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Abstract

A new biomaterial, a degradable thermoset polymer, was made from simple, economical,
biocompatable monomers without the need for a catalyst. Glycerol and citric acid, non-toxic and
renewable reagents, were crosslinked by a melt polymerization reaction at temperatures from
90-150°C. Consistent with a condensation reaction, water was determined to be the primary
byproduct. The amount of crosslinking was controlled by the reaction conditions, including
temperature, reaction time, and ratio between glycerol and citric acid. Also, the amount of
crosslinking was inversely proportional to the rate of degradation. As a proof-of-principle for drug
delivery applications, gentamicin, an antibiotic, was incorporated into the polymer with
preliminary evaluations of antimicrobial activity. The polymers incorporating gentamicin had
significantly better bacteria clearing of Staphylococcus aureus compared to non-gentamicin gels
for up to nine days.

1 Introduction

The use of crosslinking in polymers, effectively generating thermoset materials, has received
widespread attention as a means to tailor device properties for use in vascular and osseous
tissue.1-4 The improved mechanical performance of crosslinked biomaterials aids as a
scaffold for cell growth, as well as varying degrees of controlled drug release, or
biodegradability.2,5,6

Biodegradable polymers in biomedical applications are frequently made with ester bonds,
due to their capacity for hydrolytic cleavage, although other linkages based on carbonyl
derivatives, such as imines, amides, and anhydrides, have also been reported.6-10 Such
clinically used polyesters are typically thermoplastic polymers, such as poly(lactic acid)
(PLA), poly(ε-caprolactone), and poly(L-lactic-co-glycolic acid) (PLGA).11,12 In contrast to
thermoset polymers, thermoplastic polymers are less mechanically robust, which limits the
ability to tailor them for a broad range of applications.

Various biodegradable polymers, made from either citric acid or glycerol, have previously
been researched with mixed results. Biodegradable ester materials based on glycerol were
made with various carboxylates (e.g. sebacate), fabricated at a high temperature under a
low-pressure argon environment.13-15 For example, glycerol and sebacic acid were reacted
without a catalyst to form poly-glycerol sebacate (PGS), which shows promising
biocompatibility and biodegradability results.15 However, due to the high hydrophobicity of
sebacic acid, degradation and biological fate of the monomers and short oligomers are often
complicated by solubility issues. The local release of sebacic acid leads to a higher concern
about local pH change than would occur upon release of hydrophilic citric acid. Further,
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citric acid, as used herein, is more readily available and of lower cost than sebacic acid. In
regards to polymers based on citric acid, other papers have described reacting citric acid
with polyethylene glycol to create thermoplastic tri-block dendrimer macro- and nano-
molecules for drug delivery systems; however, these polymers showed limited
biodegradability.16-19 Also the thermoplastic materials would have minimal branching, and
therefore only modest mechanical property change, as compared to the high crosslinking
potential of the described thermoset materials. Finally, citric acid was previously reacted
with glycerol in solution and in the presence of benzene and p-toluenesulfonic acid (PTSA)
to form a crosslinked ester copolymer.20 Although this resulting citric acid and glycerol
polyester showed promise as a drug delivery system, the incorporation of carcinogens, such
as benzene and PTSA, created compatibility complications for biomedical and
pharmaceutical applications.

Our research group has explored the synthesis of a new crosslinked, thermoset polymer,
which can be made with a wide range of degradation and mechanical parameters and is
made from simple, economical, bio-available reagents without the need for a catalyst. In
addition, the chemistry is non-complex and can be conducted in air, at atmospheric pressure.
Our goal was to design a polymer with the following properties: a) uses ester bonds to take
advantage of hydrolytic cleavage; b) is only made from low cost, non-toxic renewable
components; c) retains the capacity to control the rate of degradation; and d) has the
capability of incorporating chemical functionalities, deliverable drugs, and nutrients. For the
first two properties, the use of non-toxic, pharmaceutical grade, ester bond-forming
components, we identified citric acid and glycerol (listed as one of top 12 renewable
chemicals by the U.S. Department of Energy)21 as non-toxic renewable resources and
biologically safe nutrients, being generally regarded as safe (GRAS) by the U.S. Food and
Drug Administration.4,22,23 Both have been identified as building blocks for a platform to
deliver pharmaceuticals.16-20,24,25 For the third desired property, the rate of degradation has
been found to be inversely proportional to the amount of crosslinking, and it is possible to
vary the amount of crosslinking of citric acid and glycerol. Lastly, chemical functionality or
deliverable payload (e.g. antibiotics) can be integrated into this crosslinked system during
fabrication to create an effective delivery mechanism.

