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Introduction

With increased standards and demands for therapeutic  
efficacy and patient safety, more and more drugs are expected 
to be delivered specifically to their targeted tissue in a con-
trolled manner [1, 2]. Controlled-release drug delivery tech-
nologies not only allow drugs to be released over a period 
of time with a more efficacious plasma drug profile, but also 
provide patient-specific benefits, such as less frequent dosing 
and reduced magnitude and frequency of adverse events [3, 4].  
As such, several sustained release formulations, such as poly-
mer conjugates, liposomes and biodegradable microspheres, 

have been of interest to researchers, clinicians, patients and 
pharmaceutical manufacturers.  

Poly(lactic-co-glycolic acid) or PLGA is a Food and Drug Ad-
ministration (FDA)-approved copolymer, that can be synthe-
sized by cyclic polymerization of glycolic acid and lactic acid 
[5, 6]. Studies have shown that the thermosensitive gelation 
properties, crystallinity and degradation rates of PLGA poly-
mers can be controlled by the ratio of monomers, lactide to 
glycolide [5-8]. The degradation of PLGA polymers occurs in 
the presence of water, primarily through non-enzymatic hy-
drolysis of ester bonds. Its end-products, lactide and glycolide, 
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are identical to those metabolites normally present in our bod-
ies [9]. Because of its thermosensitive gelation, biodegradable 
and biocompatible properties, it is thought that PLGA poly-
mers exhibit substantial potential for clinical application using 
multiple dosing routes including subcutaneous, submucosal, 
intraocular, intravitreal, intratracheal, and topical administra-
tion [10-17], and have been tested in many therapeutic fields, 
such as cancer, regenerative medicine, macular degeneration, 
tissue engineering, and nanoparticle formulation [14, 18-21]. 
To this end, the purpose of this study was to determine a novel 
and applicable copolymer with ideal gelation at the physiolog-
ical temperature, and to evaluate its in vivo safety using place-
bo-controlled animal model.  Our study shows that by mixing 
two PLGA-PEG-PLGA polymers AK12 and AK19 at 1:3 ratio, a 
desirable gelation at the physiological temperature can be ob-
tained. Animal study further demonstrates great biocompati-
ble properties of the AK12/AK19 polymer. These data suggest 
that the novel AK12/AK19 polymer is applicable for in vitro 
drug preparation at cool or room temperatures and in vivo 
drug delivery applications. 

Materials and Methods 

Materials 

Polymer AK12 (PLGA-PEG-PLGA with an approximate molec-
ular weight of 1000-1000-1000 Da, respectively; 75% lactide 
/ glycolide (1:1) and 25% PEG), and AK19 (PLGA-PEG-PLGA 
with a molecular weight of ~1500-1500-1500 Da,  respective-
ly; 67% lactide / glycolide (1:1) and 33% PEG) were purchased 
from Akina Inc. (West Lafayette, IN). The PLGA-PEG-PLGA tri-
block copolymer was synthesized through self-assembly of 
PLGA and PEG (poly(D,L-lactide-co-glycolide), which can form 
the PLGA-PEG-PLGA copolymer micelles (poly(D,L-lactide-co-
glycolide)-bpoly(ethylene glycol)-b-poly(D,L-lactide-co-gly-
colide)). The PEG was used to provide a hydrophilic block for 
the polymer. Sodium chloride solution (NaCl; 0.9%) was pur-
chased from RICCA Chemical (Arlington, TX). VetScan® blood 
comprehensive diagnostic profile was purchased from Abaxis 
Inc. (Union City, CA). 

