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Abstract

Temperature sensitive copolymer systems were previously studied using modified diffusion cells 

in vitro for intratympanic injection, and the PLGA-PEG-PLGA copolymer systems were found to 

provide sustained drug delivery for several days. The objectives of the present study were to 

assess the safety of PLGA-PEG-PLGA copolymers in intratympanic injection in guinea pigs in 

vivo and to determine the effects of additives glycerol and poloxamer in PLGA-PEG-PLGA upon 

drug release in the diffusion cells in vitro for sustained inner ear drug delivery. In the experiments, 

the safety of PLGA-PEG-PLGA copolymers to inner ear was evaluated using auditory brainstem 

response (ABR). The effects of the additives upon drug release from PLGA-PEG-PLGA hydrogel 

were investigated in the modified Franz diffusion cells in vitro with cidofovir as the model drug. 

The phase transition temperatures of the PLGA-PEG-PLGA copolymers in the presence of the 

additives were also determined. In the ABR safety study, the PLGA-PEG-PLGA copolymer alone 

did not affect hearing when delivered at 0.05-mL dose but caused hearing loss after 0.1-mL 

injection. In the drug release study, the incorporation of the bioadhesive additive, poloxamer, in 

the PLGA-PEG-PLGA formulations was found to decrease the rate of drug release whereas the 

increase in the concentration of the humectant additive, glycerol, provided the opposite effect. In 

summary, the PLGA-PEG-PLGA copolymer did not show toxicity to the inner ear at the 0.05-mL 

dose and could provide sustained release that could be controlled by using the additives for inner 

ear applications.
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INTRODUCTION

Effective drug delivery to the inner ear remains a challenge due to the intrinsic complexity 

of the ear. Although transtympanic delivery such as intratympanic injection offers better 

therapeutic efficacy than systemic delivery and eliminates systemic side effects [1], the short 

drug residence time in the middle ear after intratympanic delivery reduces its effectiveness; 

drugs deposited in the middle ear are rapidly cleared via the Eustachian tube, e.g., when the 

patient swallows. Multiple transtympanic administrations are therefore required to maintain 

drugs at their therapeutic concentrations in the inner ear, and this leads to temporary partial 

hearing loss associated with tympanic membrane perforations and other adverse effects. It 

has been hypothesized that a sustained release drug delivery system with long residence time 

in the middle ear can provide an advantage over conventional intratympanic injections.

Previous studies have examined poloxamer [2–4], chitosan glycerophosphate [5], hyaluronic 

acid [6–8], and poly lactic/glycolic acid systems [9] as drug delivery systems for the ear. 

Hydrogel has been investigated extensively for sustained drug delivery in other routes of 

administration [10]. Temperature sensitive hydrogel can be permanently cross-linked 

hydrogel with a defined three-dimensional structure for temperature controlled drug delivery 

such as in heat-triggered subdermal implants (triggered by an increase in body temperature 

in a disease state or an external source) or can be thermally reversible hydrogel such as 

triblock copolymers Pluronics (poloxamers) [11, 12]. A temperature sensitive hydrogel (sol-

gel) that is a liquid at room temperature and becomes solid at higher temperature can be 

utilized in inner ear delivery. In this case, the temperature sensitive gel solution can be 

placed in the middle ear by intratympanic injection, conform on the round window niche, 

solidify at body temperature, and provide sustained inner ear delivery via the round window 

membrane (RWM).

