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Complex coacervates based on natural biopolymers have been explored as a protein delivery system to provide
controlled release of loaded protein and circumvent the proteolytic degradation in chronic wounds. The coacer-
vates composed of gelatin A (GA) and sodium alginate (SA) were optimized with respect to turbidity, size, zeta
potential, and polydispersity index. Bovine serum albumin (BSA), a model protein, was effectively encapsulated
in the coacervates, resulting in protection from trypsin digestion and controlled release. In contrast, EGF was not
encapsulated in the samecoacervates. Striking difference in the encapsulation efficiencies of BSA and EGF, despite
their similar net charges, was attributed to their different levels of binding to GA based on the surface plasmon
resonance (SPR) biosensor analysis. In conclusion, GA and SA coacervates can protect the encapsulated protein
from proteolytic degradation, demonstrating its potential as a delivery system in the chronic wounds. SPR bio-
sensor is proposed as an analytical tool to study the interactions between polymers and proteins in association
with encapsulation efficiency in complex coacervation. The results of EGF studies suggested that GA was not a
suitable polymer for EGF encapsulation and therefore, further investigation would be needed to find suitable
polymer systems for improved encapsulation efficiency.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

In chronic wounds such as diabetic foot ulcer (DFU), high levels of
inflammatory cells lead to the elevated levels of proteases that appear
to degrade extracellular components, growth factors, and other pro-
teins. Elevated levels of proteases in the chronic wound environment
can also lead to degradation of the growth factors topically applied for
wound healing purposes [1,2]. Hence, treatment options with growth
factors for chronic wounds would exhibit limited efficacy unless the
drug delivery system is designed to circumvent protease degradation
in the wound bed. In addition to improved efficacy, ease of administra-
tion and prolonged storage stability at ambient conditions would bene-
fit both patients and care givers. Maintaining the integrity of the protein
as its native form is vital to retain functional activity of the protein be-
fore being delivered to the patients [3]. An advanced topical delivery
system satisfying above mentioned features for chronic wounds is yet
to be developed.

In light with the limitations of topical delivery system for chronic
wound healing, a number of complex coacervate systems have been
studied as a topical delivery platform with the hypothesis that coacer-
vate would reduce the degradation of encapsulated protein and maxi-
mize the release efficiency at wound beds. For example, a synthetic
positively charged polymer, polyethylene adipate, and heparin were
used as polyelectrolytes complex to carry the desired growth factors
such as epidermal growth factor (EGF) and vascular endothelial growth
factors (VEGF) [4–10]. Complex coacervate is a liquid-liquid separation
systemheld togethermainly by electrostatic interactions between poly-
electrolytes [11–14]. It often appears in the form of droplets in spherical
shape and resembles the form of emulsion of dispersant and the size
varies frommicro to nanometers. Upon formation, the complex will ap-
pear in two phases, dilute and dense phases. In the past, complex coac-
ervate has been often applied in food industry and recently, coacervate in
drug delivery system (DDS) has been reported for application in theDFU,
inflammation, and even in the cardiovascular diseases [8,10,15,16]. Syn-
thetic biodegradable polymers such as polypeptides, poly (L-lysine), and
poly (D/L-glutamic acid) were used to encapsulate BSA as potential DDS
in biomedical application [17]. However, information on the coacervate
using natural biopolymers in biomedical science is still limited. Hence,
further investigation on the use of natural biopolymer based coacervate
can potentially provide an alternative platform for topical wound
treatment.

In the present study, we aimed to develop coacervate composed of
natural biopolymers, sodium alginate (SA) and gelatin A (GA), to cir-
cumvent encapsulated proteins from protease in the wound bed. SA
and GAwere selected as polyelectrolytes for coacervate system because
of their well-known wound healing effect [4,18–20]. GA is also known
to carry anti-inflammatory properties, which can accelerate wound
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healing activity [21,22]. The coacervates composed of sodium alginate
and gelatin A (GA/SA) were optimized with respect to the physical
properties such as turbidity, size, zeta potential, and polydispersity
index (PDI). In addition, BSAwas selected as amodel protein to evaluate
the encapsulation efficiency in the present GA/SA coacervate. Encapsu-
lation of EGF was then measured to evaluate the feasibility of the pres-
ent GA/SA coacervate as a drug delivery system to chronic wounds.
Despite the previous reports on the use of coacervate system in biomed-
ical research, science behind the system remains poorly understood.
Another aim of the present study was to use SPR biosensor to analyze
the interactions between proteins and biopolymers by determining
their specificity and kinetics in real-time, in particular, to better under-
stand the encapsulation efficiency of different target proteins, BSA and
EGF. To date, there is no report on the use of SPR biosensor to study
the GA/SA coacervate encapsulating BSA or EGF.