Thermo-gelation Study 

Each polymer (AK12 and AK19; 20% w/v) was completely 
dissolved in cold 0.9% NaCl by overnight shaking at 4 °C. The 
AK12/AK19 mixture was obtained by mixing the cold AK12 
and AK19 polymer solutions at a 1:1 or 1:3 ratio, with a final 
concentration of 20% w/v. The rheology of four polymer solu-
tions was determined using an AR550 rheometer (TA instru-
ments; New Castle, DE) equipped with a 60mm 2-degree cone. 
The viscosity of each solution (1 minute peak hold, 5 second 
test intervals) was measured at 0.1 (sec-1) and 5 °C. Rheolo-
gy was performed by oscillating at constant 6.283 rad/s, 0.1% 
strain, in increments of 2.5 °C ranging from 5-50 °C with 3 min-
utes of temperature equilibration at each point [22]. The time 
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required for gelation and the solution-gel transition at 37°C 
were tested by writing letters on a 37°C heated-plate, accord-
ing to previous study [23]. 

Tube tip testing was used to visualize the gelation status and 
phase separation of AK12/AK19 polymer at room temperature 
and 37 °C incubation. Briefly, the AK12/AK19 mixed solution 
was aliquoted into two vials (1 mL each), and one vial was left 
at room temperature while the other was kept in a 37 °C incu-
bator. The gelation state of solution was pictured after equi-
librium [22]. The phase separation study was carried out by 
storing AK12/AK19 polymers (1:1 or 1:3 ratio) in a 37 °C incu-
bator and allowing to equilibrate for two days [22]. 

Animal Study  

Male Fischer CDF® rats (F344/DuCrl; Strain Code: 002) were 
purchased from Charles River Laboratories International 
(Wilmington, MA), and housed in an  AAALAC approved vivari-
um under a 12 Hour: 12 Hour dark-light cycle and at 22 ± 2 °C. 
Rats were allowed to recover from shipment for at least one 
week and reach the body weight of 273.8 ± 2.9 g before study. 
Standard laboratory rodent chow LabDiet 5001 (LabDiet; St. 
Louis, MO) and water were provided ad libitum. Animals were 
randomly assigned to either placebo (0.9% NaCl) or AK12/
AK19 polymer group (N = 4). The AK12/AK19 mixture (20% 
w/v) was prepared by mixing the cold AK12 and AK19 poly-
mer solutions at 1:3 ratio in 0.9% w/v sterile saline solution, 
and intraperitoneally administrated to animal on day 0 (1 mL). 
Animals in the placebo group were given 1 mL of 0.9% ster-
ile saline intraperitoneally. All animals were anesthetized by 
isoflurane inhalation during intraperitoneal injection. Body 
weight, food intake, and water consumption were recorded 
weekly. At the end of the 21-day study, animals were deeply 
anesthetized with isoflurane. The spleen, kidney, liver, heart 
and skeletal muscles (including soleus, plantaris and gastroc-
nemius) were dissected and weighted. Blood was collected via 
cardiac puncture. All animal procedures have been approved 
by the Marshall University’s Institutional Animal Care and Use 
Committee (IACUC). 

Blood Biochemistry 

Blood total protein, albumin, alanine aminotransferase (ALT), 
bilirubin, globulin, creatinine, and urea nitrogen (BUN) were 
measured using a VetScan® blood chemistry analyzer. 

Statistical Analysis 

Data are presented as mean ± standard error. The data of body 
weight, food and water intake at different time points were 
analyzed using two way repeated measures ANOVA, while the 
Student’s T-test was used to determine the statistical differ-
ence of other data between the placebo and polymer groups. A 
P ≤ 0.05 was considered as statistically significant. 



