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ABSTRACT

he aim of this study is to prepare gelatin hydrogel microspheres (GELs) delivering phages (as antibacterial agents) and/or

basic fibroblast growth factor (as a potent angiogenic factor) as multifunctional pharmaceuticals to be used in healing
of infected wounds. T4 phages were propagated and tested by using E.coli as the host and the target. GELs with different
crosslinking degrees were prepared by a two step process from basic and/or acidic gelatins by using different amounts of
glutaraldehyde as the crosslinker. Acidic and enzymatic degradations were studies. T4 phages and/or basic fibroblast growth
factor were loaded within these microspheres and release kinetics/modes were investigated/optimized.

Key Words
Gelatin hydrogel microspheres, T4 phage, basic fibroblast growth factor, controlled release.

0z

u galismanin amaci, enfekte yaralarin iyilesmesinde kullanilmak Gzere ¢ok fonksiyonlu farmasotikler olarak fajlari (anti-

bakteriyel ajan olarak) ve/veya temel fibroblast buytime faktorinG (anjiyojenik faktor olarak) taslyan — kontrollu salan
jelatin hidrojel mikrokureleri (GEL'ler) hazirlamaktir. Hem konak hem de hedef olarak E.coli kullanilarak T4 fajlari gogaltiimis
ve aktivite testleri yapilmistir. Farkli capraz baglanma derecelerine sahip GEL'ler iki asamali bir proses ile bazik ve/veya asidik
jelatin kullanilarak hazirlanmistir. Jeller farkli miktarlarda glutaraldehit ile capraz baglanmistir. Asidik ve enzimatik bozunma-
lar incelenmistir. Bu mikrokurelerin igine T4 fajlari ve/veya temel fibroblast biyume faktori yiklenmis ve salim kinetikleri ve
modlari arastirilarak optimize edilmistir
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INTRODUCTION

here is a great interest in developing effective the-
Trapies for the treatment of skin wounds accompani-
ed with deep tissue losses and with severe infections.
Numerous tissue engineering and regenerative therapy
approaches for the restoration of the host tissue los-
ses have been proposed and studied using several skin
substitutes [1-3]. Open skin wounds are prone to bac-
terial invasions which may result severe/chronic infec-
tions in the wound and/or may even lead many critical
subsequent systemic events accompanied with untrea-
table biofilm formations that may result the lost of the
patient [4-7].

In general, antibiotics have been successfully applied to
fight against pathogens since the discovery of penicillin
by Alexander Fleming in 1928, - however - now we are
faced to limitations due to the emergence of antibio-
tic-resistant bacteria, that is a public health challenge
with extensive health, economic, and societal implicati-
ons [8-10]. Bacteriophages - shortly called “phages” are
the Nature’s antibacterial agents - the most abundant
living organism in the world - which are typical viru-
ses. They do quite specifically infect, replicate and kill/
destroy their target bacteria - however they are known
as harmless for humans. Phages demonstrate several
advantages over traditional antibiotics, including high
specificity, self-replication, and a low likelihood of in-
ducing bacterial resistance [11-19]. Phages have been
invented and described in the first quarter of 1900, se-
veral phages mainly as cocktails have been developed,
commercialized and applied clinically in the Eastern
Europe (mainly Russia and Georgia) for a long-time al-
ready. During this period the Western World was using
antibiotics. However as mentioned above, today there
are too many bacterial strains with antibiotic resistance,
and the only way to remedy this is to use phages. Today,
the age of phages has become globally - much deeper
look and re-evaluation of their futuristic properties - as
one of the most attractive antibacterial agents - that
explains the growing interest in phages.

In the context of studies presented here we have focu-
sed on bFGF in our multifunctional formulations which
is a member of the FGF family of growth factors and
signaling proteins - which plays several key roles in wo-
und healing [21-26]. In 1988, Kaken Pharmaceutical Co.,
Ltd., Tokyo, Japan, licensed rights for the recombinant
human bFGF that was originally developed for patients

with decubitus ulcers and skin ulcers. Several formula-
tions have been used already in the last 2 decades in all
levels and with very successful clinical uses mainly in
Japan as nicely reviewed by Abdelhakim et al. [25].