2. Materials and methods

2.1. Materials

Sodium alginate was from Daejung (Gyeonggi-do, Korea), Korea.
Gelatin A (Gel strength 300, and 90–110) was obtained from Sigma-
Aldrich (St. Louis, MO, USA), Fluorescein isothiocyanate (FITC)was pur-
chased from TCI (Tokyo, Japan). Phosphate buffer solution (PBS) buffer
was obtained from Gibco, USA. Bovine serum albumin (BSA) was ob-
tained from Milipore, (Bedford, MA, USA). Epidermal growth factor
(EGF) was a gift from Daewoong Pharmaceutics Company, South
Korea. Sephadex™ G-50 Fine, CM5 sensor chip, amine coupling kit,
10 mM sodium acetate buffer at different pH, 50 mM NaOH, ethanol-
amine were obtained from GE Healthcare, Bio-Sciences AB, (Uppsala,
Sweden).

2.2. Formulation and characterization of coacervate

2.2.1. Coacervate formulation based on gelatin and sodium alginate to en-
capsulate BSA and EGF as model drugs

0.5% (w/v) of gelatin A (GA), 0.5% (w/v) of sodium alginate (SA), and
1mg/mL of BSAwere prepared as a stock solution for fabrication of BSA
coacervate. To optimize the formation of BSA coacervate, GA:SAmixture
at different volume ratios (3:1, 4:1, 5:1, 6:1) v/v and BSA solution of 100
μg/mL were added sequentially into a 1.5 mL tube to a final volume of
1 mL. The pH of each formulation was adjusted to determine the effi-
ciency of coacervation. Optimal coacervate was chosen based on turbid-
ity andminimal formation of precipitates among various pH conditions.
Each vial of formulation was incubated at room temperature for 30min
for equilibrium. Coacervate was concentrated when necessary, via cen-
trifugation at 14,000 rpm for 10 min in a bench top centrifuge
(Labogene, Seoul, Korea) for collecting the pellet. GA:SA with the
highest encapsulation efficiency was used in the subsequent studies.
EGF coacervate was prepared using the same formulation developed
for BSA coacervate. EGF solution of 100 μg/mL was used to prepare the
EGF coacervate with GA and SA at several ratios (3:1, 4:1, 5:1, and 6:1).

2.2.2. Physical characterization of protein coacervate
The zeta potentials of proteins and optimized coacervate formula-

tion were measured using Zetasizer Nano-ZS (Malvern Instruments,
Worcester, UK). The measurement was based on electrophoretic light
scattering method. In brief, 1 mL of 100 μg/mL sample in distilled
water was transferred into a folded capillary cell (Malvern Instrument,
DTS 1060C) using a disposable syringe. Three runs were done with
each run consisting of 10 single measurements. The size distribution
and polydispersity (PDI) of the BSA coacervate were measured using
dynamic light scattering (DLS) on Zetasizer Nano-S (Malvern Instru-
ments, Worcester, UK). All measurements were repeated at least
twice. Turbidity of the BSA and EGF coacervates (pH 4–8) at 600 nm
wasmeasured in 1mL cuvette using SpectraMax 384microplate reader
(Molecular Devices, Sunnyvale, USA). All the measurements were done
in triplicate.

2.2.3. Preparation of FITC labelled BSA
Fluorescein isothiocyanate (FITC) labelled BSA (FITC-BSA) was pre-

pared according to the manufacturer's protocol. The FITC-BSA was
then filtered through a Sephadex™ G-50 Fine gel matrix with an exclu-
sion limit of 20,000–50,000 to collect the FITC-BSA. The FITC-BSA was
then used for further quantification of encapsulation, release studies,
and proteolysis activity.

2.2.4. Encapsulation and loading efficiency
For qualitative estimation of encapsulation efficiency, the superna-

tant and pellet of the coacervate after centrifugation were analyzed
using sodium dodecyl sulfate polyacryclamide gel (SDS-PAGE). In
brief, concentrated complex coacervate was centrifuged at 14,000 rpm
for 10min (Labogen, Seoul, Korea). After collecting the supernatant, pel-
letswere dissolved in PBS. A total of 20 μL each of pellet and supernatant
were heated at 100 °C for 10min and loaded onto 15% SDS-PAGE. Silver
stain was carried out to determine the encapsulated and free protein in
pellet and supernatant respectively.