This article describes the esterification of citric acid and glycerol using a condensation
reaction mechanism to fabricate a new thermoset polymer capable of drug delivery. Initial
studies used conventional catalysts; however, we observed a high yield even without the use
of catalysts. Varying the amount of glycerol was a convenient method to control the physical
properties, degree of crosslinking, and biodegradability. Additionally, the melt
polymerization only produced water as a by-product of the condensation reaction. In proof-
of-principle studies, gentamicin was incorporated into the polymer to serve as a model drug,
as its presence can be easily evaluated by its antibacterial properties. While ongoing work is
underway in our labs to evaluate drug loading following polymer synthesis, or to synthesize
the polymer under lower temperatures, the current materials require drugs which are stable
at moderately high temperatures. Since gentamicin is well-know to show minimal to no
degradation at temperatures below 121°C,26 is served an excellent model drug for
incorporation and delivery in the current system.

2 Experimental Section

2.1 Materials

Glycerol (99%, Sigma-Aldrich), para-toluenesulfonic acid monohydrate (PTSA) (97.5%,
Acros Organics), zinc (II) chloride (97+%, Acros Organics), and gentamicin (BioReagent,
Sigma-Aldrich) were used as received. Citric acid (anhydrous, 99.5%, Acros) was ground
into powder with mortar and pestle and filtered through a brass sieve (150 μm, Fisher
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Scientific). Aluminum pans (7cm diameter, Fisher Scientific) and buffer solution pH 7.40
(certified pH 7.39-7.41 @25° C, Fisher Scientific) were used as received.

2.2 General Method for Polymerization of Glycerol and Citric Acid

Freshly ground anhydrous citric acid powder (8.0 mmol) was sieved through a 150 μm brass
sieve into a 7.0 cm aluminum pan with glycerol (8.0 mmol). One experimental control dish
was set up with no catalyst added. The two other dishes also contained PTSA (0.08 mmol, 1
mol %) and ZnCl2 (0.08 mmol, 1 mol %). The three dishes were placed in oven set at a set
temperature and time before being removed and allowed to cool to ambient temperature.

Subsequent trials of polymerization methods include the increase of the glycerol to citric
acid ratio from 1:1 to 2:1 and 3:1, as well as other variations specified within the text.

For the gentamicin incorporated experiments, 1.6:1 ([glycerol]:[citric acid]) and 5 mol%
gentamicin was polymerized at 110°C for three different reaction times--7, 15, and 48 hrs--
to create low crosslinked, medium crosslinked, and high crosslinked polymers, respectively.
5 mol% gentamicin was chosen because it successfully dissolved in glycerol, and also, this
concentration lead towards effective antibacterial activity, however further optimization is
possible.

2.3 Polymer Characterization

The decomposition temperature (Td) was determined with a TA Instruments thermo-
gravimetric analysis (TGA) Q500 at 20° C/min under a flow of nitrogen (30 mL/min).
Polymer samples (4-8 mg) were placed on platinum pans and heated from 30-650° C. The
reported decomposition temperature (Td) values were calculated from the onset of
decomposition using the peak from the first derivative of the weight loss to identify the
maximum slope.

Mechanical analysis was measured with a TA Instruments Q800 dynamic mechanical
analyzer (DMA). A five point temperature calibration was performed. The reaction of
glycerol and citric acid ([gly]/[CA] = 1) was examined at a frequency of 1 Hz and amplitude
of 30 μm. The sample bar (35 mm × 13 mm × 1.7 mm), which was backed with aluminum
foil, was removed from a Teflon mold after curing for 2 hours and placed in a single
cantilever clamp. The modulus was measured at 110° C.

FTIR spectra (32 scans) were recorded with a ZnSe ATR crystal at a 4 cm−1 resolution on a
ThermoFisher Nicolet iS10 FTIR spectrometer.