Gelatin, a natural biopolymer - a polypeptide - derived
from collagen, has gained significant attention in the
field of biomaterials due to its unique properties and
versatile applications [26-30]. As a biomaterial, gelatin
exhibits excellent properties including the followings:
(i) very high biocompatibility - due to its chemical simi-
larities to native collagen that is the main component
in the extracellular matrix (ECM) in the native tissues.
Gelatin matrices exert even significantly lower risk of
side effects - like lower immunogenicity - compared
to its raw material collagen; (i) biodegradability is one
of the essential/desirable property of gelatin materials
in bioapplications. The degradation products are oli-
gopeptides/amino acids, they are actually among the
most important building blocks in our body and can
trigger tissue regeneration/healing. Lower mechanical
strength and high sensitivity to enzymatic degradation -
means fast degradation rates in vivo - are considered as
disadvantages in some applications like cell scaffolding
- but could be significantly improved by chemical and
physical modifications like simple crosslinking and/or by
blending with other degradable natural and synthetic
polymers; (iii) gelation properties of gelatin - mainly due
to the hydrophilicity of the gelatin backbone and its high
molecular weight which is about 100 kDa - means lower
solubility in aqueous media - is an unique property. The
gelatin gels could be formed/shaped under mild condi-
tions (at room temperature and without the use of po-
tentially harmful chemicals), which is particularly impor-
tant for loading bioactive agents including phages and
growth factors into controlled release systems without
loss of their activity. These gels could be transformed
into hydrogels with desired porous network structures
and varying degrees of water absorption/swelling using
various crosslinking methods which is an important
strategy to increase their mechanical strength, lower
the degradation rate and control release of the active
agents that they carry; and (iv) gelatin, being a low-cost
natural polymer readily available in high purity, is one of
the preferred choices.

Combining tissue regeneration therapies and preven-
ting/removal of infections in the same treatment proto-
col using multifunctional pharmaceutical formulations
is a rather challenging strategy. In this perspective, as



F. Moghtader / Hacettepe J. Biol. & Chem., 2025, 53 (1), 97-108

Figure 1. The Graphical abstract: Phage and bFGF carrying/controlled releasing multifunctional gelatin hydrogel microspheres cross-

linked with glutaraldehyde.

described schematically in the “graphical abstract” gi-
ven in Figure 1, we have attempted to develop GELs
carrying/controlled releasing two active agents, namely
phages as antibacterial agents against infections and/or
bFGF as a potent angiogenic factor for fast and correct
tissue regeneration - as multifunctional pharmaceuti-
cals.

MATERIALS and METHODS

Materials

The host and target bacteria - Escherichia coli (E. coli
K12) and its specific T4 phages were purchased from
American Type Culture Collection (ATCC® 11303™ and
11303-B4 ™, respectively - Manassa, VA, USA). Native
basic and acidic gelatins with different isoelectronic
point (IEP) 9.0 and 5.0, respectively - with the same
weight average molecular weights of 100 kDa were
obtained from Nitta Gelatin Co. (Osaka, Japan). Basic
fibroblast growth factor - bFGF (Sigma-Aldrich, ABD)
with a molecular weight and IEP of 16 kDa and 9.6, res-
pectively was used. ABCAM conjugation kit (Conjugati-
on Kit - Lightning-Link®, ABCAM, ab102884, Cambridge,
MA, ABD) was used for Fluorescein 5-isocynate (FITC)
labelling. All other chemicals were of reagent grade, ob-
tained also from Sigma-Aldrich (Saint Louis, USA) - and
were used as received unless noted otherwise.