For quantitative measurement of the encapsulation efficiency, the
percentage of FITC-BSA encapsulated in the coacervate droplet was cal-
culated as follows:

%Encapsulation efficiency

¼ Total BSA−Free“unencapsulated BSA”=Total BSA
� �h i

� 100

Free “unencapulated BSA”was quantified bymeasuring the fluores-
cence intensity of FITC-BSA in the supernatant after centrifugation of the
coacervation reaction solution at 14,000 rpm for 10 min (Labogene,
Seoul, Korea). The fluorescence intensity was measured using Multi-
mode Microplate Reader (Molecular Devices, Sunnyvale, USA) with ex-
citation at 495 nm and emission at 595 nm.

Loading efficiency was calculated based on the BSA encapsulated
and the total driedweight of the complex. Encapsulated BSAwas deter-
mined from the free “unencapsulated BSA” quantified above.

%Loading efficiency
¼ Encapsulated BSA=polymer complex dried weight½ � � 100

Different volume ratios of GA:SAwere used to determine the encap-
sulation efficiency and loading efficacy of BSA coacervate.

2.2.5. Proteolytic digestion of BSA in the coacervate relative to free BSA
BSA coacervate and physical mixture were prepared at GA:SA ratio

4: 1 and 100 μg/mL BSA as described in Section 2.2.1. BSA-coacervate,
physical mixtures of BSA and free BSA were prepared with GA:SA ratio
4:1 without and with 0.5 M acetic acid 5 μL, respectively. Samples
were incubated at 37 °C with 100 rpm for 2 h in the presence of trypsin
(weight ratio of BSA: trypsin, 1:1 and 1:4) to determine the protection
of BSA in the coacervate from degradation compared to free BSA and
physical mixture. To adjust the pH of BSA-coacervate samples which
can impact the trypsin activity, 50mMNaOH7 μLwas added in the sam-
ple tube. All samples were analyzed using 12% SDS-PAGE to determine
the protection ability of BSA-coacervate.

2.2.6. Freeze-drying of coacervate
Concentrated BSA coacervate obtained by centrifugation of the coac-

ervation reaction solution in 1.5 mL tubes followed by removal of the
supernatant were first frozen at −80 °C overnight and then dried
using a freeze dryer (Gperon, Korea).
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2.2.7. In vitro release test
The release rate of the freeze-dried coacervate was tested using 24

Transwell® Permeable Support 0.4 μM (Costar, Kennebunk, ME, USA).
1 mL of PBS was added into the multiwell plate as the release media
and each freeze-dried sample was placed into the Transwell inserts.
Each plate was then incubated at 37 °C with 100 rpm for different
time points (3, 6, 9, 12, 24 h). The release rate wasmeasured and calcu-
lated based on the formula below:

%release ¼ protein released at time T=initial protein loadedð Þ � 100

2.3. Analysis of interactions between polymers and model proteins by SPR

Interactions between GA and {SA, BSA, or EGF} were evaluated using
Biacore SPR biosensor T200 (GE Healthcare, Bio-Sciences AB, Uppsala,
Sweden). All the SPR experiments were conducted at 25 °C using CM5
sensor chips (GE Healthcare, Bio-Sciences AB, Uppsala, Sweden). In ad-
dition to providing evidence of the binding ability, kinetics was also in-
vestigated to determine the interactions between the polymers and
BSA. Prior to GA immobilization, binding and kinetics analysis, pH scout-
ingwas first carried out. The GA bound to the surface of sensor chip was
used for subsequent binding and kinetics analysis. Binding experiment
and kinetic analysis were conducted to analyze the association and dis-
sociation properties of SA, BSA, and EGF. Details of each step are de-
scribed below:

2.3.1. pH scouting
Prior to covalent immobilization of the GA on the sensor chip, opti-

mal pH was identified by “scouting”, as follows. Solutions of GA in
10mM sodium acetate with pH values of 4.0, 4.5, 5.0, and 5.5 were pre-
pared according to the manufacturer's instruction. These samples were
injected into the carboxymethyl groups of the sensor chip. The bound
molecules were removed by sequential injections of 50 mM NaOH.
The pH buffer with the highest level of immobilized GA on the sensor
surface was chosen for the immobilization of GA with amine coupling
reaction.

