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Abstract
Purpose: Resveratrol has been reported to have beneficial effect against many diseases and has multi-spectrum therapeutic appli-
cations. However, oral delivery in its free form has short biological half-life with the consequent reduced bioavailability of only one 
percent. As such, the search continues for a polymer matrix that will be ideal for the protection of the drug and other compounds 
associated with food system from the conditions encountered in the gastrointestinal tract and to increase therapeutic efficiency. 

Purpose of the Study: The purpose of this project therefore, was to evaluate the novel strategy of using albumin and glycine copo-
lymer system to prepare microspheres capable of protecting the Resveratrol and meeting the sustained release specifications for 
increased bioavailability. 

Method: Microspheres containing Resveratrol were prepared using BSA, Glycine and a mixture of BSA/Glycine polymer matrices. 
The comparative physicochemical characteristics such as particle sizes, zeta potential, drug release, and residual concentration of 
glutaraldehyde after the crosslinking process for six formulations were evaluated.

Results: The study showed that all the physicochemical characteristics of the selected BSA/Glycine microspheres were ideal for de-
livery of the resveratrol drug by the oral route. The drug substance was protected at extremely high temperature and oxygen stress. 
In addition, the residual glutaraldehyde concentrations were below the levels reported to be toxic for peroral delivery. Secondary, a 
novel means of neutralizing any excess glutaraldehyde by the use of sodium bisulfite was successful incorporated into the formula-
tion. 

Conclusion: It was concluded from the results of the study that BSA/Glycine copolymers can be used to produce microspheres with 
the required specifications for the oral delivery of bioactive compounds such as resveratrol.
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Abbreviations
AMA1: Apical Membrane Antigen 1; BSA: Bovine Serum Albumin; 
DNA: Deoxyribonucleic Acid; Gly: Glycine; kDa: kilodalton; mV: mil-
livolts; PBS: Phosphate Buffered Saline; PDI: Polydispersity Index; 
RES: Resveratrol; RNA: Ribonucleic Acid; UV/Vis: Ultraviolet/Vis-
ible; w/v: Weight-by-Volume; w/w: Weight-by-Weight

Introduction
With the increasing prevalence of chronic diseases and the as-

sociated long-term treatment schedules with possible adverse side 
effects, there has been a shift of interest to the use of natural com-
pounds with wide accessibility and few side effects for the preven-
tion and control of these diseases [1]. One of such compounds is 
Resveratrol (3,5,40-trihydroxy-trans-stilbene), a natural nonfla-
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vonoid polyphenol phytoalexin present in a wide variety of plants 
species, particularly in grapes, blueberries, and peanuts [2]. Res-
veratrol has been found to have beneficial effects against many 
diseases and has multi-spectrum therapeutic application as anti-
cancer, immunomodulatory, antiangiogenic, cardioprotective and 
anti-oxidant agent [3].

However, oral administration of resveratrol (RES) in its free 
form has short biological half-life of only 10 minutes [1]. and the 
consequent reduced bioavailability of less than 1% as results of its 
poor aqueous solubility of less than 0.03 mg/ml [4], its isomeriza-
tion or degradation by light, elevated temperatures and pH chang-
es, high levels of auto-oxidation as well as its rapid and extensive 
pre-systemic metabolism and elimination [5]. This low bioavail-
ability has been reported to limit the accumulation of the drug at 
the appropriate concentrations in the target tissues required for 
therapeutic effectiveness [6]. Meanwhile, increase in dose to off-
set these numerous limitations, has been reported to be associated 
with mild to moderate gastrointestinal symptoms [7]. Moreover, 
the gut microbiota hydrogenates the stable trans isomer, thus mak-
ing it biologically less stable by oral administration [8,9]. These fac-
tors have put a limitation on the use of resveratrol in food and oral 
pharmaceutical products. It has therefore, become necessary to 
investigate novel formulation approaches to increase the bioavail-
ability by increasing its solubility in water, stabilize and protect 
the drug from degradation, to achieve a sustained release to avoid 
dosing discrepancies and to target resveratrol to specific locations. 
Microencapsulation technique have been used to improve the bio-
availability of many bioactive drug molecules including resveratrol 
by protecting them against unfavourable conditions such as light, 
oxidative enzymes, and other metabolic interference [10]. Further-
more, many biocompatible and biodegradable macromolecular 
materials have been used to encapsulate different types of poorly 
soluble drug molecules, including natural compounds like flavo-
noids and other bioactive substances to form micro/nanoparticles 
with targeted and/or controlled/sustained drug release abilities, 
resulting in their enhanced solubility, prolonged intestinal reten-
tion time, and improved oral absorption [11]. Moreover, the sus-
tained release characteristics of encapsulation helps to increase 
the residence time for its action in the plasma and resulting better 
bioavailability [10].

Microspheres have become the major oral drug delivery sys-
tem because of its extended release characteristic and the capac-
ity to protect drug compounds from exposure to and degradation 

by gastric fluid [12,13]. From a physicochemical perspective, the 
micro- and nano-size range with the associated large surface area, 
and variable polymer composition that can be modulated to obtain 
defined behaviors are some of the characteristics that make micro-
spheres suitable for oral delivery [12,14].

Several biodegradable natural and synthetic polymers have 
been used to prepare microsphere. The natural polymers are 
mostly made of proteins (albumin, globulin, gelatin, collagen, and 
casein) and polysaccharides (starch, cellulose, and chitosan) [15]. 
Proteins are amphiphilic with strong binding to nutraceuticals like 
resveratrol through hydrophobic interactions and hydrogen bond-
ing [16].

For this project, natural polymers such albumin (a protein) and 
glycine (an amino acid) were employed as co-polymers to prepare 
the microspheres because they are natural products of humans, 
readily available, relatively inexpensive and capable of a variety of 
chemical modifications [13]. 

Albumin microspheres have been extensively investigated in 
controlled release systems as vehicles for the delivery of thera-
peutic agents [12]. Human serum albumin has been reported to 
be very effective at improving the chemical stability of resveratrol 
[17]. Furthermore, α-lactalbumin increased the solubility of res-
veratrol by as much as 32 times compared to the free drug [18]. 
Albumin has also been used as a carrier for targeting drugs to tu-
mors and inflamed joints [13]. Intravenous administration of drugs 
coupled with albumin has been reported to improve the targeting 
efficiency of the formulation and the circulating half-lives of drugs 
have been reported to dramatically increase when conjugated to 
albumin [19]. Moreover, albumin has been extensively used in 
blocking buffers for solid-based immunoassay because of its abil-
ity to stabilize the antigenic and functional regions of the adsorbed 
proteins. This is done by saturating excess protein-binding sites on 
membranes and microplates [13]. The major exploitable features 
of albumin include is its biodegradation into natural products, its 
non-antigenicity and lack of toxicity [19,20].