Propagation of the target bacteria and its specific
phages

E. coli was propagated as described in our previous
studies and also by others [31-33], which was briefly as
follows: The host bacterial strain was cultured in the Lu-
ria-Bertani (LB) broth (25 g of LB powder in one liter) at
37°C in a rotary shaker (200 rpm) until reaching the ex-
ponential growth phase with an optical density at 600
nm (to about OD,: 0.5). The medium was transferred
into 15 mL sterile tubes and centrifuged at 6000 rpm for
about 5 min and the pellets obtained were washed few
times and re-suspended in phosphate-buffered saline
(PBS, pH 7.2). The bacterial concentration - in colony-
forming units (CFU/mL) in the suspension was found by
a classical dilution technique [34].

The T4 phages were propagated by using the E. coli
as the host bacteria prepared in the previous step - as
described in the related literature [32-38], which was
briefly as follows: 100 uL of E. coli freshly prepared
with a concentration of 108 CFU/mL and 100 pL of T4
phage (from the stokes) with a concentration of 102
PFU/mL were mixed and then incubated at room tem-
perature for 15 min and then added to the LB medium
(supported with CaCl, and MgCl, - 0.001 M each). The
mixture was incubated for 6 h at 37°C in a shaking in-
cubator (200 rpm). For purification, the medium was
first ultrafiltered through a sterile 0.22 um filter and
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then centrifuged at 4°C - 13,600 g for 20-30 min. The
purified phages were re-suspended in sterile PBS buffer
(pH:7.2) or in SM buffer (0.1% gelatin, 100 mM NaCl, 8
mM MgSO,, 50 mM Tris-HCl, pH 7.5) and stored at 4°C
until use. Phage concentration/titers - denoted as “pla-
que forming unit per millilitre” (PFU/mL) was determi-
ned by a “plaque assay” as follows [32,33,39,40]: Phage
emulsions with different concentrations were prepared
by dilution of the initial phage suspension, 100 uL from
each one and 400 uL of E. coli suspension were mixed
and added to LB medium (semi-liquid - agar 7.5 g/L) and
incubated at 37°C for 24 h, and the lysis plagues were
counted. The phage with a concentration of 108 PFU/mL
was stored at 4°C until use.

Activities of the T4 phages propagated in the previous
step were obtained in the “soft agar over layer” tests
[32,33,35,41]: T4 phage nanoemulsions were dropped
on the petri dishes carrying the E. coli overlayers on the
soft agar in the culture dishes and incubated at 37°C
overnight. Note that the E. coli lawn plates prepared
were originally turbid. However, when E. coli were dest-
royed by the phages - transparent zones were formed
due to lysis of the bacteria which was presented to ex-
hibit the effectiveness of the phages.

Preparation of the GEL microspheres

A two step protocol was applied as described by Taba-
ta and his group [42-44]: In the first step, 20 mL gela-
tin solution 10% w/v was heated up to 40°C and then
dropped into about 600 mL of a special olive oil disper-
sion phase (Wako Pure Chemical Industries, Ltd., Wa-
kayama, Japan) and then dispersed by vortex mixing to
yield a water-in oil-dispersion. The dispersion was co-
oled down to 4°C and cold acetone was added to the
dispersion medium and stirring was continued for abo-
ut 1 h to reach gelation of gelatin. In order to remove
the residual olive oil, the gelatin gel beads were washed
three times with cold acetone by also centrifugation (at
5000 rpm at 4°C for 5 min) and air-dried and stored at
4°C. The GEL hydrogel microspheres were separated
into fractions with different sizes using sieves with dif-
ferent apertures (Seisakusyo Ltd, Osaka, Japan) and the
fraction between 32-53 um was used in the following
experiments.