2.3.2. Immobilization of ligand
The chip surfacewas first activated using a 1:1mixture of 0.4M of 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.1 M N-
hydroxysuccinimide (NHS), followed by covalent linking of the GA
with the carboxymethyl groups of the Sensor chip CM5 surface as de-
scribed by the manufacturer. The GA was prepared using optimum pH
of 10mMsodium acetate buffer as described before under the pH scout-
ing section. The unused activated sensor chip surface was blocked with
1 M ethanolamine. Reference surfaces were prepared in the sameman-
ner, except that all carboxyl groups were blocked and no ligand was
added. The final concentration of bound ligand, expressed in RU, was
calculated by subtracting the reference RU from the sensing RU. The im-
mobilization protocols were followed as illustrated in Supplementary
materials, Table S1.

2.3.3. Binding and kinetic analysis
Binding test was carried out to determine the interaction between

GA and {SA, EGF, or BSA}. PBS at pH 4.5 was used as both running and
analyte-dilution buffer. SA and BSA at various concentrations were
used to flow over the immobilized-GA surface and the binding response
of analyte to ligand was recorded. The chip surface was regenerated by
removing the analyte with a regeneration buffer. Optimization was car-
ried out by using several regeneration buffer solutions at various pH
(pH 7, 8, and 9). The maximum response unit (RU) with each BSA and
SA indicates the level of interactions. Datawere processed and analyzed
using Biacore T200 evaluation software and fit globally to a 1:1 local fit
bindingmodel, A + B= AB, where A represents the injected SA, BSA or
EGF, whereas B is the immobilized GA, and AB is the SA-GA, BSA-GA or
EGF-GA complex formed during the reaction. Kinetics analysis was sub-
sequently carried out to determine the association and dissociation con-
stant. Association contact time of 420 s and 100 s of dissociation time
was used in the kinetic analysis for SA. Contact time of 120 s and 100 s
were used as association and dissociation time for SA. Experiments
were repeated twice to verify consistency.

3. Results and discussion

3.1. Formulation and characterization of coacervate

3.1.1. Formulation
Coacervation is driven mainly by electrostatic interaction between

two oppositely charged polymers. Coacervate formation in the colloid
system depends on several factors such as the polymer ratio and pH.
These factors are involved in the construction of polyelectrolyte com-
plex, not only the coacervate but also the formation of aggregates or
precipitates [7]. It has been reported that precipitation and coacervation
conditions could be potentially overlapped in the equilibrium and then
lead to false identification of coacervate [12]. Hence, fabrication of pro-
tein coacervate requires optimization of polymer ratio and pH to avoid
precipitation and maximize the encapsulation efficiency.

GA has been widely used as a biopolymer and is an excellent poly-
mer of choice in this study. It has been reported to carry anti-
inflammatory properties and enhance the wound healing process
[23,24]. SA serves as an anionic polymer, which is often used as a dress-
ing material in wound healing due to its high absorption of exudates,
providing a moist environment preventing the wound bed from drying
[25,26]. GA becomes positively charged upon pH decrease below its pI
of 7–9, and interacts electrostatically with the negatively charged car-
boxylic groups of manuronic and guluronic acid units in alginate, giving
rise to polyelectrolytes complex. The potential difference between the
two polymerswas first measured to estimate the optimal ratio between
GA and SA for coacervation. Stock solution for GA and SA prepared in
distilled water had the zeta potential value at +8.5 mV and at
−45.5mV, respectively. As theweight percentage of GA and SA solution
reduced, the zeta potential of GA became more positive whereas the
zeta potential of SA becamemore negative (data not shown). Coacerva-
tion tends to occur when the reaction mixtures are close to neutraliza-
tion. As the system pH is becoming lower than pI of GA, GA binding to
SA occurs and neutralization of the negative charges on SA follows. Sub-
sequently, this process promotes the phase separation and facilitates
the formation of coacervate droplets. Previous studies by several re-
search groups reported the use of ratio 4:1 or 3.5:1 for GA:SA for opti-
mum coacervate formation from 1–4% (w/v) of GA and SA [27–29]. In
the present study, the ratio between GA and SA ranging from 3:1, 4:1,
5:1 and 6:1 were judiciously selected based on the zeta potential values
obtained during the initial coacervation screening. Encapsulation effi-
ciency and loading capacity of coacervatewith BSAbased on these ratios
were measured to determine the most suitable ratio for subsequent
experiments.