A previous study to evaluate formulations for sustained inner ear drug delivery using a 

modified diffusion cell setup in vitro has demonstrated that temperature sensitive PLGA-

PEG-PLGA triblock copolymer systems could provide sustained drug delivery over several 

days [13]. The objectives of the present study were to assess the safety of PLGA-PEG-

PLGA copolymers for intratympanic injection in guinea pigs in vivo using auditory 

brainstem response (ABR) and to examine the effects of additives glycerol and poloxamer in 

PLGA-PEG-PLGA upon drug release from the copolymer system in the diffusion cells in 

vitro for sustained drug delivery. The phase transition temperatures of PLGA-PEG-PLGA 

copolymers with the additives were also determined. It was believed that the duration of 

drug delivery could be extended by the incorporation of these additives.
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MATERIAL AND METHODS

Materials

Polyethylene glycol (PEG 1450), D,L-lactide and glycolide were purchased from 

Polysciences Inc (Warrington, PA). Stannous 2-ethylhexanoate (stannous octoate) was 

obtained from Sigma Aldrich (St. Louis, MO). Phosphate buffered saline (PBS, pH 7.4 

containing 0.01 M phosphate buffer, 0.0027 M potassium chloride, and 0.137 M sodium 

chloride) was prepared by PBS tablets purchased from Sigma Aldrich and distilled 

deionized water. Sterile saline USP was from Baxter (Round Lake, IL). Cidofovir 75 mg/mL 

Injection (Vistide®) was obtained from Gilead Sciences (Foster City, CA) and was diluted to 

the required concentration with PBS or saline. Poloxamer (Pluronic® F 127 Prill) was from 

BASF Chemical Company (Mt. Olive, NJ, US). Poly(lactic-co-glycolic acid)-poly(ethylene 

glycol)-poly(lactic-co-glycolic acid) triblock copolymer (PLGA-PEG-PLGA), AK24, of 

PEG 1,000 and 3:1 lactide:glycolide, Mn = 3,552 and Mw = 4,286, was purchased from 

Akina, Inc. (West Lafayette, IN). Tetrabutylammonium phosphate monobasic and sodium 

phosphate dibasic heptahydrate were purchased from Acros Organics (Fair Lawn, NJ, US). 

Glycerol was from Humco Lab (Texarkana, TX). High performance liquid chromatography 

(HPLC) grade acetonitrile was purchased from Pharmaco-AAPER (Shelbyville, KY, US). 

All other chemicals were of analytical grades.

Animals

Guinea pigs, weighing 250–600 grams, cytomegalovirus (CMV) free colony were bred at 

the Cincinnati Children’s Hospital Medical Center, an AAALAC approved facility. The use 

of animals was approved by Institutional Animal Care and Use Committee at both the 

Children’s Hospital Cincinnati and University of Cincinnati.

Synthesis of Temperature-sensitive Copolymer

Triblock copolymers (PLGA-PEG-PLGA, 8/1) were synthesized according to ring opening 

polymerization procedure using stannous octanoate as the catalyst [13, 14]. Briefly, 1.5 g 

polyethylene glycol (PEG 1450) was dried in a flask under vacuum at 120 °C for 3 h. 

Appropriate amounts of DL-lactide (~ 3.2 g) and glycolide (~0.32 g) were then added to the 

dried PEG in the flask to obtain a lactide to glycolide molar ratio of 8/1 and total weight 

ratio of PEG 1450 of 30% w/w. After mixing the reagents in the flask, stannous octanoate 

was added and the mixture was heated and maintained at 155 °C overnight. The copolymer 

product was subsequently dissolved in water and the solution was heated at 80 °C to 

precipitate the copolymer. Then, the copolymer was subjected to three cycles of purification 

to remove low-molecular weight impurities and unreacted monomers. Purification was 

performed by dissolving the copolymer in cold water followed by heating to precipitate the 

copolymer. The supernatant water was decanted. The resulting copolymer after purification 

was lyophilized and stored in a dessicator. The average molecular structure of the copolymer 

was checked using 1H-NMR. Briefly, 1H-NMR spectra of PLGA-PEG-PLGA were obtained 

in CDCl3 using Varian (Inova-300) at 300 MHz. The DL-lactide to glycolide ratio was 

determined from the NMR spectra [15].
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Auditory Brainstem Response (ABR) Assessment in vivo