In the second step, the microspheres were chemically
crosslinked using glutaraldehyde (GA) as the crosslin-
king agent with three different GA/GEL ratios, i.e., 0.05;
0.10 and 2.0 mg/mg - to obtain gelatin hydrogel mic-

rospheres with three different crosslinking degrees [42]:
The dry gelatin microspheres absorbed all of the liquid
phase containing GA in the selected concentration, and
they were incubated at 4°C for 12 h. The microspheres
were treated with 100 mM glycine at 37°C in about 1
h to block the unreacted aldehyde groups of GA mo-
lecules. They were separated from some possible agg-
regates by filtration and washed with double distilled
water few times and separated from the supernatant by
centrifugation. They were then air-dried and stored at
4°C until use. In order to calculate the average diameter
of the microspheres, diameters of about 100 hydrogel
microspheres within the sample were measured and
the average values with standard deviations were calcu-
lated using the Image J (NIH, Bethesda, USA) computer
program in the software of the microscope.

The swellabilities and water uptake of the cross-linked
gelatin hydrogel beads were assessed as follows: The
dried hydrogel beads were swollen in distilled water at
37 °C for 24 h to reach the swelling equilibrium. Water
uptake was calculated using the weights of the swollen
and dried gelatin beads, presented as a percentage.
Photographs of gelatin hydrogel beads in the water-
swollen state were captured using a microscope (CKX41,
Olympus, Tokyo, Japan). In order to calculate the avera-
ge diameter of the swollen beads, diameters of about
100 hydrogel beads within the sample were measured,
and the average values with standard deviations were
calculated using the Image J software (NIH, Bethesda,
USA) of the microscope.

Degradation of the GEL microspheres

Both acidic hydrolysis (in HCI) and enzymatic degrada-
tion (using collagenase) of the GEL microspheres pro-
duced were investigated. The facilitated degradation/
acidic hydrolysis of the microspheres within HCl was
studied by the following protocol [42]: 5 mg of air-dri-
ed crosslinked microspheres were put into a 2 mL tube
containing about 750 pL double-distilled water and allo-
wed to fully swell in about 1 h at 37°C. Then, 750 uL 2M
HCl was added and incubated at 37°C for different time
periods to follow the degradation with time. At selected
intervals, the tube was centrifuged at 5000 rpm for 5
min at 37°C, 200 pL of the supernatant was taken, and
200 pL 2M HCl was added into the tube to continue the
degradation test. Absorbance of 200 pL supernatant
taken from the tube was measured at 260 nm using a
UV spectrometer (Ultrospec 2000, Pharmacia Biotech,
Cambridge, UK). By using the absorbance values, the



total mass remaining was obtained and plotted against
time to demonstrate the degradation profile.

Enzymatic degradation of the GEL microspheres were
studied by using collagenase - 1 mg of the dried hydro-
gel microspheres was put in 1 mL of collagenase solu-
tion containing 0.1 mg enzyme supported with mag-
nesium/calcium ions and incubated at 372C [45]. At se-
lected intervals, the tube was centrifuged at 5000 rpm
for 5 min at 372C, 200 pL of the supernatant was taken,
and 200 pL stoke enzyme solution was added into the
tube to continue the degradation test. The superna-
tant was centrifuged at 8000 rpm for 10 min and the
gelatin amount within the precipitate was determined
by a ninhydrin test which is briefly as follows [46]: 100
ug precipitate was suspended in 200 pL distilled water
and 100 mg Ba(OH),.8H,0 was added and hydrolysed
at 120°C in about 10 min incubation. The supernatant
was separated and its pH was brought to 5.1 with 10%
of trichloroacetic acid - then 1 mL 2% ninhydrin was ad-
ded and the complex formation was achieved at 100°C
in about 5-10 min incubation. The blue-purple colour
intensity (absorbance/OD value) was measured at 570
nm. The calibration curve was prepared by using glycine
solutions with different concentrations prepared from
1 mM glycine stoke solution.