3.1.2. Physical characterization of protein coacervate
Macroscopic images of the coacervate formed at different pH values

are shown in Fig. 1a. Turbidity changes in the mixture of GA and SA
upon addition of acetic acid was distinctively visible due to enhanced
coacervate formation. As the pH gradually decreased, turbidity further
increased until two layers formed, the lower one being accumulated co-
acervate [28].

Fig. 1b shows the increase of sample (GA/SA, 4:1) turbidity mea-
sured by absorbance change at 600 nm with the pH decrease which is
consistent with the previous report by Elmer et al. [30]. Turbidity is rep-
resented as a reverse sigmoidal curve from pH 3–12. Upon reduction of
pH, desolvation of charged polymers leads to the formation of coacer-
vate. Samples prepared with pH N5 resulted in more precipitates. As
the pH becomes lower than 5, electrostatic interactions between
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Fig. 1. (a): BSA complex coacervate at different pH values. Turbidity increased as pHdecreased from 6.5 to 5.0 with addition of diluted acetic acid. (b): pH dependence of turbidity (●) and
zeta potential (O) of BSA coacervate at GA:SA ratio (4:1) with 100 μg/mL of BSA. pHc represents the pH for onset of coacervation whereas pHφ is for precipitation.
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polymers increase with expulsion of counterions, which consequently
lead to the formation of precipitates [7]. pHc and pHφ represent the
pH of the first appearance of turbidity and the occurrence of precipitate,
respectively [31]. They were at pH 6.5 and at pH 4.5 for the GA:SA ratio
of 4:1. For example, the reaction solution, composed of anionic polymer
SA and the cationic polymer GA, turned turbid at pH 6.5 upon addition
of acetic acid, indicating initiation of coacervation at this condition. As
the number of hydrogen ions further increased, the electrostatic inter-
actions among polymers of different charges also increased gradually,
and the turbidity increased accordingly. As the pH was further reduced,
precipitation increased and, at pH 4.5, the solution became clear after
precipitates settled down.

The zeta potential of the coacervate depended on the pH (Fig. 1b). As
the pH of the complex coacervate was reduced, the zeta potential value
of the complex increased gradually from −19 to −14 mV. Due to pre-
cipitation upon further reduction of pH below pHφ, the zeta potential
at lower pH was not measured. Zeta potential of precipitates could be
very close to zero due to the phase transition of polymers [32]. In DLS,
size distribution is determined by measuring average distribution of
particles based on time dependent fluctuation of scattered light
intensity. The BSA coacervate prepared at pH 5.5 to 6.5 had higher poly-
dispersity than the ones at pH 5 (Table 1). Appearance of the smaller
size peak detected from the samples prepared at pH 6.5–5.5 might be
due to the presence of free BSA or polymer in the mixtures. As the pH
decreased to 5, the coacervate system was monodisperse with a single
peak at 895 nm, PDI of 0.215, and with the average hydrodynamic size
of 825.6 nm. PDI is recommended to be less than 0.6 to have unified
and monodisperse distribution of sizes [6,13].

3.1.3. Encapsulation of BSA and EGF using various polymer ratios
Several ratios (3:1, 4:1, 5:1, and 6:1) of GA:SA were tested at pH 5.0.

Qualitative encapsulation efficiency was determined based on the rela-
tive band intensities in SDS-PAGE of supernatants and pellets, obtained
by centrifugation of BSA coacervate system (Fig. 2a) and EGF coacervate
system (Fig. 2b).Multiple protein bands at 20–25 kDa belong to the free
gelatin in themixtures. BSA band at 66 kDa was observed in all the pel-
lets of BSA coacervate but almost invisible in the supernatants, except
the GA:SA (3:1) supernatant sample which showed a thin BSA band.
The results suggest that BSA was encapsulated successfully and the en-
capsulation efficiency depended on the ratio of GA to SA. In contrast to



Table 1
Sizes distribution of GA:SA (4:1) coacervates encapsulating BSA.