All guinea pigs underwent a baseline ABR on Day 0. Weekly ABR evaluations were then 

performed on Day 7, Day 14, Day 21, and Day 28 following intratympanic injections of the 

PLGA-PEG-PLGA copolymer solution on Day 0. Intratympanic injection of sterile saline 

was the control. The copolymer solution was prepared by dissolving 20% polymer in PBS at 

cool temperature and sterilized by filtration. In addition to the PLGA-PEG-PLGA 

copolymer synthesized in the present study, a commercial PLGA-PEG-PLGA copolymer 

was also used for comparison. The purpose of testing a commercial PLGA-PEG-PLGA 

copolymer was to check whether the hearing loss found in the ABR study was a result of 

impurities introduced in the copolymer synthesis procedure in the present study or the 

copolymer itself.

In the experiments, the animals were anesthetized with 1–3% isoflurane for the 

intratympanic injection and ABR examination. The ABR needle electrodes were placed in 

the vertex and behind each pinnae. Frequency specific tone pips at 8, 16, and 32 kHz were 

delivered in 10dB steps using high frequency transducers (MO14600) inserted into the ear 

canal. Waveforms were recorded using an Intelligent Hearing Systems Smart-EP (Miami, 

FL, USA). All waveforms were duplicated and the threshold was defined as the lowest level 

at which a repeatable response was obtained.

Drug Release from Copolymer System in vitro

Two additives glycerol and poloxamer, a humectant and bioadhesive, respectively, were 

evaluated with the synthesized PLGA-PEG-PLGA copolymer. These additives are generally 

recognized as safe (GRAS) by the US Food and Drug Administration (FDA) and are 

commonly used in the pharmaceutical industry. Table 1 lists the compositions of the 

formulations tested in the modified Franz diffusion cells in the drug release study. 

Formulations #1–6 consisted of PLGA-PEG-PLGA and one or both of the additives, and 

Formulations #7–8 consisted of only PLGA-PEG-PLGA. PBS without PLGA-PEG-PLGA 

and the additives was the control (PBS control). In these experiments, the copolymer 

solution was prepared in a vial and mixed with the additives. Cidofovir solution (Vistide®) 

was then added to the mixture to obtain a final cidofovir concentration of 5.0 mg/mL. The 

modified Franz-type diffusion cells had a diffusion surface area of 0.2 cm2 with a rubber 

membrane containing a hole of approximately 1 mm in diameter and were maintained at 37 

°C in a water-bath. A Millipore filter membrane (0.45 μm) was mounted between the 

diffusion half-cells under the rubber membrane to serve as the support and to separate the 

donor and receiver chambers. The solution in the receiver compartment was PBS containing 

0.02% w/v sodium azide. The donor compartment was 0.1 mL of cidofovir formulations 

(Table 1). At the start of the experiments, the donor compartment was sealed by Parafilm to 

maintain the temperature of the system above the copolymer lower critical solution 

temperature. The release of cidofovir from the copolymer gel through the filter membrane 

support was measured. At predetermined time points, 1-mL samples were withdrawn from 

the receiver compartment and replaced with fresh receiver solution. The samples were 

analyzed for cidofovir using high-performance liquid chromatography (HPLC). The drug 

release vs. time profiles of the formulations were analyzed under the assumption of first 
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order release from the hydrogel through the small diffusional area of the diffusion cells into 

the receiver chamber:

(1)

where Ct is the concentration of the drug remaining in the donor chamber at time t, C0 is the 

initial concentration of the drug, and k is the apparent first order release rate constant. The 

apparent first order release rate constants were calculated using Eq. 1 and Linest function 

fitting in Microsoft Excel (Redwood, WA) by setting the y-intercept to zero. The apparent 

first order rate constants were then analyzed by a regression analysis:

(2)

where ko is the rate constant of PBS control, p, h, and b are the coefficients, and P, H, and B 

are the concentrations of PLGA-PEG-PLGA, glycerol, and poloxamer in the formulations, 

respectively. The relationships between drug release rates (dependent variable k) and the 

concentrations of the copolymer and additives (independent variables P, H, and B) of the 

formulations were determined with least squares-fitting software Scientist (MicroMath, Salt 

Lake City, UT). The main purpose of this regression analysis was to evaluate the impact of 

the concentration of PLGA-PEG-PLGA, glycerol, and poloxamer in the formulations upon 

the upward or downward trends of changes in drug release rates. It should be emphasized 

that this analysis is not a quantitative model for drug release from the hydrogels and is not 

related to the drug release mechanism.