Phage and bFGF loading and release within/from the
GEL microspheres

For loading of phages within the gelatin microspheres,
the following simple protocol was used. T4 phage nano-
emulsions with a concentration of 108 PFU/mL. 200 uL
was added into the tube containing 2 mg of crosslinked/
dried GEL microspheres and incubated for 1 h at 37°C.
Note that all the aqueous media was completely upta-
ken by the dried microspheres - because the amount
of the aqueous phase much lower than the amount of
water in the wholly swollen microspheres - means that
loading efficiency was almost 100%.

For release of phages from the GEL microspheres - abo-
ut 200 mg of the fresh microspheres carrying phages
were incubated in 50 mL PBS buffer at 7.4 - by gently
shaking for up to 24 h at 37°C. About 100 plL samples
were withdrawn from the medium at selected time in-
tervals (replaced with fresh medium). Then the amount
of active phages release were followed by a “plague
assay” as described above. The cumulative amount of
phages released during incubation period was plotted

F. Moghtader / Hacettepe J. Biol. & Chem., 2025, 53 (1), 97-108 ‘ 101

against time to demonstrate the phage release kinetics/
modes.

bFGF with a molecular weight and IEP of 16 kDa and 9.6,
respectively was firstly labelled with FITC by using the
ABCAM conjugation kit by following the protocol desc-
ribed in the company’s website. 100 pg FITC was used
for 100 pg bFGF. The FITC-labelled bFGF was stored at
4°C'de in dark until use. The GEL hydrogel microspheres
were loaded with the FITC-labelled bFGF with a very si-
milar loading protocol described above for phages loa-
ding. The FITC-labelled bFGF solution containing 100 pg
of bFGF (in PBS, pH:7.4) was sucked up into 10 mg dried
gelatin beads during swelling at 4°C, in dark in 1 h. The
loading efficiency is 100%.

bFGF release from these GEL microspheres was studied
in PBS (pH: 7.4) at 37°C’'de in a shaking incubator with a
quite low shaking rate for 48 h. The samples withdrawn
from the release medium at selected time intervals
were centrifuged, and the fluorescent intensities within
the supernatant were measured with a fluorescence
spectrometer (Perkin EImer® Inc., Waltham, MA, ABD).
By using the fluorescence intensity measurements, the
cumulative amount of bFGF released during incubation
period was plotted against time to demonstrate the
phage release kinetics/modes.

RESULTS and DISCUSSION

E. coli and T4 phages propagated

Escherichia coli (E. coli) was used both as the host for
propagation of its T4 phage and also as the target bac-
teria in the activity/performance tests. It was obtained
from ATCC and propagated within a LB medium. The op-
tical density (OD, ) of 0.5 corresponds roughly a bacte-
rial concentration of 108 CFU/mL - which was very ef-
ficient to propagate T4 phage nanoemulsion with high
concentrations up to 10°-10* CFU/mL were prepared
for the further studies.

The GEL microspheres produced

The GEL microspheres were prepared by a two step pro-
cess. In the first step the uncrosslinked GEL microsphe-
res were formed by gelation in dispersion of water-in-
oil phase. In the second step, these GEL microspheres
were chemically crosslinked by using GA with three dif-
ferent GA/GEL ratios (0.05, 0.10 and 0.20 mg/mg). The-
se hydrogel microspheres do not dissolve in water, but
do swell at different extends depending on the crosslin-
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king density. Representative microscopic image of the
GEL microspheres produced in this study are shown in
Figure 2.

The optical image given in Figure 2 is an example of
hundreds of pictures were taken - after several batch
productions - it shows that the GEL microspheres are
spherical in shape and had rather smooth surfaces but
have always size distrubution - even after sieving as ex-
pected as a result of mechanical stirring in the first step
during gelation. The average diameters of the crosslin-
ked GEL microspheres obtained after swelling in water
and percent water uptake (water content) of the mic-
rospheres (% by weight) were 47.5 + 3.3 um, 44.5 + 5.0
um and 41.2 + 6.4 um, and 98.5 + 1.4, 96.8 + 1.2, and
93.6 + 1.4 % respectively which were produced with
three different GA/GEL ratios of 0.05, 0.10 and 0.20 mg/
mg, respectively.