GA:SA (ratio) pH Z average nm Size (nm) peak 1 Peak 1 intensity (%)/volume (%) Size (nm) peak 2 Peak 2 intensity (%)/volume (%) PDI

4:1 6.5 895.2 906 60.8/78.6 24.9 43.9/21.4 0.6
4:1 6.0 833.5 815 85.5/5.4 32.28 15.5/52.5 0.7
4:1 5.5 853.4 853.9 58.5/92.6 20.72 41.5/7.4 0.65
4:1 5 825.6 895 100/100 – – 0.215

Intensity (%) = percentage of intensity-weighted particle size.
Volume (%) = percentage of volume-weighted particle size.
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BSA coacervate, EGF band was more intense in the supernatant than in
the pellet regardless of GA:SA ratio (Fig. 2b), indicating no significant
encapsulation in the coacervate. The target amount of encapsulation ef-
ficiencywould depend on the particular protein of interest for encapsu-
lation. We, however, would like to suggest that encapsulation is not
sufficient qualitatively when the protein band in the pellet is less in-
tense than that of the supernatant. Further optimization using various
Fig. 2. SDS-PAGE of the supernatants and pellets of BSA coacervate (a) and EGF coacervate (b) a
BSA complex coacervate prepared at pH 5 with varying ratios of GA:SA (3:1, 4:1, 5:1, and 6:1).
ratio (4:1) at different pH (6.5–5.0).
polymer ratios of GA and SA or GA and hyaluronic acid, salt concentra-
tion and pH adjustment did not improve the encapsulation efficiency
of EGF (data not shown).

When the encapsulation efficiency was measured quantitatively
using FITC-labelled BSA, complex coacervate formed at pH 5 from vari-
ous ratios of GA:SA did not show significant difference in terms of en-
capsulation efficiency (Fig. 2c). However, GA:SA at ratios of 5:1 and
t pH 5with varying ratios of GA:SA (3:1, 4:1, 5:1, and 6: 1). (c): Encapsulation efficiency of
(d): Encapsulation and loading efficiency of BSA complex coacervate formulated at GA:SA



Fig. 4. In vitro release profiles of BSA from freeze-dried coacervates prepared at different
pH values.
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6:1 resulted inmild precipitation at the samepH.Dependence of pHϕ on
the polymer ratio was also observed with GA:SA ratio of 6:1 or 8:1
which showed pHϕ of 5.0 and 5.4, respectively (data not shown). Such
higher pHφ at higher GA:SA ratio compared to GA:SA (4:1) sample
could be due to less negative zeta potential of high GA:SA solution.
Less acid will be required to cause precipitate when the zeta potential
is less negative. The coacervate system of GA:SA (4:1) showed signifi-
cant precipitate formation at pH less than 5. Hence, coacervate system
with pH less than 5 is not recommended for the ratio of GA:SA tested
in the present study. When the pH of the coacervate system of GA:SA
(4:1) was adjusted to 6.0, 5.5, and 5.0 via titration with dilute acetic
acid, the encapsulation efficiency increased gradually (Fig. 2d). This sug-
gests that BSA entrapped in the coacervate increased as positively
charged GA increased with the pH change. Upon pH change to a more
acidic value, more coacervates were formed due to the increased inter-
actions of GA to the negatively charged SA and BSA. In addition, loading
efficiency in the coacervate also increased gradually as the pHdecreased
(Fig. 2d). Hence, the BSA coacervate prepared at pH 5 with the GA:SA
ratio of 4:1 was chosen for the subsequent proteolytic digestion and re-
lease studies.

3.1.4. Proteolytic digestion of BSA complex coacervate
Trypsin digestionwas carried out as a model system in order to pro-

vide the evidence for protection of protein in the coacervate fromprote-
olysis. Two different weight ratios of BSA to trypsin (1:1 and 1:4) were
tested. BSA in BSA-coacervate was protected until 2 h compared to the
physical mixture, whereas free BSA was almost digested in 2 h at both
1:1 and 1:4 ratios (Fig. 3). This suggests that the present GA:SA coacer-
vate system could potentially circumvent the proteolytic degradation of
encapsulated protein upon application to the wound as a topical deliv-
ery system.

3.1.5. In vitro release rate of freeze-dried coacervate
Release rate of BSA at 37 °C varied depending on the pH of the coac-

ervates formation (Fig. 4). BSA coacervate prepared at pH 6.5–5.5 had
faster release rate than the coacervate prepared at pH 5.0 for the first
12h of incubation. The controlled release pattern of the coacervates pre-
pared at pH 5 is consistent with the higher encapsulation efficiency at
pH 5 than others pH values as shown in Fig. 2d. Taken together, the
present coacervate system prepared at pH 5 can be used to achieve a
sustained release pattern. BSA release from the coacervate system pre-
pared at pH 6.5–5.5 was more than 60% during the first 6 h and then
reaching almost 70% by 12 h whereas BSA coacervate prepared at
pH 5 showed sustained release up to 24 h. This suggests that the coacer-
vation condition can be modified to modulate the release rate of BSA
coacervate.