2.4 Kinetic evaluation of Glycerol and Citric Acid

Reaction kinetics were evaluated by measuring the water lost in relation to the percentage of
hydroxyl groups reacted. Three separate trials of 1:1 ratio glycerol to citric acid were set up,
and each was run in a gas chromatography (GC) oven at separate temperatures of 90°C,
110°C, and 130°C for a minimum of ten hours each. Samples were removed from the oven
at intervals and weighed. The weights were recorded and calculated for weight loss to
determine the formation of ester groups. Given the large boiling point differences between
glycerol (bpt 290° C) and water at atmospheric pressure, all mass loss was attributed to
water formation. The % OH groups that reacted were calculated with the formula: (g of
water lost) × (1/18.015 g mol−1) × (1/maximum mol water) × 100. The maximum mol of
water that could be theoretically produced by esterification reactions was: (g citric acid/
192.12 g mol−1) × 3. The kinetic profiles were obtained by graphing the resulting % OH
values as a function of time.
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2.5 Liquid Chromotography Mass Spectrospcopy (LC/MS) Characterization

High performance liquid chromatography (HPLC)-grade water was added to a resin sample
and was thoroughly mixed. After 1 hour, a 1 μL aliquot was injected into a Waters Acquity
UPLC in line with a Thermo Scientific LTQ-Orbitrap in ESI(+) mode. The UPLC system
was equipped with a BEH phenyl column (130 Å, 1.7 μm, 2.1 mm × 75 mm) equilibrated in
95% solvent A (0.1% formic acid) and 5% solvent B (0.1% formic acid in acetonitrile) at
0.400 mL/min. Mass spectra data were collected using full Fourier transform mode with
30000 resolution. The compounds containing gentamicin eluted between 0.40 and 0.60
minutes; the mass spectra across all peaks in this time period were averaged, and the neutral
mass spectrum was extracted using the associated Thermo Scientific Qual Browser 2.0.7
SP1 software.

2.6 Bacteria-Clearing Assays

Antimicrobial activity was examined using both a dynamic, solution-based bacterial clearing
assay and a static zone of inhibition study. The high agitation of the solution-based assay
tends to more effectively model mixing, solvent action, and removal of degradation products
than a static assay. The zone of inhibition assay tends to have higher sensitivity and to better
model the low vascularity and diffusional exchange present in the environments in which
many of these materials are used (e.g. subcutaneous, intraosseous), compared to a dynamic,
solution-based assay. While neither are accurate predictors of biological performance, both
have been previously used to describe new materials and delivery systems and to indicate
that the release is application dependent.27-32 Similarly, the ASTM E2149 – 10 Standard
Test Method calls for both solution testing and zone of inhibition assays.33

For the solution-based bacterial assay 30 g BBL Trypticase Soy Broth (Becton, Dickinson
Company) was dissolved in 1 L Milli-Q water and autoclaved at 121°C for 20 min. Bacteria
were freshly grown by placing frozen Staphylococcus aureus (S. aureus kindly provided by
Dr. Edward Greenfield, Case Western Reserve University) into a 15ml Falcon tube prepared
with 5 mL sterile soy broth and incubated for overnight at 37°C on an orbital shaker (~225
rpm).

105-140g of high, medium, and low crosslinking polymer were each placed into a 15ml -
Falcon tube with 5 mL soy broth. Two controls were prepared, (1) a tube with control
polymer not loaded with drug, and (2) a tube with no polymer present, with the latter used to
normalize the measurements. Each tube was infected with 10 μL freshly grown bacteria and
incubated for 20-24 hrs on a 37°C orbital shaker. The S. aureus solution was completely
removed and replaced with fresh S. aureus solution each day for a period of six days. All
tubes were done in triplicate.

Each sample was prepared in three dilutions to ensure at least one measurement was in the
linear range of the calibration. The calibration curve was generated by producing a dilution
series from the sample with no polymer. The samples were read at two absorbance
wavelengths, 485 nm and 595 nm, and the determined % clearing was averaged, assuming
that the control tubes with no polymer had 100% bacteria.