HPLC Analysis of Cidofovir

HPLC assay of cidofovir was performed using a liquid chromatography system (Prominence 

system; Shimadzu, Columbia, MD, US) equipped with CBM-20A system controller, 

LC-20AT solvent delivery module, SIL-20A auto-sampler, SPD-20A UV-Vis detector, and 

an Eclipse XDB-C8 column (150 × 4.6 mm, 5 μm; Agilent Technologies, Santa Clara, CA, 

US). The mobile phase consisted of 3.5 mM sodium phosphate dibasic and 1.5 mM 

tetrabutylammonium phosphate monobasic in water and acetonitrile at a ratio of 90:10 (v/v). 

The mobile phase was delivered at 1.0 mL/min and the detection wavelength was 274 nm. 

Calibration curves were constructed using standards of cidofovir concentrations between 1.5 

– 75 μg/ml and found to be linear in this range.

Copolymer Sol-Gel Transition Temperature in vitro

The gelation behavior of the copolymer formulations was studied by physical observation. 

Copolymer solutions of different concentrations were prepared by dissolving the copolymer 

in PBS in a small test tube and allowed to completely go into solution in an ice-bath. PBS 

was used because it could maintain the pH of the copolymer solution. The physical form and 

the change in solution viscosity and turbidity (i.e., solution, gel, or precipitated form) were 

then monitored in a temperature controlled water-bath to determine the transition 

temperatures of the formulations. The relationships between the transition temperatures and 

the concentrations of the copolymer and additives of the formulations were then analyzed 

using an equation similar to Eq. 2.
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RESULTS AND DISCUSSION

ABR Study in vivo

The safety of the PLGA-PEG-PLGA delivery system was evaluated by ABR. Prestudy ABR 

evaluations were performed at Day 0, followed by the intratympanic injection of PLGA-

PEG-PLGA copolymer solution into the middle ear. Post-injection ABR evaluations were 

performed on Day 7, Day 14, Day 21, and Day 28. Fig. (1) shows the representative ABR 

tracings with their threshold values before the injection on Day 0 and after the injection on 

Day 28. Fig. (2) presents the ABR results after intratympanic injection of 0.1 mL copolymer 

gel solution. In this figure, the threshold values after intratympanic injections were divided 

by the initial threshold values of the same animal before the injections and the ratios were 

plotted against time. These threshold ratios are shown as their means and 95% confidence 

intervals. Hearing loss is indicated by a ratio significantly higher than unity (> 1.0). The data 

in the figure show that the 0.1-mL injection of the synthesized PLGA-PEG-PLGA 

copolymer gel solution could induce hearing loss. Particularly, hearing loss was more 

noticeable at the higher frequency region. To investigate whether the hearing loss observed 

was specifically related to the method of polymer synthesis in the present study or a general 

phenomenon of PLGA-PEG-PLGA, a commercial PLGA-PEG-PLGA copolymer was also 

examined. As shown in Fig. (2), hearing loss was more significant for the commercial 

PLGA-PEG-PLGA copolymer. This suggests that the ABR results are not specific to the 

synthesized PLGA-PEG-PLGA in the present study, but are related to general influence of 

0.1-mL injection of PLGA-PEG-PLGA on ABR.

