effectiveness of BSA loaded FA nanoparticles
has been examined to design a controlled protein delivery system. BSA
is serum albumin which is derived from cows. The structure of BSA has
17 disulphide bonds and can be divided in three homogeneous do-
mains. Two tryptophan (Trp3) residues in BSA structure cause fluores-
cence emission on excitation at 280 nm [21,24]. BSA also support to
transport various biologically important compounds in the body [37].
A detailed release study was performed with nanoparticles having BSA
loading up to 19.29 mg. The concentration of carrier, polymer and
cross-linking salt were according to the method given in the literature
for nanoparticle synthesis in the range of 200 to 300 nm [28,36]. FA
nanoparticles were characterized after synthesis using various tech-
niques. Transmission electron microscopy (TEM4) and dynamic light
scattering (DLS5) techniques were used to predict the particle size dis-
tribution of these nanoparticles. Post-release concentrations of both
FA and BSA in the release medium were analysed separately using
high performance liquid chromatography (HPLC6) [38]. The release
study of carrier FA was performed along with protein to demystify the
mechanism of nanoparticle formation. In addition, this study was fruit-
ful to clarify the effect of cross-linking agent concentration on the pro-
tein release behaviour. An analysis of the total FA and BSA released
was executed to ensure the conservation ofmasses during the entire en-
capsulation and release process. Small loss of components during the
mass balance study suggests that analytical approach for quantification
was robust.

2. Materials and methods

2.1. Materials

FA and BSA (molecular weight: 66.5 kDa) were purchased from SRL
Pvt. Ltd., India. Sodium hydroxide (NaOH) was purchased from Fisher
Scientific, India. Hydroxypropyl methylcellulose (HPMC7) and zinc
chloride (ZnCl2) were supplied by Central Drug House (CDH) India. All
the solutions were prepared in weight/weight basis in deionized (DI8)
water at 25 °C during this study. Purified DI water was obtained from
Milli-Q water purification system (Merck Millipore, Germany). First,
FA aqueous solution of 10% concentration was prepared by mixing
10 g of FA in 100 ml of DI water. The solubility of FA in water was
0.6 mg/ml as reported in the literature [39]. Hence, 1 N NaOH was
added in 10% FA stock solution with continuous stirring to dissolve
such a high concentration of FA in this study [20]. FA stock solution
was kept at 6.5 pH after maintaining 1:0.8 ratio between FA and 1 N
NaOH. pH was measured using pH meter (make: Eutech instruments
model: pH 2700).

2.2. BSA encapsulation in FA solution

Encapsulation of BSA in the liquid crystalline solution of FA was
achieved by mixing 5 ml FA stock solution with 5 ml aqueous solution
of BSA at different concentrations for 15 min. Both the solutions were
mixed at 800 rpm with the help of magnetic stirrer (make: Tarsons
Products PVT LTD model: Spinot Digital).

2.3. Synthesis of nanoparticles

A simple emulsification processwas used to create BSA encapsulated
FA nano-domains in the polymer solution [28,35]. The resultant FA-BSA
mixture prepared from the previous step and aqueous solution of HPMC

polymer at 5% concentrationweremixed at 1:5 ratio (protein loaded FA
solution: HPMC solution). Mixing was performed for 6 h at 800 rpm
using mechanical stirrer (make: REMI Instruments). Multi-valent salts
like ZnCl2 or CaCl2 can be used to stabilize these nano-domains accord-
ing to the literature [28,36]. In this study, ZnCl2 at 0.1% and 1% concen-
tration was mixed as a cross-linking agent to maintain a ratio of 1:5
(HPMC solution having FA nano-domains: ZnCl2). Mixing was per-
formed for 8 h at 800 rpm using mechanical stirrer for crosslinking.
1 ml volume of each nanoparticle solution obtained was separated
after crosslinking with ZnCl2 for size distribution study and rest of the
samplewas processed for encapsulation study. All the synthesis process
was carried out at room temperature.

2.4. Characterization of nanoparticles and release study

2.4.1. Dynamic light scattering study
The size distribution study was performed using DLS technique (In-

strument: Malvern Zetasizer Nano ZS 90). Samples were prepared from
1 ml nanoparticle solution. 1 ml of each nanoparticle sample was first
centrifuged at 1 × 104 rpm for 10min. After centrifugation, the superna-
tantwas discarded and the pelletwas resuspended inwater forwashing
purpose. The suspended sample of 400 μl wasmixed in 2mlwater using
vortex mixer (Make: REMI Model: CM101 PLUS). The mixed samples
were sonicated for 10 min. All the studies were performed at 90° scat-
tering angle with refractive index 1.33 and the temperature was main-
tained at 25 °C.

2.4.2. Drug loss study
The remaining nanoparticle solution after size distribution study

were centrifuged using REMI R-24 centrifuge at 1 × 104 rpm for
10min to remove excess salt andHPMC. Centrifugation process was ap-
plied to separate the solution into supernatant and pellet. This superna-
tant was stored at 2 to 8 °C and analysed by DLS and HPLC to evaluate
the drug loss. Analysis of particle count from DLS results shows a
small loss of less than 5% of the particle in the supernatant compare to
the total particles in the solution. The amount of protein in the superna-
tant was considered as lost and evaluated using HPLC. The quantifica-
tion of the amount of both FA and BSA was studied for each
formulation. Drug loss was calculated on the basis of the amount of FA
and BSA lost in the supernatant according to Eq. (1) shown below.

Drug loss %ð Þ ¼ Amount of compound lost in supernatant
Amount of compound taken initially

� 100 ð1Þ

2.4.3. Release study
The pellet obtained during drug loss studywas freeze-dried at−49 °C

and 0.002 mbar vacuum pressure through lyophilisation using Christ
Alpha 1–4 LD Plus. The powder obtained from the pellet after
lyophilisation process was then used for all the release studies. Release
study was executed in three different mediums 0.08% NaCl, 0.8% NaCl
and phosphate buffer saline (PBS9) respectively. Aqueous 0.8% and
0.08% NaCl solutions were prepared by dissolving an appropriate
amount of NaCl in DI water. PBS buffer was prepared by mixing 0.8%
NaCl, 0.02% KCl, 0.14% Na2HPO4 and 0.024% KH2PO4 inwater. The buffer
was kept at 7.4 pH tomaintain the similarity between blood and buffer.
The concentration of the cations were kept at 0.08% NaCl (in water),
0.8% NaCl (in water) and 0.8% NaCl (in PBS buffer) respectively.
Hence, the release study in thesemediumswill be productive to analyse
the impact of salt concentration in the release medium on protein
release.

The lyophilized powder was mixed for 10 min with 15 ml of release
medium using a vortex mixer such that all the particles were well dis-
persed. These samples were stored at static conditions in the absence

3 Trp: Tryptophan
4 TEM: Transmission electron microscopy
5 DLS: Dynamic light scattering
6 HPLC: High performance liquid chromatography
7 HPMC: Hydroxypropyl methylcellulose
8 DI: Deionized 9 PBS: phosphate buffer saline
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