For the static, zone of inhibiton assay, also known as the Kirby-Bauer Assay, plates were
prepared as previously described.34 As mechanical breakdown and sample fragmentation
occurred during the course of the study, it was challenging to continue to transfer entire
samples from plate to plate which is required for a conventional Kirby-Bauer Assay. To
circumvent this, samples were placed into a porous tissue culture insert with 1μm pore size,
and the assay run by moving this insert from plate to plate. This ensured that released drug
could escape to have antimicrobial effect, but that as the sample fragmented all fragments
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larger than 1μm were contained together. We had previously validated this procedure using
other work in our lab (manuscript under review). In this study, specifically 32 mg of
medium and high crosslinked polymer were placed in Transwell porous tissue culture inserts
(6 cm) (N=3). Before the zone of inhibition assay, the samples were soaked for 1.5 hrs in a
200 μL phosphate buffered saline (PBS) solution. The water was removed by Kimwipe
underneath the Transwell. In addition, 20 μL of PBS solution was added after every transfer
to aid in media transfer between polymer and bacteria-infected soy broth agar. The zones
were measured and the Transwell plates were transferred to new bacteria plates every day.

3 Results

3.1 Polymer Formation and Characterization

The reaction of an alcohol with a carboxylic acid is a well-studied reaction that forms an
ester under non-catalytic or catalytic conditions.35 Common catalysts include Bronsted
acids, Lewis acids, enzymes, and solid acids. As demonstrated by TGA data in Figure 1, the
melt polymerization of glycerol and citric acid with catalysts PTSA and ZnCl2 generates a
polyester network with greater thermal stability compared to the onset of weight loss for
citric acid (197°C) and glycerol (209°C). In addition, characterization of a sample bar by
dynamic mechanical analysis (DMA) indicated an increase in the storage modulus (Figure
2) as a function of time. The large increase in the storage modulus indicated that the reaction
of glycerol and citric acid produced a crosslinked network with robust physical properties.
DMA also detected glass transition temperatures (Tg) based on the maximum of the tan δ
peak, which represents the ratio of storage to loss moduli. After heating the film at 110°C,
the Tg increased to 61°C after 24 hr, and the Tg increased to 83°C after 48 hr. These data
demonstrate the generation of a crosslinked network between citric acid and glycerol.

In the absence of a catalyst, the equilibrium could be shifted towards the products by the
removal of water, either by increasing the temperature or by decreasing the pressure. As
depicted in Scheme 1, the reaction between glycerol and citric acid proceeded at
temperatures above 90°C. Using FTIR spectroscopy, the ester formation was accompanied
by a decrease in the OH (3290 cm−1) and C-O (1032 cm−1) absorbances for glycerol. In
Figure 3, the initial C=O absorbance for citric acid (1694 cm−1) was gradually replaced by
ester absorbances at 1724 cm−1 (C=O stretch) and 1176 cm−1 (C-O).

In order to determine the optimum ratio of [glycerol]/[citric acid] for fabricating a polymer
useable in drug delivery, several ratios were characterized by TGA (Figure 4). The two-
stage decomposition profile of the TGA curves indicates that the crosslinking between
glycerol and citric acid depends on the molar ratio of [glycerol]:[citric acid]. The samples
with a 1:1 glycerol to citric acid ratio had 30% decomposition at 300°C compared to the
samples with 2:1 and 3:1 ratios, which had 60% decomposition. This comparison indicates
that the optimum ratio of [glycerol]:[citric acid] for biomedical applications will be expected
to fall between 1:1 and 2:1.

In addition to controlling the degree of crosslinking with the ratio of [glycerol]/[citric acid],
the influence of time on the polyester thermoset was also investigated. In Figure 5, samples
with a 1:1 ratio of glycerol to citric acid were prepared and reacted at 150° C for 0.5 hr, 1.0
hr, and 3.0 hr. All three samples in this experiment showed two different stages of weight
loss that was previously seen in Figure 1. As time was increased, an increase in the amount
of ester formation was observed. After a 3.0 hr reaction time, a higher percentage of
polymer remained at 325°C with a concomitant decrease in the initial decomposition of the
sample. Since it was observed that the reactivity at 150°C proceeded very quickly, even after
0.5 hr without a catalyst, lower temperatures were examined to investigate the optimal
method for the synthesis of a drug delivery system.
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3.2 Kinetic Data of Crosslinked Reaction

In Figure 6, the kinetic data from the reaction of glycerol and citric acid was examined by
measuring the percent of OH groups reacted as a function of time. Since this reaction
undergoes Fischer esterification, producing water as a by-product, the percent of OH groups
reacted was calculated by measuring the proportional amount of water loss. The boiling
points of glycerol (290°C) and the decomposition temperature of citric acid (175°C) ensure
that water is the only compound being driven off, with decarboxylation not suspected as a
source of weight loss in the absence of PTSA and temperatures below 150°C.