A review of previous inner ear drug delivery studies of temperature sensitive gels shows that 

smaller injection volume (0.05 mL) was used [2–4]. Since 0.05-mL intratympanic injection 

instead of 0.1 mL was previously studied and found to be nontoxic, smaller injection volume 

was examined in the present study. Fig. (3) presents the ABR results after intratympanic 

injection of 0.05 mL copolymer gel solution. At the lower injection volume of 0.05 mL, 

there is no statistical difference between the ABR results of 0.05 mL PLGA-PEG-PLGA 

injection and saline control. Although the cause of the different responses after 0.05 and 0.1 

mL injections is not clear, the ABR results suggest that the PLGA-PEG-PLGA copolymer 

does not affect hearing when injected at 0.05-mL dose. Further investigation is required to 

determine the cause of hearing loss at 0.1-mL injection dose of the PLGA-PEG-PLGA 

solutions.

Drug Release from Copolymer System in vitro

Fig. (4) shows the drug release vs. time profiles of cidofovir from the formulations in the 

diffusion cell experiments in vitro. Diffusion-controlled drug release from hydrogels is 

commonly described by the square root of time release function or time-dependent power 

law function of exponent equal to ~0.5. However, a previous study has shown that a first 

order release process is more appropriate to describe drug release in the modified diffusion 

cells employed in the present study due to the small diffusional area as the transport rate-

limiting step [13]. As the goal of the present study was to evaluate the effects of additives 

upon drug release from the PLGA-PEG-PLGA systems, the first order release model was 
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the focus in the analyses of the present drug release testing to obtain the apparent rate 

constants (Eq. 1) for comparison and for empirical regression fitting (Eq. 2).

Fig. (5) presents the natural logarithm of the fraction of drug remaining in the formulation 

vs. time profiles to determine the apparent rate constants of drug release from the 

formulations (Eq. 1). Table 2 summarizes the apparent rate constants of drug release from 

the formulations and PBS control under the first order release assumption. The rate 

constants were then analyzed by a regression analysis using Eq. 2 to deduce the relationships 

between the rate constants and the concentrations of PLGA-PEG-PLGA, glycerol, and 

poloxamer. The analysis found that the coefficients p and b were negative and the 

coefficient h was positive. This indicates that the rate of drug release from the sustained 

delivery system in general decreased when the concentration of PLGA-PEG-PLGA 

increased and/or with the incorporation of bioadhesive poloxamer, but the rate of drug 

release increased with the addition of humectant glycerol. Also examined in this rate 

constant analysis was the impact of other parameters such as those of the second order 

functions (i.e., P2, H2, B2, P × H, P × B, and H × B) by the extension of Eq. 2. The addition 

of these parameters did not affect the conclusion of the analysis: negative coefficients p and 

b and positive coefficient h. In addition to the first order release model, the square root of 

time release model was also examined for comparison (data not shown). Overall, the rank 

orders of the rate constants determined using the first order and square root of time release 

models for the formulations are essentially the same, and the use of the first order release 

model should not affect the conclusion in the present study.

In general, drug release from PLGA-PEG-PLGA sol-gel systems can be controlled by the 

concentration of PLGA-PEG-PLGA in the systems [12, 16]. However, because the 

transition temperatures of the sol-gel systems are affected by PLGA-PEG-PLGA 

concentration, this could present a problem to control the rates of drug release from the sol-

gel systems using solely this method. Previous studies have shown the effects of additives in 

temperature sensitive polymer systems upon their drug release behavior. For example, 

polymer additives were observed to affect drug release rates in the development of pluronic-

containing formulations for ophthalmic and other applications [17–19]. The present study 

investigated the effects of additives upon the rates of drug release from the PLGA-PEG-

PLGA hydrogel formulations. The in vitro drug release results demonstrate that sustained 

release of cidofovir from PLGA-PEG-PLGA can be controlled by the additives. This allows 

the manipulation of the drug release rates of the PLGA-PEG-PLGA systems with two other 

factors (i.e., concentrations of poloxamer and glycerol). The present results also illustrate 

that the duration of sustained drug delivery can be extended to more than 168 hr (7 days) 

with these formulations in the diffusion cell release study. For example, approximately 30% 

drug was released in 168 h with Formulation #1, which was significantly slower than those 

reported in a previous study: 40–70% drug release in 96 h [13]. Also, this was more than 

five times longer drug release than that from PBS control, in which drug release was close to 