Glycine and its compounds such as glycine betaine have been 
used extensively to protect bioactive compounds such as proteins 
from denaturation and deactivation by, for example, chaotropic 
compounds and elevated temperature [13,21]. It was used as a 
bulking agent in a spray-freeze drying in dry powder inhaler for-
mulation of low aqueous solubility compounds such as salbutamol 
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(albuterol) and budesonide to prevent aggregation and to enhance 
the dispersibility of the powders [22]. It has been reported that the 
addition of glycine or glycylglycine to a formulation containing the 
apical membrane antigen 1 (AMA1) of malaria parasites prevented 
the loss of potency of the vaccine in clinical trials [23]. Glycine has 
been used to optimize the recovery and longevity of active enzymes 
in vitro and as stabilizer to prevent inactivation of enzymes in stor-
age media [24]. In addition, glycine is used to provide support dur-
ing freeze-drying to prevent the macroscopic collapse of the final 
products in a number of formulations [25]. The amino acid has 
also been used in formulations to prevent the crosslinking of active 
pharmaceutical products. For instance, studies have demonstrated 
that when glycine and citric acid are present in some gelatin cap-
sule formulations, pellicle formation or crosslinking of the capsule 
gelatin is prevented [26].

However, for these protein polymers to serve efficiently as con-
trolled-release matrix, there is the need for modification to create 
a structure more stable than the readily soluble polar base forms 
that crumble in aqueous environment and by pH inactivation [27]. 
The most popular and efficient method for protein modification to 
achieve sustain-release properties is the crosslinking process that 
chemically joins two or more molecules of the protein polymer by 
covalent bonds. Furthermore, the rates at which the microspheres 
will degrade in the body have been found to be dependent on the 
degree of crosslinking of the albumin and glycine polymer matrix 
[12]. Among the many available protein crosslinking agents, glu-
taraldehyde is the most popular. It has found application in various 
fields such as histochemistry, microscopy, biochemical and phar-
maceutical sciences [28]. Glutaraldehyde is commercially available 
at low cost and is more efficient than other aldehydes in generating 
thermally and chemically stable protein crosslinks [28]. In spite of 
the efficiency in crosslinking, free glutaraldehyde has been classi-
fied as toxic and repeated exposure to airborne droplets is reported 
to cause irritations. It is also widely used as a tissue fixative for his-
tology and has been suggested that the same properties that make 
it a good tissue fixative may cause adverse effects clinically [29]. It 
is, therefore, necessary to monitor and neutralized any amount of 
the reagent not used in the crosslinking process during the formu-
lation development. 

Purpose of the Study
The purpose of the present study, therefore, was to prepare Bo-

vine Serum Albumin (BSA)/Glycine (Gly) microspheres loaded with 

Resveratrol (RES) using the Spray Drying technique. The amount of 
glutaraldehyde remaining after the crosslinking were determined 
and neutralized. The prepared microspheres were evaluated for 
their physicochemical characteristics such as particle size, encap-
sulation efficiency and zeta potential as well as the solid-state sta-
bility and in vitro drug release.

Materials and Methods
Materials

Chemicals

Bovine Serum Albumin (Fraction V, DNAase, RNAase, and Pro-
teinase-free), Glycine, sterile de-ionized water, Phosphate Buff-
ered Saline (1x PBS) pH 7.0, Glutaraldehyde (50%), Phenol, and 
Perchloric acid (70%) and sodium bisulfite were purchased from 
Fischer Scientific (Hanover Park, IL). Resveratrol (RES, ≥ 98%) was 
purchased from Sigma-Aldrich Chemicals (Saint Louis, MO).

Equipment

The Buchi B-290 Mini Spray Dryer and M560 Melting Point ap-
paratus were obtained from Buchi Corporation (Newcastle, DE). 
The Malvern Zetasizer Nano ZS (used for the zeta-potential anal-
ysis) was obtained from Malvern Instruments (Worca, UK). The 
Horiba LA920 laser scattering particle size distribution analyzer 
(used for the microsphere particle size analysis) was obtained 
from Horiba Instruments Incorporated (Irvine, CA). UV/Vis Spec-
trophotometer Shimadzu UV-1650PC (Beckman, Fullerton, CA) 
was used to determine drug concentration. The Distek Dissolution 
Apparatus system model 2100C, USP Dissolution apparatus 1, with 
rotating basket (used for the release studies) was obtained from 
Distek Inc. (North Brushwick, NJ).

Methods

Preparation of microspheres

Three sets of microspheres were prepared individually from 
Albumin (BSA), Glycine (Gly) and a mixture of equal amount of Al-
bumin and Glycine (BSA/Gly). For each of these microsphere for-
mulations, there were three sets of drug loading: the blank micro-
spheres did not contain the resveratrol drug, the second and third 
sets of microspheres contained 1% and 10% resveratrol.

Formulation of polymer matrix by crosslinking with Glutaral-
dehyde

Two sets of five percent weight by volume (w/v) solutions of 
Albumin, Glycine and a mixture of equal amount (2.5% each) of 
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Albumin and Glycine were prepared in deionized water. Glutaral-
dehyde as crosslinking agent was mixed in the matrix solutions in 
concentrations of 0.5% and 1.0% volume-by-volume respectively. 
The solutions were kept in the dark at room temperature for 24 
hours to allow polymerization.

Determination of used, and residual concentration of glutar-
aldehyde 

The amount of glutaraldehyde used in the crosslinking process 
and residual concentration left after the crosslinking were deter-
mined by the phenol/perchloric acid method described by Furst 
and Banerjee and Boratynski and Zal [29,30]. Briefly, two hundred 
microliters sample of the polymer solutions containing the cross-
linking glutaraldehyde reagents were collected at predetermined 
time points of 1, 2, 4, 8, 12 and 24 hours during the crosslinking 
processes. These samples and a glutaraldehyde standard solution 
were mixed with 1 ml of phenol reagent made of 40 microliters of 
5% phenol in water in 10 ml of 70% perchloric acid and incubated 
for 15 minutes. Aqueous solutions of glutaraldehyde produce yel-
low color when treated with phenol. Color intensity in absorbance 
was measured versus the phenol reagent at wavelength of 479 nm 
with a UV/Vis Spectrophotometer. The quantities of used at each 
time point and the amount remaining after the 24 hours of cross-
linking were determined.