In each of the three trials, reacted at different temperatures 90°C, 110°C, and 130°C, the
reacted OH groups follow a logarithmic profile, with R2 equal to 0.908, 0.989, and 0.998
respectively (Figure 4, top). After 12 hrs, the number of OH groups ranges between
54%-85% (90°C-130°C), indicating a high level of control over the variability in the amount
of crosslinking within the polymer.

The initial number of reacted OH groups (up to 3.5 hrs) exhibited a linear profile of R2

values of 0.999, 0.989, and 0.926 for the curing temperatures of 90°C, 110°C, and 130°C
respectively (Figure 4, bottom). The number of OH groups for the first 3.5 hrs ranged
between 27%-65% (90°C-130°C), indicating a greater level of control yet less crosslinking
as compared to the longer time plot. The 90°C curing temperature provided the greatest
amount of linear control in the OH groups reacted, but the 130°C curing temperature
provided the greatest amount of crosslinking.

3.3 Polymer Formation with Gentamicin

Gentamicin was added to the melt polymerization to incorporate a therapeutic agent into the
polymer. Our hypothesis was that while some gentamicin would remain unreacted and free
for delivery, some gentamicin would directly crosslink within the citric acid-glycerol
polymer, potentially changing the crosslinking groups of the polymer. The polymer with
gentamicin was tinted orange; the polymer without gentamicin was clear. The control
polymer with a 1:1 ratio ([glycerol]:[citric acid]) was reacted for 66 hrs at 110°C. Figure 7
confirms that gentamicin loaded into the melt before polymerization leads to crosslinking
changes, resulting in a lower initial degradation temperature as a result of gentamicin-citric
acid or gentamicin-glycerol oligomers. The second degradation was greater in the polymers
crosslinked with gentamicin, indicating that the gentamicin-loaded polymers had a greater
crosslinking density of ester bonds with potential amine bonds.

The gentamicin oligomers were confirmed using LC/MS. A polymer sample with
gentamicin was submersed in water and sampled. Figure 6 confirms that gentamicin forms
oligomers with both citric acid and glycerol. The cartoons above the mass spectrum peaks
represent the number of monomers bound to the gentamicin but do not indicate a particular
sequence distribution.

The mass spectra for each gentamicin-containing compound yielded three multiple M+
peaks: the expected value at a given m/z, a peak at −14.016 corresponding to the absence of
a methylene unit (−CH2) on gentamicin, and a peak at −28.032 corresponding to the absence
of an ethylene unit (−C2H4) (or two methylene units) on gentamicin. Investigation into
where the methylene groups (or ethylene group) were located was not performed; however,
the resulting peak cluster pattern was used to identify gentamicin-containing peaks in the
mass spectra. Additionally, m/z values corresponding to one or two water losses (18.011 g/
mol and 36.022 respectively) were observed for each compound and were also used to
identify the gentamicin-containing compounds. Efforts to discover the exact locations of the
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covalent linkages were not made; therefore, no specific regiochemistry or order of linkages
is implied in Figure 8.

The following m/z values were observed in the averaged mass spectrum: 477.3149
(gentamicin, expected 477.3163, −2.83 ppm error); 633.3203 (gentamicin-citrate, one water
loss, expected 633.3221, −2.89 ppm error); 707.3569 (gentamicin-citrate-glycerol, one water
loss, expected 707.3589, −2.84 ppm error); 863.3615 (gentamicin-dicitrate-glycerol, two
water losses, expected 863.3648, −3.81 ppm error); 937.3982 (gentamicin-dicitrate-
diglycerol, two water losses, expected 937.4016, −3.60 ppm error); 1015.4298
(demethylgentamicin-dicitratetriglycerol, one water loss, expected 1015.4330, −3.41 ppm
error); and 1097.3975 (demethylgentamicin-tricitrate-diglycerol, two water losses, expected
1097.4024, −4.43 ppm error).

3.4 Anti-Bacterial Activity

Polymers loaded with gentamicin were used to clear cultures of Staphylococcus aureus (S.
aureus), in both solution assays and zone of inhibition studies, to demonstrate activity after
formulation as compared to polymers without gentamicin, Figures 9 and 10. As described in
Figure 7, three separate polymers loaded with gentamicin were reacted for 7, 15, and 48 hrs
to fabricate low, medium, and high crosslinked polymers.