100% in 24 h. The longer sustained release is a potential advantage in inner ear drug 

delivery.
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Copolymer Sol-Gel Temperature in vitro

Table 3 presents the lower critical solution temperatures (i.e., solution to gel phase transition 

temperatures) of the PLGA-PEG-PLGA formulations. At the lower critical solution 

temperature of the PLGA-PEG-PLGA copolymer, the copolymer solution went through a 

sol-gel phase-transition from a solution into a gel when the temperature increased. The 

transition temperatures of the copolymer systems were then analyzed by a regression 

analysis similar to Eq. 2 to deduce the effects of PLGA-PEG-PLGA, glycerol, and 

poloxamer on the transition temperatures. The analysis showed that when the concentration 

of PLGA-PEG-PLGA in the solution increased, the transition temperature decreased. This 

result is consistent with those observed in previous studies of PLGA-PEG-PLGA systems 

[14, 20]. The analysis also indicated that, in general, both glycerol and poloxamer reduced 

the transition temperatures of the sol-gel systems with poloxamer having a stronger impact 

on the transition temperatures than glycerol.

PLGA-PEG-PLGA Systems for Inner Ear Delivery in Practice

Sustained drug delivery and accurate dosing to the inner ear remain a technologically 

challenging task, and the current methods to deliver drugs to the inner ear have a number of 

drawbacks [1, 21, 22]. The increasing significance of ear diseases such as sensorineural 

hearing loss, Meniere’s disease, and tinnitus has led to recent efforts to develop therapeutic 

compounds and sustained local drug delivery systems to treat these conditions. For example, 

in intratympanic injection, the simple deposition of therapeutic agents in the middle ear on 

the RWM by intratympanic injections of drug solutions in inner ear disease treatments is 

hampered by the short residence time of the drugs on the RWM and clearance (of the 

injection solutions) through the Eustachian tube. Several hydrogel systems were previously 

investigated for sustained drug delivery to the ear [2–7]. The present study illustrated the 

effects of two additives, a bioadhesive and humectant, to modify the sustained delivery of 

cidofovir from PLGA-PEG-PLGA hydrogels. This could allow a tailored-made design of 

PLGA-PEG-PLGA using these excipients for sustained drug release from the hydrogel in 

the middle ear after intratympanic administration. The present study also identified the 

intratympanic injection condition for PLGA-PEG-PLGA sol-gel (0.05 mL) that could be 

safe for sustained drug delivery to the inner ear.

CONCLUSIONS

The safety of PLGA-PEG-PLGA copolymers in intra-tympanic injection was assessed in 

guinea pigs in vivo. In the safety study, the PLGA-PEG-PLGA copolymers were found to be 

relatively safe in intratympanic injection as they did not affect hearing in the present study 

when 0.05-mL intratympanic injections of PLGA-PEG-PLGA were used. The effects of 

additives glycerol and poloxamer in PLGA-PEG-PLGA upon the transition temperatures of 

the hydrogels and drug release were investigated in the diffusion cells in vitro. In these drug 

release experiments, it was shown that the rate of drug release from PLGA-PEG-PLGA 

generally was reduced by the incorporation of poloxamer as the bioadhesive additive but 

was increased by the addition of glycerol as the humectant. PLGA-PEG-PLGA could 

provide sustained release of cidofovir that can be controlled by using the additives.
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Fig. 1. 
Representative ABR tracings at 32 kHz obtained on (A) Day 0 before intratympanic 

injections and (B) Day 28 after the injections in guinea pigs in vivo. The differences among 

the Day 0 tracings are due to experimental variability. ABR tracings are from (I) control, 

(II) 0.05 mL, and (III) 0.1 mL injection experiments. The arrows and bold dB values 

indicate the ABR threshold values.
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Fig. 2. 
Ratios of ABR threshold values after 0.1 mL intratympanic injections of copolymer systems 

to those before injections in guinea pigs over 28 days in vivo. The average threshold values 

of ABR were 30–45 dB before the injections. Injection of 0.1 mL saline was the control. 