Preparation of Albumin and Glycine microspheres loaded with 
Resveratrol [13]

From the results of the glutaraldehyde crosslinking efficiency 
analysis, the 0.5% v/v glutaraldehyde crosslinking was used to 
prepare the microspheres. Two sets of microsphere formulations 
with 1% and 10% Resveratrol (w/w) loading were prepared by 
crosslinking a 5% w/v concentration each of albumin, glycine and 
a mixture of 2.5% (w/v) each of albumin and glycine in aqueous 
solutions with the 0.5% volume-by-volume concentration of glu-
taraldehyde for 24 hours at room temperature. At the end of the 
crosslinking, the excess glutaraldehyde was removed by chemical 
deactivation using sodium bisulfite [13,31]. A weight of resveratrol 
drug powder equivalent to 1.0% and 10.0% with respect to the 
weights of the protein polymers in the matrixes were added to the 
crosslinked polymer suspensions and spray dried with the Bulchi 
B-290 mini spray dryer. The spray drying process was optimized at 
a setting of 5% and an inlet temperature of 110oC given an outlet 
temperature of 74oC and 60% aspirator with compression flow rate 
of 800 psi.

Product yield

The product yield - that is total amount of microspheres pro-
duced as a percentage of the total amount of all ingredients used 
was calculated by the following formula:

Product Yield % = [Weight of microspheres obtained from spray 
dryer/Weight of the total amount of solids in the feed] X 100

Physico-chemical characterization of microspheres

Measurement of particle size 

The particle sizes and size distribution of the microsphere for-
mulations were measured using the Horiba IA920 laser scattering 
particle size distribution analyzer. Briefly, 1 milligram of micro-
spheres were suspended in 3 ml of Milli-Q ultra-pure water. The 
suspension was sonicated for 2 minutes before use.

Measurement of zeta-potential

The zeta-potential of the microspheres were measured us-
ing the Malvern Zetasizer Nano ZS series. 0.5 milligram of micro-
spheres were suspended in 1 millimeter of Milli-Q ultra-pure water 
(pH 7.4) before use.

Determination of encapsulation efficiency

The encapsulation efficiency was to determine the efficiency 
of the microencapsulation method for drug loading. All the mi-
crospheres used were prepared with 0.5% glutaraldehyde cross-
linking as a result of the prior crosslinking efficiency analysis. In 
this study, 10 mg of dry microspheres samples from the six sets of 
drug-loaded microspheres - three sets of the 1% drug loading and 
three sets of the 10% drug loading each in the three protein poly-
mer matrixes of albumin, glycine or albumin/glycine were added 
to 1 milliliter of deionized water containing 1% triton X-100. The 
dissolution was aided by gentle crushing of the microspheres with 
a glass rod. The test tubes were subjected to continuous sonica-
tion for 2 hours and placed on a rotary shaker in the darkness for 
24 hours at room temperature. The solutions containing Resvera-
trol were filtered with 0.45 µm filter paper and the samples were 
analyzed with Perking Elmer Spectrophotometer using 306 absor-
bance as reported by Trela and Waterhouse [32], and Camont., et 
al. [33]. The encapsulation efficiency was determined by the fol-
lowing equation:

Encapsulation Efficiency (%) = [The total amount of Resveratrol 
determined in the Microspheres/ The theoretical amount of Resve-
ratrol in the microspheres] X 100
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Thermal stability studies

Thermal stability was determined with Buchi M560 boiling 
point equipment. About 10 mg of all the microsphere formulations 
including blanks and those containing Resveratrol were placed into 
boiling tubes, and introduced into the Buchi M560 equipment. The 
temperature rate was 5oC per minute (5oC/min). The boiling point 
for each sample was recorded.

In vitro release profile and mechanism of drug release

The in vitro drug release studies were performed with Distek 
Dissolution system Model 2100C USP Apparatus 1 with 40-mesh 
rotating baskets. The studies were carried out over 24 hours in the 
dark to prevent isomerization/degradation of the released drug 
molecules by light. 25 milligrams of the 1% and 10% drug-loaded 
microspheres were placed in dialysis membrane bags with mo-
lecular weight cutoff of 6000 - 8000 Daltons and flat width of 40 
millimeters. The bags were soaked in double-distilled water for 12 
hours before use. One milliliter of Phosphate Buffered Saline (PBS, 
pH 7.0) was added to each dialysis membrane bag and placed into 
250 ml of PBS (pH 7.0). The apparatus was set at 37oC and 140 rpm. 
Samples were collected at zero, 1, 4, 8, and 24 hours. Five millili-
ters samples were removed and the vessels were replenished with 
fresh 5 ml of PBS (pH 7.0) to maintain sink conditions. The samples 
were filtered through 0.45 µm membrane filter and analyzed for 
Resveratrol at 306 nm.

In order to determine mechanism of drug release from the mi-
crospheres, the data obtained from the in vitro release studies on 
the 1.0% and 10.0% drug-loaded BSA/Glycine copolymer micro-
spheres were fitted into various kinetic models. 

Release under oxygen stress and storage temperatures

About 20 mg each of the six microsphere formulations were 
mixed thoroughly in 10 ml of 5% and 10% solutions of hydrogen 
peroxide (H2O2) and 10 ml of blank deionized water. The suspen-
sions were transferred into 15 ml conical tubes and incubated at 
4oC and 25oC in the dark for 24 hours. 1 ml samples of the mixtures 
were withdrawn and analyzed for resveratrol concentration using 
UV-Vis Spectrophotometer at 306 nm wavelength.

Statistical analysis

Statistical analyses were carried out for all the individual stud-
ies reported in this project. All comparative analyses were made 
between the different formulations and the blank microspheres 
when applicable. Statistical significance was determined with the 

use of ANOVA between groups, and a p value of less than 0.05 was 
considered statistically significant 

Results and Discussion
Determination of the usage and residual glutaraldehyde con-
centration

The residual concentration per time was evaluated as a marker 
of the rate of usage of the glutaraldehyde in the crosslinking pro-
cess. This was necessary to determine the toxic levels of glutaral-
dehyde and, therefore, the subsequent amount of reagent needed 
to neutralize the residue. Figure 1 shows the standard curve for 
determining the glutaraldehyde concentrations. The R2 value of 
0.9984 indicates a good correlation between the absorbance and 
concentration of the crosslinking reagent.

Figure 1: Glutaraldehyde concentration standard calibration 
curve.