Acidic and enzymatic degradation of the GEL
microspheres

Here we have studied both hydrolytic (using HCI) and
enzymatic (using collagenase) degradation of the GEL
microspheres - which were prepared with three diffe-
rent crosslinking degrees - just to compare their deg-
radation properties. As seen in Figure 3a, degradation
of GEL microspheres in HCl was quite fast and almost
60-90% of the matrices were degraded in 2 h. All three
hydrogel microspheres were degraded in about 6-10 h
completely. The GEL microspheres with lower crosslin-
king degrees were degraded faster, as foresighted. But
not that significantly different even the GA/GEL ratio

range was quite broad in the crosslinking recipe as seen
on the graphs - we were expecting much clear differen-
ces. The degradation medium was stongly acidic and
since dried gels were allowed to swell in that medium
at the beginning of the test - means that degradation
was strated in whole microsphere matrix therefore very
high degradations were observed in all cases.

Similar degradation behaviour - similar to the acidic
hydrolysis - was observed in the collagenase degra-
dation tests as seen in Figure 3b. The enzymatic deg-
radations were also quite fast even faster than acidic
degradation - about 6-20% of the gelatin matrices were
left in about 2 h. Degradation rate decreased when the
crosslinking degree was increased. There were certainly
observable differences - however all of the GEL mic-
rospheres were wholly degraded in 6 h.

Enzymatic degradation was faster then acidic degrada-
tion. In general point of view, enzymes are synthesized
in the biological systems to trigger degradation rates/
fates of their specific target proteins [42,47-49]. Here
we have used collagenase for gelatin - it is the dena-
turated form of collagen. Therefore one expects this
result if the gelatin is dissolve in aqueous phase not in
the crosslinked microsphere form. There will be a dif-
fusion barrier for the degrading molecules, here HCl or
collagenase which will be depended on the crosslinking
degree and the final network structure within the mic-
rospheres - higher crosslinking means lower diffusion
rates. Therefore, one expects that degradation of the
GEL microspheres should be faster in the case of HCl -

Figure 2. A repsentative image of the gelatin hydrogel microspheres prepared in this study.
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Figure 3. Degradation of the GEL microspheres crosslinked with GA with different GA/GEL ratios: (a) Acidic hydrolysis (in HCI) and (b)

enzymatic degradation (using collagenase).

which is much smaller then collagenase enzyme - could
much easily diffuse in the gelatin matrices. However, in
order to eliminate the diffusion limitation, we have star-
ted with the dried GEL microspheres and let the mic-
rospheres do swell in the degradation media and sucks
up the HCl or collaganese within the matrices. Therefo-
re, collaganese will act quite close to the case in which
gelatin solutions. Therefore, we have observed that the
enzymatic degradations were faster than degradation
rates in HCI - since there was no diffusion limitation.

Collagen/gelatin may be degraded by simple hydrolysis
in the body, however, it is a quite slow process. Collage-
nase is a very specific enzyme that is synthesized when
it is needed to trigger the biodegration rate of collagen

in different/important bioprocesses like remodelling/
regeneration. However, in vivo degradation of collagen/
gelatin is quite complex - in addition to collagenase, a
varity of enzymes - including gelatinases (MMP2 and
MMP9), many other proteinases take also important
roles - macrophages, polymorphonuclear cells, and
other biological entities are involved in the degradati-
on processes [21,42,47-49]. Therefore, it is worthy to
note that: it is not possible to extrapolate the results of
the degradation fade of the GEL microspheres in HCl or
by collagenase given above to in vivo degradation. The
data that are reported here could be used only to com-
pare the degradability of the GEL microspheres with dif-
ferent crosslinking degrees - not extrapolation to in vivo.
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Phage and bFGF release from the GEL microspheres
Phage release: The T4 phages propagated in this study
were loaded within the GEL microspheres prepared
by using native basic gelatin and with three different
crosslinking degrees described above. 100% of the pha-
ge nanoemulsions (with a concentration of 10% PFU/mL)
were loaded into the microspheres during the swelling
process. The loadings were almost 100% because the
aqueous phase volume used was about the volume that
the dried microspheres could absorb - that were deter-
mined in the pre-tests. Then phage release from tho-
se microspheres was investigated in the release tests.
Figure 4 shows the representative release behaviour.
As expected, about 50-70% of the phages loaded were
release in 6 h, and releases were almost completed in
24 h - actually this was the selected target of this study
to have a fast respond to the infected wounds. Higher
release rates were observed for the less crosslinked
microspheres. There were observable differences in
the release rates but not that significant in the limits of
crosslinking degrees studied.