Bacterial solution clearing from all polymers, including the non-gentamicin control, was
observed for the first two days, but clearing in later days was only seen with drug loaded
polymers (Figure 9). We hypothesized that the initial clearing was caused by the release of
unbound citric acid, which resulted in a pH change of the soy broth, and that bacteriacidal
activity was initially due to this pH change. The pH of polymers undergoing similar
degradation in a phosphate buffer saline solution showed a rapid decrease to pH 2.9-3.2 in
the initial solution in which these were placed. The pH would likely be even lower in the
non-buffered soy broth at the first time point.

Due to completely changing the release media every day, bacterial clearing at subsequent
time points was believed to be caused only by gentamicin release. This was confirmed by
statistically significant differences of bacteria clearing in gentamicin samples as compared to
the non-gentamicin control, after day 2. For low crosslinking density polymers with
gentamicin, significant clearing was observed on Day 2 (p<0.05) and Day 3 (p<0.005)
compared to the control (no gentamicin) polymer. Medium crosslinking density polymers
with gentamicin had significant clearing only on Day 3 (p<0.005) compared to the control.
Finally, the high crosslinking polymer with gentamicin had significant clearing later, on
Days 3 & 4 (p<0.005) compared to the control.

The low crosslinked polymers degraded rapidly with little intact polymer by 3 days, and the
medium crosslinked polymers showed noticeable degradation by day 6. In both cases, no
significant bacteria clearing was observed after substantial polymer degradation, indicating
the majority of drug was released. The high crosslinked polymers with gentamicin remained
intact even up to 6 days, presumably with free and chemically bound gentamicin still within
(based on LCMS data).

Medium and high crosslinked polymers were further tested over a period of 10 days using a
zone of inhibition assay (Figure 10). Medium crosslinked polymers showed a zone of
inhibition until the polymer showed noticeable degradation around day 4. High crosslinked
polymers showed a consistently smaller zone of inhibition than medium crosslinked
polymers but did not show signs of degradation until after 9 days. The profiles observed in
the Kirby Bauer Assay are typical of a diffusion-based release profile.36,37 With the lower
crosslinked polymers, the more rapid burst observed is most likely due to smaller oligomers
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breaking up, resulting in a local decrease in diffusivity and allowing a quick release of
unbound gentamicin.

4 Discussion

The crosslinking of glycerol and citric acid was examined as a biodegradable material. The
influences of polymerization time, temperature, and catalyst on the physical properties of the
polymer were examined.

Experiments were conducted to determine if the reaction would benefit from the use of a
catalyst. Figure 1 shows that PTSA does improve the thermal stability but is not necessary to
produce a reaction. While PTSA improves thermal stability of the reaction at lower reaction
temperatures, it reduces the stability of citric acid at higher reaction temperatures due to
decarboxylation. In early experiments, decarboxylation was visually confirmed by the
formation of bubbles and a decrease in the carbonyl absorbance in the FTIR. Consequently,
further experiments were pursued without a catalyst.

Although a reaction of citric acid and glycerol in the melt is more challenging without a
catalyst, it is beneficial from both a green chemistry standpoint and a biocompatibility
perspective since unnecessary additives are eliminated. From the standpoint of
biodegradation, a catalyst-free reaction eliminates concerns related to leaching unwanted
products (e.g. stannous catalysts used in PLGA formulation). The greater acidity of citric
acid (pKa = 3.13)38 compared to other carboxylic acids, such as benzoic acid (pKa =
4.25),39 sebacic acid (pKa = 4.72)40, and acetic acid (pKa = 4.75),39 is believed to better
catalyze the esterification process.

The crosslinking between glycerol and citric acid resulted in a two-stage decomposition
profile compared to citric acid alone. According to the TGA data, ester groups that formed
during the glycerol and citric acid reaction resulted in an increased degradation temperature
compared to citric acid. This was confirmed with FTIR data, Figure 3. As the ester
conversion increased, crosslinking increased the thermal stability. The 1:1 molar ratio
[glycerol]/[citric acid] is stoichiometrically favorable to creating a larger crosslinked
fraction as compared to an increased molar ratio. The two-stage profile in Figure 4 resulted
from the presence of smaller oligomers, or side chains, which decompose at lower
temperatures (190°C) than the crosslinked fraction (300-325°C) at an increased molar ratio
[glycerol:citric acid].