The residual concentrations per time of glutaraldehyde in the 
polymer solutions during the crosslinking process has been shown 
in both table 1 and figure 2. The table 1 and figure 2a show the 
residual concentrations of all glutaraldehyde in all the polymer for-
mulations for both the 0.5% and 1% of glutaraldehyde assessed in 
the study. The concentrations were found to be higher in the 1% 
crosslinking than the 0.5%. This was expected as the 1% cross-
linked matrices had the same concentrations of polymer material 
but double the concentration of glutaraldehyde. Moreover, the con-
centrations decreased with time as the reagent was being used up. 
For the 0.5% crosslinking, the concentration decreased gradually 
for the first 12 hours before plateauing for the all the formulations 
except the BSA/Glycine mixture polymer that plateaued after eight 
hours. For the 1% crosslinking, the glutaraldehyde concentration 
continued to the 24 hours without plateauing. This finding is very 
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Figure 2a: Glutaraldehyde concentration per time in the various 
crosslinked polymer matrix solutions.

important for formulations containing drug compounds that may 
be reactive to glutaraldehyde to determine the optimum concen-
tration needed and when it is necessary during the formulation 
process to have a good crosslinking and the residual amount of the 

Crosslinking Time in Hours
0.5% Crosslinking (Conc in µg/ml) 1% Crosslinking (Conc in µg/ml)

BSA Glycine BSA/GLY BSA Glycine BSA/GLY
1 53.8 52.8 42.7 122.6 125.9 121.3
2 23.2 33.2 12.6 79.53 92.7 61.2
4 9.6 13.6 0.6 44 58.4 34.4
8 5.6 6.8 0.4 28 37.5 15.3
12 3.6 3.8 0.27 13 16.9 7.9
24 1.7 2.3 0.15 8.2 12.7 3.59
Percent Conc at 24 hours 2.49 3.35 0.35 3.85 9.67 1.69
Percent Reduction in 24 hours 97.59 69.75 99.65 96.15 90.33 98.31

Table 1: Concentrations per time of glutaraldehyde in the polymer solutions during the crosslinking process.

reagent that would have significant effect on the drug, and be toxic 
as well. Figure 2b shows the comparative concentrations for the 
BSA/Glycine polymer matrices selected for this project at the 0.5% 
and 1% crosslinking.

Figure 2b: Glutaraldehyde concentration per time in the BSA/ 
Glycine crosslinked copolymer matrix solutions.

Figure 3a-3c show the comparative concentrations and percent 
reduction of glutaraldehyde in the various polymer matrices. In all 
the polymer matrices investigated (Figure 3a), the residual concen-
trations after the 24 hours of crosslinking were significantly dif-
ferent from each other (p < 0.02). In both the 0.5% and 1% cross-
linking concentrations, there were very high percent reduction and 
lower concentrations of the reagent after the 24 hours in all the 
polymer matrices. As figure 3b shows, there was a significant re-
duction in the BSA/Glycine copolymers than the BSA and Glycine 
alone in the 0.5% crosslinking group. The pattern was slightly dif-
ferent in the 1% crosslinking group (Figure 3b). In this group, even 
though the percent reduction was still higher in the BSA/Glycine 
copolymer than the BSA and Glycine polymers, the reduction be-
tween the BSA/Glycine copolymers and BSA was not significant (p 
< 0.12), and the reduction in the BSA/Glycine and BSA were all sig-
nificantly higher than the Glycine (p < 0.05). In all the formulations 
tested, there were lower residual concentrations of the reagents in 
the 0.5% than the 1% crosslinking group. The final percent concen-
trations of glutaraldehyde in the BSA/Glycine copolymer were 0.35 
and 1.69 of the starting concentrations for the 0.5% and 1% cross-
linking respectively (Table 1). This brought the final formulation 
solution concentrations to 0.0021% and 0.0169% for the 0.5% and 
1% crosslinking respectively. The final concentrations at 24 hours 
for the 0.5% and 1% crosslinking for the BSA/Glycine copolymers 
were 0.15 and 3.59 micrograms per milliliter of formulation solu-
tions (Table 1). This works out to 1.5 and 35.9 parts per million 
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solution concentrations. This shows a high reactivity of the glutar-
aldehyde towards proteins at the neutral pH of the crosslinking. 
The pattern shown here is similar to one reported by the authors 
in 2013 [13]. In 1996, Jordan and his co-workers determined that 
the IC50 of glutaraldehyde for bacterial inhibition was 17 ppm [31], 
which is higher than the concentration reported in this study. In 
2001, Ballantyne and Jordan [34] reported that aqueous solutions 
of 5% to 50% glutaraldehyde are of moderate acute oral toxicity 
but those of 2% or less were of no or slight toxicity [13]. Further-
more, Ballantine and Myers determined that the per oral LD50 range 
for 5% or higher glutaraldehyde solution in rats is between 0.88 to 
3.25 milliliters per kilogram body weight. However, they found out 
that solutions between 1% and 2% were of slightly higher toxicity 
with the LD50 range between 3.34 to 12.30 milliliters per kilogram 
body weight [13,35]. The residual concentration of glutaraldehyde 
after 24 hours of crosslinking BSA/Glycine copolymers determined 
in this study were significantly less than that (1.5 ppm, 0.0021% 
and 35.9 ppm, 0.0169% for the 0.5% and 1% crosslinking respec-
tively). It can be inferred from this study that the excess glutaral-
dehyde present at the end of the 24 hours of crosslinking is safe 
for oral delivery. However, for the delivery of Resveratrol which is 
a bioactive compound associated with the food system, there is the 
need to neutralize or completely remove any excess glutaraldehyde 
that remains in the delivery system. One of the popular ways to 
neutralize and completely eliminate glutaraldehyde has been de-
termined to be the use of sodium bisulfite (SBS) at a molar ration 
of 1:2.2 glutaraldehyde to SBS [12,13,31]. In this study, a ratio of 
1:10 glutaraldehyde was used to neutralized the residual glutaral-
dehyde after the 24 hours crosslinking. This ratio has already been 
used by the authors in the formulation of Mycobacterium tuberculo-
sis antigens in BSA polymer [12], and Riboflavin in BSA/Glycine co-
polymers [13] and found to be effective in neutralizing all residual 
glutaraldehyde thus making the crosslinked matrixes completely 
free of the reagent before the addition of the resveratrol. 

Physico-chemical characteristics of microspheres

The physico-chemical characterization of drug products is use-
ful in determining the efficiency of the product in delivering the 
active pharmaceutical ingredient in a manner that will enable the 
best therapeutic outcome.