3D structure of T4 phages and various proteins located
at different parts and their functional properties have
been identified in detail in the related literature [50-53]
- it is the most widely studied phage so far. Due to this
highly complex structure and composition it is almost
impossible to describe the net electrical charges, their
distribution and changes with pH. Isolectric point (IEP) -
pKa value of T4 phage capsid (head) has been reported
in the range of 4.8-6.2, and the average pKa value of
whole phage is around 4 [53-55]. However, it is widely
accepted that the head of T4 phage is negatively char-
ged while the tip of the tail is positively charged - in
which phages interact with the target bacterial wall (re-
ceptors) which is negatively charged - at the physiolo-
gical pH (around 7.4) with rare exceptions which stems
primarly from the ionized phosphate and carboxyl gro-
us localized on the bacterial surface. In this study, in or-
der to reduce electrostatic interactions between gela-
tin matrix and T4 phages and have a rather fast release
in use, only the basic gelatin (IEP: 9.0) was studied. The
results demonstrated in Figure 4 approved that it was
actually achieved in our studies reported here.

bFGF release: We have also studied loading and relea-
se of bFGF within the gelatin beads by applying similar
methodologies for bacteriophage loading/release as
decribed above. In addition to the GEL microspheres
prepared by using basic gelatin (IEP: 9.0) with three dif-

ferent crosslinking degrees and we have also prepared
hydrogel microspheres using asidic gelation (IEP: 5.0)
and a mixture basic and acidic gelatins (50/50 w/w) in
the initial recipe and formed the gels and crosslinked
them with GA with a GA/GEL ratio of 0.20 mg/mg. All
other components in the recipe and crosslinking proto-
col was the same. The average diameters and percent
water uptake of the microspheres prepared from the
recipes contaning acidic or acidic/basic gelatins were
around 46 um and 95%, respectively - quite close to the
GEL microspheres prepared using only basic gelatin.

bFGF was labelled with FITC and the FITC-labelled bFGF
was loaded within the GEL microspheres described abo-
ve by just soaking the bFGF solution into the dried mic-
rospheres that allowed to reach almost 100% loading
- very similar to the T4 phage loading. bFGF release wit-
hin the PBS buffere (pH: 7.4) was followed by measuring
the fluorescence intensities within the supernatant in
the release tests.

Figure 5 summurizes the results of the release studi-
es. The bFGF release from the microspheres prepared
using basic gelatin with three different crosslinking den-
sities were quite fast - similar to T4 phages as expected.
Almost all of the bFGF molecules were released in about
24 h. Higher release rates were observed for the less
crosslinked microspheres. There were observable diffe-
rences in the release rates but not that significant. The
bFGF release rates were faster than T4 phages - which
may be due to higher diffusion constants for bFGF than
T4 phages - because bFGF is much smaller than T4 pha-
ges. In addition, the interaction of bFGF - which is po-
sitively charged at pH 7.4 (IEP: 9.6) similar to the basic
gelatin matrices (IEP: 9.0). The repulsive forces between
bFGF and gelatin matrix could affect the fast release of
bFGF from those positively charged gelatin microsphe-
res.