The polymerization reaction between citric acid and glycerol without a catalyst was
investigated as a function of time. As determined by TGA, Figure 5 illustrates that
decomposition at lower temperatures decreases as the reaction progresses, indicating the
presence of fewer small oligomers. Similarly, decomposition at higher temperatures
increases as the reaction progresses, which indicates the presence of a larger crosslinked
fraction. The progression of the reaction is confirmed by Figure 6, which also suggests the
ability to control the % of crosslinking occurring within the reaction.

Proof-of-principle drug loading and delivery results using gentamicin as a model drug were
presented. Gentamicin is well-known for its use in preventing or treating device infection,
specifically orthopaedic implant infection.41 Local delivery of antibiotics to combat
orthopaedic implant infections is a growing field; however, many existing thermoplastic
materials are unsuited to this purpose.42

Three different degrees of crosslinking were presented in Figures 7-10: low crosslinking (7
hr polymerization reaction), medium crosslinking (15 hr polymerization reaction), and high
crosslinking (48 hr polymerization reaction). As expected, the low crosslinked polymer
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degraded the fastest in the soy broth solution-based bacteria clearing assay. By degrading
the quickest, it released all of the incorporated gentamicin within the first three days,
resulting in greater bacteria clearing, (Figure 9, p<0.005) but for a shorter time. The medium
crosslinked polymer degraded in 6 days in a solution based assay. Over that time, days 4-6,
the bacteria clearing trended less than the control (Figure 9), indicating some release of
gentamicin into the media over that time period. The release of gentamicin in an aqueous
environment was confirmed by LC/MS, as shown in Figure 8. It is likely that this reduced
antibiotic activity is due to the formation of gentamicin oligomers with citric acid and/or
glycerol. Finally, the high crosslinked polymer did not degrade much in the 6 days in which
the bacterial solution clearing was performed, but it did clear bacteria significantly in early
time points (days 3-4). The bacteria clearing caused by medium and high crosslinked
polymers were confirmed by zone of inhibition assay, Figure 10. Both polymers showed
good clearing in the first four days, and the high crosslinked gentamicin loaded polymers
showed good clearing for up to 9 days.

The shelf-life of the polymer in a desiccator at room temperature was qualitatively evaluated
over 1.5 years. The bacteria clearing assay was conducted both immediately after fabrication
(data not shown) and up to 6 months later with similar results (Figure 9). The Kirby-Bauer
Assay data was conducted 1.5 years after formulation, demonstrating antibacterial activity
even after longer-term storage. At the time of the Kirby-Bauer Assay, the low crosslinked
polymer had begun to soften, which was presumably due to some degradation. More
crosslinked polymers showed no visual indications of degradation even after 1.5 years of dry
storage, yet some minor unobserved degradation may have occurred. Because of the ester
bond, we do not expect a long shelf-life in humid, heated conditions.

Based on qualitative bench-top tests, we have found the polymer has over a 1.5 year shelf-
life in a desiccator stored at room temperature. The bacteria clearing assay was conducted
both immediately after fabrication and up to 6 months later with similar results (data not
shown). The Kirby-Bauer Assay data was conducted 1.5 yrs after formulation,
demonstrating antibacterial activity even after longer-term storage. At the time of the Kirby-
Bauer Assay, the low crosslinked polymer had begun to soften. This was presumably due to
some degradation and may have also occurred in the more crosslinked formulations, yet the
more crosslinked polymers showed no visual indications of degradation even after 1.5 years
of dry storage. Because of the ester bond, we do not expect a long shelf-life in humid, heated
conditions.

Based on the LC/MS data, Figure 8, the amine groups on gentamicin are able to react with
the ester groups to form amide bonds. As a result, it appears that the greater crosslinking
density benefits the physical durability of the polymers at the expense of a quick release of
gentamicin. Although a fraction of the gentamicin was temporarily sequestered by the
formation of amide bonds, the ubiquitous presence of enzymes such as amidases in
biological systems would be expected to hydrolyze these amide bonds to free gentamicin.43

Also it is possible that various oligomers of gentamicin themselves have antibacterial
activity.