The particle size and surface charge (as determined by the zeta 
potential) of the product particles are important for the suspend-
ability in administrative liquids and stability of the formulations. 
They are also important in the interaction of the microspheres 
with the absorption surfaces of the intestines. The encapsulation 
efficiency and product yield are important in determining the effi-
ciency of the formulation and production processes and are impor-
tant in maximizing materials during scale-up to cut down cost. Fur-
thermore, formulation and production of bioactive drug products 
involving the use of organic products such as protein polymers, and 
particularly by the use of the spray drying technique involves vari-
ous chemical and physical stresses that can affect the stability of 
such drug compounds. Changes in the thermal properties of bioac-
tive organic compounds such as resveratrol can indicate any the 

Figure 3a: Comparative percent residual/reduction relative to 
starting concentrations of glutaraldehyde in the BSA/Glycine, BSA, 

and Glycine polymer matrices after 24 hours of crosslinking.

Figure 3b: Comparative percent reduction in the glutaraldehyde 
concentration after 24 hours for the 0.5% crosslinking.

Figure 3c: Comparative percent reduction in the glutaraldehyde 
concentration after 24 hours for the 1.0% crosslinking.
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stability issues or otherwise of the formulations. Evaluation of the 
changes in the melting point for instance of such compounds is one 
of the several analytical methods that have been found to be useful 
in determining the stability of the active pharmaceutical ingredi-
ents in such formulations. The different formulations in the various 
polymer matrixes at 0.5% v/v glutaraldehyde crosslinking with the 
various loading loadings are shown in table 2a.

Formulation 
Number

Polymer Type (5% 
w/v)/0.5% Glutaraldehyde Drug Loading

Blank 1 BSA/Glycine No Drug
Blank 2 BSA No Drug
Blank 3 Glycine No Drug
F1 BSA/Glycine 1.0%
F2 BSA 1.0%
F3 Glycine 1.0%
F4 BSA/Glycine 10.0%
F5 BSA 10.0%
F6 Glycine 10.0%

Table 2a: The microsphere formulations with the types of poly-
mer matrixes and drug loading.

Product yield, particle size, zeta potential, encapsulation effi-
ciency and particle sizes of microsphere formulations

The basic physico-chemical characteristics of the 0.5% cross-
linked microspheres from the three blank formulations of the 
individual polymer matrixes of BSA/Glycine, BSA, and Glycine as 
well as the formulations with drug loading are shown in table 2b. 

Two different resveratrol drug loadings of 1.0% and 10.0% weight-
by-weight with respect to the amount of the different polymers 
were used for this study. The product yields were calculated as 
the amounts of microspheres recovered after the formulation and 
spray-drying processes as a percentage of the theoretical amounts 
of all ingredients used. As the table shows, the product yields for 
all the of formulations were very high and similar in each category 
of blanks, 1.0% and 10.0% drug loadings in all the matrices. The 
product yield for the blank microspheres were between an aver-
age of 70.3 to 77.7 percent and that of the 1.0% drug loading was 
between 73.8 to 79.7 percent. However, the 10.0% drug loaded mi-
crospheres had a relatively higher yield of between approximately 
86.4 to 88.5 percent. Generally, with the same amount of polymer 
used, the product yield is theoretically dependent mostly on the 
extra weight of the drug loaded. The study, therefore, shows that 
the 1.0% drug loading did not lead to any appreciable increase in 
the product yield compared to the blank microspheres. But the ex-
tra and larger amount used in the 10.0% drug loading showed its 
effect in extra yield. However, the ranking of the product yield did 
not depend on the type of polymer matrix used. Whilst the BSA mi-
crospheres produced the second highest product yield in the blank 
(74.9%) and 1.0% (79.7%) drug loading, it had the highest yield of 
88.5% in the 10.0% drug loading. The Glycine microspheres on the 
other hand showed a different pattern. It ranked highest with 77% 
product yield in the blank microspheres but came down to second 
and third with the 1.0% and 10.0% drug loading. The BSA/Glycine 
microspheres had the lowest yield with the blanks but became sec-
ond with the 1.0% and 10.0% drug loading.

Formulation Number Polymer Type 
(5% w/v)

Particle Size 
(µm)

Polydisperse 
Index (PDI)

Zeta Potential 
(mV)

Encapsulation 
Efficiency

Product 
Yield (%)

Blank 1 BSA/GLY 4.99 ± 0.92 0.147 -41.71 ± 3.67 N/A 70.3
Blank 2 BSA 5.27 ± 0.68 0.153 -37.82 ± 1.67 N/A 74.9
Blank 3 Glycine 4.91 ± 0.35 0.115 -41.36 ± 1.59 N/A 77.7
Microsphere Formulations 1.0% Drug Loading
F1 BSA/GLY 5.22 ± 0.62 0.134 -37.88 ± 2.47 98.33 73.8
F2 BSA 4.82 ± 0.37 0.150 -35.83 ± 2.79 96.48 79.7
F3 Glycine 5.17 ± 0.36 0.120 -35.95 ± 5.57 97.26 75.3
Microsphere Formulations 10.0% Drug Loading
F4 BSA/GLY 5.56 ± 0.24 0.137 -36.54 ± 1.64 98.82 86.4
F5 BSA 5.29 ± 0.17 0.139 -32.32 ± 1.74 97.65 88.5
F6 Glycine 5.28 ± 0.43 0.132 -34.55 ± 2.39 96.65 83.7

Table 2b: Particle size, zeta potential, encapsulation efficiency and product yield of microsphere formulations.
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Product yields determine the efficiency of the spray-drying pro-
duction process and are important in scale-ups and estimating the 
quantities of drug and excipients needed. The yields of over 73 and 
84 percent in the 1.0% and 10.0% drug loaded microspheres in this 
study show that the spray drying technique produced limited loss-
es and can be used successfully in large scale industrial production. 
This may be due to the improved product collection in the modern 
spray-drying equipment. Galindo-Rodriquez and his coworkers in 
a comparative study, found that most other microencapsulation 
methods result in low yields because of difficulties associated with 
particle collection and purification particularly with small-sized 
microspheres [36]. It was reported that many microspheres with 
small sizes could not be recovered in the laboratory scale appara-
tus because of the inefficient deposition in the cyclone due to their 
low aerodynamic mass and are sucked away in the vacuum [37]. 
Furthermore, it has been determined that mass recovery of poly-
dispersed microspheres in size range below 100 microns from all 
microencapsulation techniques are able to provide approximately 
45% yield at best [38]. The high yield reported in this study from 
the typical laboratory-sized spray dryer with its reduced size and 
associated limited evaporation capacity, shows how the problem 
with low yield in spray drying has been addressed. Moreover, this 
problem is taken care of during industrial scale-up by the introduc-
tion of dry towers that are several meters in height.