Opposite to T4 phages - that are the antibacterial
agents loaded in the gelatin microspheres - should be
released in the earlier phase when they applied for the
treatment of infected wounds - we were aiming sustai-
ned release of bFGF from the gelatin microspheres that
we have prepared in this study. As mentioned before
bFGF is avery important growth factor take important
role in many bioprocesses (like angiogenesis) the tissue
regeneration [25]. However, it may looses its activity in
a very short time when it is used in free form in vivo. Its
effectivity should be extended in longer period in the in
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Figure 4. Phage release from of basic gelatin microspheres and crosslinked with GA with different GA/GEL ratios.

vivo regeneration process therefore the most suitable
strategy is its sustained release. Therefore, in this part
of our studies reported here - we repeated the related
studies of Tabata’s group and looked at the release be-
haviour of bFGF also from asidic gelatin (IEP) which is
negatively charged at the pH of 7.4. A representative
release curve is given in Figure 5.

As seen here, there was a rather fast release rate at
the intial period, however after 6 h is slowed down and
reached almost a plato. Almost 45% of the bFGF was
left on the gelatin matrix even after 48 h. It seems that
the rest (shown as plato in the release curves) could be
released when the gelatin microspheres are degraded
- which could be only in vivo - which could not be extra-
polated by just using these in vitro data. Therefore, we
should conclude here without any further discussions.

As an original approach, we have applied a new very
simple strategy in this study, in which we have prepa-
red the GEL microspheres by using a mixture of acidic/
basic gelatins (50/50) - which made an important effect
on bFGF release as seen in Figure 6. The release was
also sustained but faster than comparing to the ones
prepared by using only acidic gelatin. The plato reached
was about 65% which was the target of that part of our
studies discussed here that should be considered as a
simple but important contribution of this study presen-
ted here.

CONCLUSION

The main objective of this study is to prepare multifunc-
tional pharmaceuticals to be used in healing of infected
wounds which are gelatin based hydrogel microspheres
carrying and controlled releasing phages (as antibacte-
rial agents) and/or basic fibroblast growth factor (as a
potent angiogenic factor). The GEL microspheres were
parepared from both basic and acidic gelatins with dif-
ferentisoelectric pointsi.e., 9.0 and 5.0, means they are
positively and negatively charged at the physiological
pH (7.4.), respectively. This was the intiative of presen-
ted study, based on the fact on that they do interact
with different proteins and other biomolecules/entiti-
es having different electrostatic charges at the physi-
ological pH and environmental conditions - that allow
us developing controlled - sustained delivery matrices
with different release rates/modes for divers bio-app-
lications.

The GEL microspheres with different crosslinking degre-
es were prepared by using GA as the crosslinking agent.
T4 phages and basic fibroblast growth factor were loa-
ded into those microspheres and release kinetics and
modes were investigated. The target was release of
phages rather fast to have immediate effect on infec-
tions on the wound while sustained release of bFGF to
reach desired tissue regeneration-healing in time. The
phage from the GEL microspheres prepared with ba-
sic gelatin were quite sucessful - all the phage content
were completely release in about 24 h. Using acidic
gelatin in preparation of the GEL microspheres for the
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Figure 5. bFGF release from of the hyrdogel microspheres prepared from basic gelatin and crosslinked with GA with dfferent GA/GEL
ratios and the ones prepared from acidic gelatin and crosslinked with GA with a GA/GEL ratio of 0.20 mg/mg.

sustained release of bFGF was sucessful that has been
already presented in the previous similar literature stu-
dies. Using basic and acidic gelatin mixtures to prepare
GEL microspheres was new and further contribute the
sustained/controlled release of bFGF as demonstrated.
This is rather important clue to prepare sustained re-
lease formulations with different rates and modes not
only for the controlled release of bFGF but other po-
tential candidates e.g., proteins and biomolecules by
just simply using basic and acidic gelatins together with
different ratios in the initial recipe which is under inves-
tigation in our ongoing studies.
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