Symbols: dotted bars, synthesized PLGA-PEG-PLGA; striped bars, commercial PLGA-

PEG-PLGA; open bars, saline (control). D0, D7, D14, D21, and D28 indicate ABR data on 

7 days, 14 days, 21 days, and 28 days after the injection, respectively. 8kHz, 16kHz, and 

32kHz indicate the frequency. Mean ± 95% confidence interval (n ≥ 4). Hearing loss is 

indicated by a ratio significantly higher than 1.0.
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Fig. 3. 
Ratios of ABR threshold values after 0.05 mL intratympanic injections of copolymer 

systems to those before injections in guinea pigs over 28 days in vivo. The average threshold 

values of ABR were 35–50 dB before the injections. Injection of 0.1 mL saline was the 

control. Symbols: dotted bars, synthesized PLGA-PEG-PLGA; striped bars, commercial 

PLGA-PEG-PLGA; open bars, saline (control). D0, D7, D14, D21, and D28 indicate ABR 

data on 7 days, 14 days, 21 days, and 28 days after the injection, respectively. 8kHz, 16kHz, 

and 32kHz indicate the frequency. Mean ± 95% confidence interval (n ≥ 4).
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Fig. 4. 
Cidofovir release profiles from formulations of PLGA-PEG-PLGA with and without 

additives in Franz diffusion cell experiments in vitro. PBS was the control. Symbols: closed 

diamonds, closed squares, closed triangles, open squares, open circles, open diamonds, 

closed circles, open triangles, and crosses represent Formulation #1 to #8 and PBS, 

respectively. Mean ± SD (n = 3).
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Fig. 5. 
Apparent first-order fitting of cidofovir release from formulations of PLGA-PEG-PLGA 

with and without additives in Franz diffusion cell experiments in vitro. PBS was the control. 

Symbols: closed diamonds, closed squares, closed triangles, open squares, open circles, 

open diamonds, closed circles, open triangles, and crosses represent Formulation #1 to #8 

and PBS, respectively. CR is the concentration representing the cumulative amount of drug 

in the receiver at time t.
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Table 1

Formulations tested in the drug release study in vitro.

Formulation #
Concentration (%)

PLGA-PEG-PLGAa Glycerol Poloxamer

1 15.0 3.9 2.1

2 16.9 8.0 1.5

3 18.8 2.1 1.1

4 20.8 6.1 0.6

5 20.0 10.0 1.0

6 22.9 10.0 0

7 15.0 0 0

8 24.6 0 0

PBS (control) 0 0 0

a
Synthesized PLGA-PEG-PLGA.
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Table 2

Apparent rate constants of drug release from the formulations.

Formulation # First order rate constant (h−1) a, regression analysis R2

1 0.0029±0.0002, 0.941

2 0.0094±0.0003, 0.994

3 0.0058±0.0003, 0.970

4 0.0037±0.0003, 0.936

5 0.017±0.001, 0.984

6 0.0029±0.0003, 0.922

7 0.0044±0.0007, 0.893

8 0.0034±0.0002, 0.978

PBS (control) 0.079±0.008, 0.954

a
Rate constant, k, calculated from the slope of ln(Ct/C0) vs. t; mean ± standard error.
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Table 3

Transition temperatures of the formulations.

Formulation # Transition temperature (°C) a

1 27

2 22

3 28

4 23

5 20

6 22

7 30

8 24

a
The transition temperatures represent average values of solution to gel transitions when temperature increases (n = 2).
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