The encapsulation efficiencies as shown in table 2b, were from 
97.26 to 98.82 percent. The data shows that the encapsulation ef-
ficiency was very high with the formulation process. The efficiency 
interestingly was not affected by the increasing drug loading nor by 
the type of polymer matrices. These findings are similar to one re-
ported by other investigators. Cho and his co-workers obtained en-
capsulation efficiencies between 97 to 99.5 percent with resvera-
trol in chitosan microspheres [39]. Similarly, Das and Ng reported 
an over 97.7% encapsulation efficiency of resveratrol in calcium-
pectinate microspheres [40]. The high encapsulation efficiency of 
resveratrol in microparticles is reported to be due to the drug’s low 
solubility in water. As such it remains mostly undissolved with little 
losses during the formulation and crosslinking processes [41].

The data (Table 2b) show that the particle sizes of all the for-
mulations were around 5 microns and the and Polydispersity in-
dex (PDI) were below 0.2. Furthermore, there was no significant 
change in the particle sizes with formulation and drug loading. 
Similarly, the sizes did not depend on polymer matrixes. Particle 
sizes of microspheres have been reported to depend mostly on the 

concentrations of the polymers in the primary suspension [42-44]. 
This means that the extra material associated with increased drug 
loading from the blank through the 1.0% to 10.0% did not have 
any significant effect on the droplet sizes generated during the 
spraying that led to the particle sizes. As the data in table 2b show, 
the particle sizes for all the formulations were below 10 microns 
and ranging from 4.82 to 5.56 microns. These size range has been 
found to be ideal for oral delivery. In another study, Norris and 
Sinko [45] reported that microspheres with diameter of below 10 
microns have the advantage of being more easily able to penetrate 
the mucus layer to reach the apical membrane of the epithelium 
layer of the absorption surfaces in the gastrointestinal tract. The 
microspheres produced in this study is therefore, ideal for oral ab-
sorption.

Polydispersity Index (PDI) is basically a representation of the 
distribution of sizes within a given formulation sample. It is used 
to describe the degree of non-uniformity of the size distribution or 
the heterogeneity of the particle sizes in a sample. The numerical 
value of PDI ranges from 0.0 (for perfectly uniform sample with 
respect to particles size - monodisperse) to 1.0 (for a highly poly-
disperse sample with multiple particle populations) [46]. The PDI 
obtained from all the formulations were between 0.115 to 0.153 
(Table 2b). This shows a fairly uniform or narrow range of the par-
ticle sizes in the formulation and therefore, the homogeneity of the 
sizes of the particles. This is because, the values of 0.2 and below 
are reported to be the most commonly acceptable in practice for 
polymer-based microparticle materials [46]. The low PDI is an in-
dication of the effectiveness of the spray drying equipment in cre-
ating uniform droplet sizes in the spraying phase of the process 
and its ability to prevent aggregation of the formed particles after 
the drying phase.

The Zeta potentials of all the formulations were over -30 mV 
(Table 2b). The zeta potentials were mostly due to the encapsulat-
ing polymer matrix because of the high values in the blank micro-
spheres. The data show that the surface charges were moderated 
and reduced by addition of the resveratrol drug. However, values 
of over -30 mV is very good for the suspension stability of the for-
mulations. It is reported that the higher the absolute value of zeta 
potential, the greater the repulsive forces between the particles 
thus limiting deflocculation and instability of the drug suspensions 
[12]. It was also reported by Ahsan and co-workers that the sur-
face charge of microparticles has a significant effect on its uptake 
by cells. Their report further stated that the greater the potential 
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from zero or the greater the absolute value, the more effective is 
the uptake [47]. 

Thermal stability

The comparative melting points of the resveratrol-loaded mi-
crospheres and the blank counterparts in the different polymer 
matrixes and their respective drug loading are shown in table 3 
and figure 4. The data show higher or comparable melting points 
for all the formulations to that of pure resveratrol which has a melt-
ing point of about 254°C. The melting point of BSA was the highest 
of 296.7°C, 294.35°C and 301.14°C for the blank, 1.0% and 10.0% 
drug-loaded microspheres respectively. This may be because BSA 
has a large molecular weight of 66.5 kDa and made up of 583 
amino acids. Interestingly, there was no significant change in the 
melting point of the BSA microspheres with the addition of resve-
ratrol drug. This shows that the quantity (1.0% and 10.0% w/w) 
of drug added to the large molecular weight albumin did not affect 
the energy needed to melt that quantity of material. However, and 
as expected, the melting points of the glycine formulations were 
253.37°C, 253.75°C and 250.78°C for the blank, 1.0% and 10.0% 
drug-loaded microspheres respectively. Glycine is the smallest ami-
no acid with a molar mass of 75 g/mol. The addition of glycine to 
the BSA in the copolymer matrix brought the melting point of the 
BSA/Gly microspheres down to 257.63°C for the blank. Interest-
ingly, the addition of resveratrol drug moderated the melting of the 
BSA/Gly microspheres and reduced it from 254.39°C in the 1.0% 
drug loading to 250.78°C in the 10.0% drug loading. BSA/Gly has 
been previously used to encapsulate bioactive nutraceuticals such 
as riboflavin with the spray-drying encapsulation method requir-
ing inlet and outlet temperatures of 110°C and 74°C respectively 
without any adverse effect on the bioactivity of the drug ingredi-
ent [13]. These processing temperatures are very low compared 
to the melting point of the microspheres and the resveratrol drug 
compound. Since resveratrol has interesting properties and great 
potential for therapeutic application, this study is desirable. In line 
with this, De Cassia da Silva and co-workers subjected pure res-
veratrol in solid state that had no protection from encapsulation 
in polymer matrix to simultaneous thermogravimetry and differ-
ential scanning calorimetry [48]. The investigators reported that 
in both dry air and nitrogen atmospheres, the drug compound 
was thermally stable and decomposition was initiated only at up 
to 340°C without any losses. Under air atmosphere, mass loss of 
about 40% occurred only when the temperature was raised from 

the 240°C to 425°C [48]. Moreover, temperatures of around 250°C 
melting point of the microspheres are not the normal storage and 
body conditions that drug formulations are subjected to. Further-
more, both albumin and glycine have been used as stabilizers for 
proteins and other organic compounds under various formulation 
and processing conditions. Albumin is extensively used in blocking 
buffers for solid-base immunoassay because of its ability to stabi-
lize the antigenic and functional regions of the adsorbed proteins. 
Glycine and glycine compounds have also been used extensively as 
protectants of a number of compounds against thermal inactiva-
tion [24]. It has been reported that the addition of glycine or glycyl-
glycine to a formulation containing the apical membrane antigens 
1 (AMA1) of malaria parasites prevented the loss of potency of the 
vaccine in clinical trials [21,23]. Glycine has been used to provide 
support during freeze-drying to prevent the macroscopic collapse 
of the final products in a number of formulations [25]. Resveratrol 
is subject to isomerization from the stable trans crystalline form to 
the metastable cis form by light and pH changes. However, isom-
erization of resveratrol has been reported to be partially revers-
ible by heat treatments [33]. Also, the chemical instability has been 
reported to be overcome by encapsulation to protect the drug from 
environmental factors that promote chemical degradation during 
storage [49].