5 Conclusion

We have demonstrated that the reaction between citric acid and glycerol occurs without a
catalyst and that the only predicted byproduct of the reaction is water, which is removed
during the reaction with heat. Varying degrees of crosslinking were observed by changing
various reaction conditions: time, temperature, and molar ratios. The final product was an
estercrosslinked biodegradable polymer. Integration of gentamicin into the polymer melt
allowed for the incorporation and release of a therapeutic agent. Statistically significant
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bacteria clearing of S. aureus was shown to change with the degree of crosslinking in
polymers loaded with gentamicin. In future work, other temperature-insensitive therapeutic
agents will be integrated into the polymer melt, or other agents can be loaded through other
means (e.g. solvent loading) for delivery in a biodegradable fashion.
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Figure 1.
TGA data (20°C/min) for the reaction of glycerol and citric acid at 110°C using 1 mol%
paratoluenesulfonic acid, 1 mol% ZnCl2, and no catalyst. TGA data for unreacted citric acid
is shown for comparison. Top: Weight percent as a function of temperature. Bottom:
Derivative of weight percent as a function of temperature.
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Figure 2.
Dynamic mechanical analysis (DMA) of the reaction of glycerol and citric acid ([glycerol]:
[citric acid] = 1) at 110°C. A sample bar (35 mm × 13 mm × 1.7 mm) was oscillated at 1 Hz
in a single cantilever clamp using a 30 -m amplitude.
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Figure 3.
FTIR spectroscopy data for the reaction of glycerol and citric acid ([glycerol]:[citric acid]
=1.4) at 110°C showing the carbonyl region for citric acid, product after 10 min, and product
after 150 min as the ester absorbance at 1724 cm-1 becomes more pronounced.
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Figure 4.
Overlay of TGA data (20°C/min) for reaction of glycerol and citric acid at 150°C for 1 hr
using [glycerol]:[citric acid] ratios of 1:1, 2:1, and 3:1. Top: Weight percent as a function of
temperature. Bottom: Derivative of weight percent as a function of temperature.
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Figure 5.
TGA data (20°C/min) showing the influence of time on the reaction of glycerol and citric
acid of a 1:1 ratio at 150°C for 0.5 hr, 1.0 hr, and 3.0 hr. Top: Weight percent as a function
of temperature. Bottom: Derivative of weight percent as a function of temperature.
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Figure 6.
Kinetic data for reaction of glycerol and citric acid ([glycerol]:[citric acid] =1) at 130°C,
110°C, and 90°C. Top: A logarithmic relationship is observed for esterification reactions up
to 12.5 hrs. Polymers fabricated at 130°C show the most accurate logarithmic profile.
Bottom: Linear relationships are observed for esterification reactions for the first 3.5 hrs.
Polymers fabricated at 90°C have the most linear control in the first 3.5 hrs.
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Figure 7.
Comparing different amounts of polymer cross-linking within gentamicin-loaded melts. The
low, medium, and high cross-linking is determined by the amount of time the polymers were
reacted, 7 hr, 15 hr, and 48 hr respectively. The no gentamicin polymer was shown as a
control. Top: Weight percent as a function of temperature. Bottom: Derivative of weight
percent as a function of temperature.
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Figure 8.
Mass spectral data confirming that free gentamicin is released into aqueous environments as
well as gentamicin oligomers containing citric acid and glycerol. The gentamicin (circle),
citric acid (triangle), and glycerol (hexagon) conjugates illustrated in the figure do not
indicate any specific orientation, and only one possibility is shown for each peak.
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Figure 9.
Percent of bacteria growth normalized to bacteria grown in soy broth with no polymer.
Circles indicate when the polymer was fully degraded. No significant amount of bacteria
clearing was observed after the polymers degraded. The initial bacteria clearing is associated
with unbound surface citric acid release and resulting pH drop. Later clearing is associated
with gentamicin release. (ϕ=p<0.05 and *=p<0.005 compared to (a) polymer with no
gentamicin).
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Figure 10.
Zone-of-Inhibition assay results of bacteria clearing of medium and high crosslinked
polymers. Inhibition zones were observed in medium and high crosslink polymers for up to
4 days and 9 days respectively. Medium crosslink polymers showed greater zones for Days
1 and 3 possibly due to the larger amount of initial gentamicin release.
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Scheme 1.
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