3.2. SPR Biacore experiments

Fig. S1 in Supplementary materials shows a schematic diagram of
tentative interaction between GA and BSA.

3.2.1. pH scouting
The pH scouting results showed that the pH buffers 4 and 4.5 had

higher immobilization of GA on sensor chip than other pH buffer. In
order to provide similar experiment settings for coacervate preparation,
Fig. 3.Trypsindigestion of BSA inGA:SA (4:1) coacervate (Lanes 1–3), in physicalmixture (Lane
for subsequent experiments, pH buffer 4.5 was chosen for immobiliza-
tion of GA into sensor chip (Supplementary materials, Fig. S2a).

3.2.2. Immobilization
The GA immobilized on the sensor chip had a RU of 2242.6, which

was calculated by subtracting the reference RU (Supplementary mate-
rials Fig. S2b) from the sensing RU (Supplementary materials Fig. S2c).
The sensor chip promotes the binding of protein onto the surface via
NH2, COOH, CHO, and OH. The main amino acids in gelatin are glycine
and proline. These amino acids can form covalent bonds with the gold
sensor surface. The resultwith the least difference between the regener-
ation RU and the immobilized RUwas chosen for the subsequent kinet-
ics studies. In order to reuse the sensor chip, the analyte bound to the
surface ought to be removedwhile the ligand remains intact. Regenera-
tion value was generated based on the percentage value difference be-
tween the initial immobilized values upon regeneration.

3.2.3. Binding and kinetic tests
For binding and kinetics study, 160 μMBSAwas injected into the cell

immobilized with 0.5 μM GA (Supplementary materials Fig. S3a). The
regeneration value of 3% was obtained using the regeneration buffer
(PBS at pH 7.22) (Supplementary materials, Table S2). The increased al-
kalinity of buffer is too harsh to remove the bound analytes with the RU
lower than the initial baseline. In contrast, regeneration buffer with in-
creased acidity was too mild to remove the analyte. Optimal regenera-
tion with regeneration less than 5% shows that the bound analytes
were dissociates from the sensor chip surface and the surface can be
reused for subsequent assay. High RU value of 2120 at this condition
could decrease the association rate of BSA to the GA immobilized on
the sensor chip due to mass transport limitation. Consequently, the
binding interaction will be limited and the kinetic data for binding
will not be reliable [33]. Upon reduction of the molarity of BSA to
40 nM, the RU decreased to 650. Hence, serial dilution from 40 nM of
BSA was used in the kinetics analysis.

2 μM of SA was injected into the cell immobilized with 0.5 μM of GA
and the RU was 150 after subtracting the reference cell value
s 4–6), and in free solution (Lanes 7–9) at varying ratios of BSA to trypsin. (Marker: Lane 0).



Table 2
Association and dissociation constant of BSA to GA determined by SPR.

Concentration
(nM)

Ka (1/Ms)
association
rate
constant

KD equilibrium dissociation
constant/affinity constant
(M)

Kd (s−1)

5 1.872e+6 1.454E−10 2.7218E−4
10 1.885e+6 1.444E−10 2.7219E−4
20 2.884e+6 9.425E−11 2.7181E−4
30 4.846e+6 5.610E−11 2.7186E−4
40 2.75e+7 9.86E−12 2.7110E−4
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(Supplementary materials Fig. S3b). Although BSA had lower molarity
than SA, the binding RU was higher than SA at the same molarity of
GA. It suggests that the affinity of BSA to GA is higher than that of SA
to GA. Regeneration of SA and BSA differed at each regeneration buffer
(Supplementary materials, Table S2). The regeneration buffer pH to
generate the minimal regeneration properties of less than 5% was
pH 6.88 to 7.22 for SA and BSA, respectively. Theminimummolarity re-
quired to reach the interaction between SA and GA was 0.125 μM
whereas the minimum can be as low as 1 nM for BSA (data not
shown). Interactions between polysaccharides were reported previ-
ously using SPR biosensor [34,35]. Those studies suggested selective ad-
sorption between carbohydrates. The SPR studies in this study support
the interactions between biopolymers in mimicking the formulation of
complex coacervate.