Formulation Number Polymer Type 
(5% w/v)

Melting Point 
(°C)

Blank 1 BSA/GLY 257.63 ± 5.28
Blank 2 BSA 296.7 ± 3.56
Blank 3 Glycine 253.37 ± 1.15
Microsphere Formulations 1.0% Drug Loading
F1 BSA/GLY 254.39 ± 6.83
F2 BSA 294.35 ± 2.28
F3 Glycine 253.75 ± 1.53
Microsphere Formulations 10.0% Drug Loading
F4 BSA/GLY 262.56 ± 2.71
F5 BSA 301.14 ± 11.36
F6 Glycine 250.78 ± 1.13
Resveratrol Drug N/A 254 ± 1.35

Table 3: The melting points of the resveratrol-loaded micro-
spheres in the different polymer matrixes and at different drug 

loading.
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Figure 4: The melting points of the resveratrol-loaded micro-
spheres in the different polymer matrixes and at different drug 

loading.

Dissolution and drug release 

In vitro release or dissolution studies were performed to predict 
the pattern of resveratrol release from all the polymer matrixes. 
The studies were conducted on the 0.5% glutaraldehyde cross-
linked microspheres with 1.0 and 10.0 percent drug loading. The 
standard curve for resveratrol is presented in figure 5. The curve 
in figure 5a shows that above the concentration 70 micrograms per 
milliliter, there was no linear relationship observed between the in-
creasing resveratrol concentration and absorbance. The standard 
curve used in this study is shown in figure 5b and was drawn with 
concentration up to 70 microgram per milliliter that shown linear-
ity. The R2 value of 0.9992 indicates a good correlation between the 
absorbance and concentration of the resveratrol.

Figure 5A: Resveratrol concentration standard curve.

Figure 5b

The cumulative percent of the resveratrol released from the 
0.5% glutaraldehyde crosslinked microspheres produced from all 
the six formulations is shown in figure 6. The data shows an initial 
burst period for the first two hours followed by a sustained release 
in all the formulations. Characteristically the release profile was 
dependent on drug loading. The release was extended through-
out the 24-hour study period in all the polymer matrixes of the 
1.0% drug loaded microspheres. The initial burst release for this 
formulation lasted for up to four hours when over 50 percent of 
drug were released. By the end of the study period, the cumulative 
drug released were 94.13%, 91.64% and 92.85% for Glycine, BSA, 
and BSA/Glycine (copolymer) microspheres with 1.0% drug load-
ing respectively. The percent release of drug was higher at all time 
points in the 10.0% drug loaded microspheres. The first two hours 
showed a burst release of about 70% of drug with almost 50% re-
lease in the first one hour alone. In addition, all the encapsulated 
drugs were released from the 10.0% drug-loaded BSA/Glycine and 
Glycine microspheres by the 12th hour. In the 10.0% drug-loaded 
BSA microspheres, the release was extended for another six hours 
up to the 18th hour before all the drugs were released. In all the for-
mulations, more drug was released from the Glycine microspheres 
and the BSA microspheres had the longest release period of all the 
formulations. The data show that the addition of glycine moder-
ated the release pattern of drugs from the BSA. This may be due to 
a less strong crosslinking of the glycine because of the small size 
and limited number of amine groups in the molecule as compared 
to the BSA [13]. It is worthy to note that both the product yield and 
drug release were higher in the 10.0% than the 1.0% drug-loaded 
microspheres. It is assumed that this drug loading level is effective 
in minimizing losses and getting most of the active drug released in 
the absorption windows of the intestines. The high levels of resve-
ratrol detected in the release study can be attributed to two factors. 
First, resveratrol is lipophilic with a log P of 3.1, and thus highly 
immiscible and insoluble in water [50]. The high levels of released 
drug is an indication of the increased mixing, hydration and dis-
solution of the drug in the release buffer. Lui and his co-workers 
have reported that the aqueous solubility of resveratrol increases 
by about 35 times when encapsulated in alpha-lactalbumin as com-
pared to the free drug [18]. Other investigators have reported simi-
lar findings when resveratrol is complexed with other polymers 
such as cyclodextrin, soya beans proteins, and pectin [50]. Sec-
ondly, resveratrol, a bioactive hydrophobic phenolic compound are 
able to be readily released from the hydrophilic protein polymer 
matrixes due to incompatibility of the compounds [18].

Evaluation of the mechanism of drug release from the formu-
lation by higuchi plot analysis

The drug release data from the BSA/Glycine microspheres were 
fitted to different kinetic models. It was determined that the data 
fitted the Higuchi plot best thus suggesting a more diffusion and 
microsphere erosion release pattern. Higuchi in 1961 [12] devel-
oped an equation for the release of solid drug particles dispersed 
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in homogeneous matrix dosage systems. The equation states that 
for a release based on a diffusion mechanism, the amount of drug 
released, Q, is proportional to A, the square root of the total amount 
of drug in unit volume of matrix, D, the diffusion coefficient of the 
drug, Cs, the solubility of drug in the polymer matrix, and t, the time 
of release. (Q = 2ADCst)1/2 for a given formulation, because A, D, and 
Cs are all constant, for a dissolution and release based on diffusion, 
a plot of Q, the amount or cumulative percentage of drug released 
by the square root of t, should follow a straight line [12].

Figure 6: Cumulative release of resveratrol from the microsphere 
formulations in the different polymer matrixes.

Figure 7a and 7b show the Higuchi plot analysis of the pattern of 
resveratrol release from the 1.0% and 10.0% BSA/Glycine matrix 
microspheres for the 24 hours. The graphs show that the pattern 
almost follow straight lines with R2 values of 0.9502 and 0.91 for 
the 1.0% and 10.0% drug-loaded microspheres respectively, thus 
indicating a primary diffusion controlled release for that time pe-
riod. Even though all the R2 values were high, the 0.9502 for the 
1.0% was more fitting of a straight line than the 0.91 for the 10.0% 
drug-loaded microspheres. This is expected of homogeneous ma-
trix with less drug loading in the 1.0% than the 10.0% and is attrib-
uted in this case to a higher burst release from the microspheres 
with higher drug loading. It is reported that upon incubation of mi-
croparticles that follow diffusion controlled release in an aqueous 
medium, drug molecules located at or near the particle surface are 
dissolved by the penetrating liquid front and diffuse out into the 
surrounding medium within a short period of time (burst release). 
In the case of this study that happened with the first two hours of 
the 10.0% drug-loaded as compared to the four hours in the 1.0% 
drug-loaded microspheres.

Figure 7a: Higuchi plot of the pattern of release of resveratrol 
from 1.0% drug-loaded BSA/Glycine microsphere.

Figure 7b: Higuchi plot of the pattern of release of resveratrol 
from 10.0% drug-loaded BSA/Glycine microsphere.

Release under oxygen stress and storage temperatures

Resveratrol as a non-flavonoid compound is associated with the 
wine and food system. However, the utilization of resveratrol as a 
bioactive compound in the food industry is currently limited be-
cause of its sensitivity to some external agents such as air, light and 
oxidative enzymes. The food system formulations comprise large 
amounts of other components with reactive properties that induce 
stress and instability on the ingredients in least amount such as 
vitamins, flavonoid and nonflavonoids, as well as their delivery 
system such as microspheres [48,50]. As such, encapsulation is an 
effective approach to protect such bioactive functional nutraceuti-
cals against such adverse conditions through their incorporation 
within the core of an encapsulating matrix system and improve 
their beneficial biological activities [18]. The study, therefore, was 
to evaluate the pattern of release of the resveratrol from the mi-
crospheres under oxygen stress and storage temperatures. These 
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studies were to evaluate the release of resveratrol at the refrigera-
tor and ambient temperatures of 4°C and 25°C when stored under 
varying oxygen stress released from hydrogen peroxide. Figure 8 
show the results of the study. The data shows that there were more 
drugs released from the 10.0% than the 1.0% drug loading in all 
the release media including the blank water and at both tempera-
tures (Figure 8a and 8c). It can be inferred that this is just as a re-
sult of higher drug loading. As shown in figure 8b and 8d, the actual 
proportion of drug released as a percentage of the theoretical drug 
loading were higher in the 1.0% drug-loaded microspheres than 
the 10.0% in all the media including water. Furthermore, there 
were more drugs released at the 25°C storage temperature for all 
the formulations in all the media than the 4°C. This should be at-
tributed to the elevated temperature and the endothermic disso-
lution reaction associated with the increased energy in the warm 
media coupled with the higher release of oxygen to moderate the 
diffusion process and thus aid the dissolution. However, the a pat-

tern of release was more discernable in the 10.0% drug-loading 
microspheres at the 4°C storage temperature. At this temperature 
the quantity and percentage of drug released reduced from the 
high of 10.0% hydrogen peroxide to the 5.0% with the least in the 
water medium. The differences in the quantities and percentages 
were significant (p < 0.05). This pattern was not seen in the 1.0% 
drug-loaded microspheres at the 4°C and for all the formulations 
including the 10.0% drug-loaded microspheres as well as when the 
temperature was elevated to 25°C. At the 25°C there was no signifi-
cant difference in the drug release with increasing concentration of 
the hydrogen peroxide. The data shows that the water performed 
even better in releasing the drug than the 5% hydrogen period me-
dium for the Glycine and BSA/Glycine microspheres at that tem-
perature. This pattern is clearly shown in a comparative analysis of 
the data from the preferred the BSA/Glycine microspheres (Table 
4 and figure 9). The study clearly shows that the increased oxygen 
stress and elevated storage temperature had effect on the release 
of resveratrol from the microspheres.

Oxygen 
Stress 
Medium

1.0% Drug Loading (200 µg) 10.0% Drug Loading (2000 µg)
4°C 25°C 4°C 25°C

Quantity 
(µg) Percent Quantity 

(µg) Percent Quantity 
(µg) Percent Quantity 

(µg) Percent

10% H2O2 36.78 18.39 98.89 49.45 246.59 12.43 251.95 12.6
5% H2O2 27.29 13.65 74.56 37.31 162.58 8.13 246.29 12.31
H2O Only 26.59 13.3 88.9 44.46 98.37 4.92 255.35 12.77

Table 4: Resveratrol release from the microsphere formulations under varying levels of oxygen stress in different hydrogen peroxide 
concentrations at 4°C and 25°C storage temperature.

Figure 8a: Quantities of resveratrol released from the formula-
tions at 4°C storage temperature.

Figure 8b: Percent of original drug loading of resveratrol released 
from the microspheres at 4°C storage temperature.
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Figure 8c: Quantities of resveratrol released from the formula-
tions at 25°C storage temperature.

Figure 8d: Percent of the original drug loading of resveratrol 
released from the formulations at 25°C storage temperature.

Figure 9a: Comparative release from the 10.0% drug-loaded BSA/
glycine microspheres at the at 4°C and 25°C storage temperatures.

Figure 9b: Comparative release from the 1.0% drug-loaded BSA/
glycine microspheres at the at 4°C and 25°C storage temperatures.

Conclusion
Overall, the study showed that the BSA/Glycine copolymer ma-

trix produced microspheres with ideal characteristics to serve as 
oral delivery system for resveratrol. The study showed that the re-
sidual amount of glutaraldehyde after the crosslinking process and 
neutralization was below the toxic level for human. All the physico-
chemical characteristics of the BSA/Glycine microspheres were 
ideal for the delivery bioactive substance associated with the food 
and wine industry. The zeta potential, mean particle size, encapsu-
lation efficiency, and in vitro drug release were within the required 
range for sustained oral delivery. The use of the polymer matrixes 
did not indicate any stability issue and conferred protection dur-
ing storage and transport. It can be safely concluded that the BSA/
Glycine copolymers can be used to produce microspheres with the 
required specifications for the oral delivery of resveratrol. In this 
study, the BSA/Glycine with 5% weight-by-volume polymer con-
centration, at 0.5% volume-by-volume glutaraldehyde crosslinking 
with 10.0% resveratrol performed better than all the other formu-
lations. It had very high encapsulation and drug release in addition 
to all the other physico-chemical characteristics.
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