For kinetic study using SPR biosensor, RU range below 600 is often
recommended [36]. Kinetics analysis was carried out for BSA at 40 nM.
RU at approximately 650 was detected using the SPR biosensor. Using
various molarity of BSA, Ka value was generated based on the 1:1 local
fit model (Supplementary materials Fig. S4a, Table 2). Association in-
creased proportionally as the concentration of BSA increased. The asso-
ciation and dissociation constants of SA to GA are shown in
Supplementary materials Fig. S4b. The association rate to GA was faster
with BSA thanwith SAwhile the dissociation ratewas slowerwith SA. It
may suggest that the electrostatic interactions triggered by pH change
were stronger between BSA and GA than between SA and GA. Maxi-
mum RU binding and chi values of BSA and SA to GA respectively are
shown in Table S4. The SPR biosensor results suggest that SPR can be a
useful analytical tool to investigate coacervate formation between vari-
ous polymers especially during the formulation stage.

SPR binding study did not show significant interaction between GA
and EGF when tested in the experimental settings similar to those
used to examine the interaction between GA and BSA. Poor encapsula-
tion efficiency of EGF coacervate was consistent with the weak interac-
tion between EGF with GA observed in SPR system. Interactions of EGF
with other polymers remain unknown andwould be an interesting sub-
ject for further study using SPR.
Table 3
Physiochemical properties of BSA and EGF.

Component BSA

Molecular weight (kDa) 66
pI [37,38] 4.7
Zeta potentiala −4.75
Zeta potential in PBS buffer [38,42] −12.91
Amino acids [43,44] 583
Disulfide bond [43,44] 17
3D structure [45,46]

a Measured using Zetasizer Nano-ZS (Materials and methods: Section 2.2.2).
SPR binding study appears to delineate the contribution of one-
dimensional interaction among polymer molecules in coacervation
and the protein of interest to encapsulate. Table 3 compares the physi-
cochemical properties of BSA and EGF. Difference between BSA and
EGF in binding affinity to GA cannot be attributed to the difference in
the net charges since their pI values are similar, 4.7 [37] vs. 4.5 [38].
The zeta potential of BSA was less negative than that of EGF in the pres-
ent study, whereas similar values were reported in the literature. If zeta
potential were a main contributing factor to electrostatic binding to GA,
EGF would exhibit better or at least similar binding to GA compared to
BSA. Therefore, other factors appear to play a role in determining the
electrostatic binding of BSA or EGF to GA. A number of previous studies
have reported the importance of the effective charge, local surface
charge density, or protein charge patches in coacervation or polyelec-
trolyte binding [11,28,39,40]. For example, coacervate complex of oppo-
sitely charge polymers and protein is related to the charge density of
surface,molecularweight, and ionic strength [28]. Interaction of coacer-
vate complex was also explained previously using the planar geometry
[39]. Theoretically, interaction occurs if the surface charge density is
above the critical value with the transition from non-interacting solu-
tion into a soluble complex. Protein charge patches account to forma-
tion of complexes between proteins of the like-charges [28].
Additionally, Böhme and Scheler reported that the effective charge of
BSA determines the kinetics of the interaction with other charged mol-
ecules with dependence on pH [40]. In BSA, three domains composed of
alpha-helices with varying surface charge densities are known as
depicted in Table 3 [41]. Such structured local surface charges are not
evident in the three dimensional structure of EGF. Taken together, we
may speculate that the binding of BSA or EGF to GA is governed not by
the net charge but by the local surface charge density of these mole-
cules, and thus affects the encapsulation efficiency.

The present study is the first, to the best of our knowledge, to dem-
onstrate the importance of local binding affinity in association with dif-
ferent encapsulation efficiency of two proteins with similar net charges
in a given complex coacervate system.

4. Conclusions

We have developed a drug delivery system based on coacervates
composed of GA and SA to deliver the protein of interest. The present
coacervate system can be used to achieve controlled release up to
24 h. BSA encapsulated in the systemwas protected from trypsin diges-
tion, which demonstrates that the present approachwill be useful espe-
cially in the topical delivery of protein, circumventing proteolytic
degradation in the chronic wounds. Binding and kinetic studies using
SPR biosensor have provided indispensable information for coacerva-
tion by unraveling the interactions between polymers and protein.
The results of EGF studies suggested that GAwas not a suitable polymer
EGF

6
4.5
−11.3
−11.6
53
3
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for EGF encapsulation, and therefore, further investigation would be
needed to find suitable polymer systems for improved encapsulation
efficiency.
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