Results  

Thermo-gelation Properties of Polymer AK12, AK19 and 
AK12/AK19 Mixtures  

To determine the in vitro gelation properties of PLGA-PEG-PL-
GA triblock copolymers AK12 and AK19, the gelation of each 
polymer was determined at different temperature (5 - 50 °C) 
[22]. As shown in the Figure 1A, AK12 polymer had a gelation 
point with onset at ~15°C and end at ~40°C, and it had two 
peaks at ~20°C and ~30°C. The AK19 polymer had a gelation 
point with onset at ~37-40 °C (Figure 1B). Interestingly, when 
the AK12 and AK19 polymers were mixed together at the ratio 
of 1:3, the gelation initiated at ~27 °C but rapidly increased at 
~32 °C, and there was only a single gelation peak appearing at 
~37°C (Figure 1D). 
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However, when mixed at 1:1 ratio, the single gelation peak 
appeared at ~35°C (Figure 1C). The polymer formed gel in-
stantly as tested on a 37°C heated plate (Figure 1E). Similar 
approach to test gelation has been reported on polymer PL-
GA1500-PEG1000-PLGA1500 [21]. The gel status of the AK12/
AK19 mixture was clearly visualized during tube tip testing 
(Figure 1F), suggesting that 1:3 AK12/AK19 mixture was in 
solution status at room temperature, while in solid gel status 
at 37°C. Further phase separation study showed that equili-
brating for 2 days at 37°C caused phase separation in the 1:1 
AK12/AK19 mixture, but not in the 1:3 AK12/AK19 mixture 
(Figure 1G). Taken together, these data suggest that the ther-
mo-gelation properties of AK12/AK19 mixture (1:3) is conve-
nient for preparing polymer thermogel at cool or room tem-
perature but achieving quick gelation at temperatures (~37°C) 
that are typically associated with in vivo applications. 

 Figure 1. The thermo-gelation properties of polymer AK12, AK19 and AK12/AK19 mixture. The gelation process of polymer AK12 (panel A), 
AK19 (panel B) and AK12/AK19 mixture at a 1:1 (panel C) or 1:3 ratio (panel D) was determined using an AR550 rheometer, and expressed 
as storage modulus / elastic response (G’, blue line) crossing over loss modulus / viscous behavior (G’’, red line) at different temperature mea-
sured. Solution-gel transition was tested on a 37°C heated-plate to demonstrate instant gelation of 1:3 AK12/AK19 polymer at 37°C (panel E). 
Gelation state at different temperatures (20 and 37°C, respectively; panel F) and phase separation (panel G) were determined using tube tip 
testing. All polymer solutions had a final concentration of 20% w/v.  



Effect of AK12/AK19 Polymer on Body Weight in Rats 

To assess in vivo safety of AK12/AK19 polymer, male Fischer 
CDF® rats were intraperitoneally received with 1 mL of AK12/
AK19 polymer (1:3 ratio; 20% w/v). No difference of body 
weight was observed between the placebo group and the rats 
receiving AK12/AK19 polymer throughout the experimental 
duration (P = 0.65; Figure 2). 

 
Figure 2. Body weight change. Placebo (0.9% NaCl) and AK12/AK19 
polymer were intraperitoneally administrated on day 0, and body 
weight was measured on 0, 7th, 14th and 21st day of experiment.

Effect of AK12/AK19 Polymer on Food and Water Con-
sumption in Rats  

To investigate whether AK12/AK19 polymer can alter feeding 
behavior, the amount of food and water intakes was measured 
weekly, and the daily food intake and water consumption were 
calculated. Both daily food and water intakes were not differ-
ent between the placebo and AK12/AK19 polymer groups (P = 
0.88 and 0.58, respectively; Figure 3). 

 
Figure 3. The amount of daily food and water intakes. Food intake 
(panel A) and water intake (panel B) were measured the week before 
study (as baseline) and throughout 21 days of study in rats receiving 
placebo (0.9% NaCl) or AK12/AK19 polymer. 
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Effect of AK12/AK19 Polymer on Organ Weights in Rats 

 To evaluate whether AK12/AK19 polymer can affect the weight 
of internal organs, the spleen, kidney, liver, heart and skeletal 
muscles (including soleus, plantaris and gastrocnemius) were 
dissected and weighed after 21 days of study. As shown in Fig-
ure 4, the weight of these organs or the percentage of organ / 
body weight was not different between the placebo and AK12/
AK19 polymer groups (P = 0.16, 0.71, 0.27, 0.74 and 0.96, re-
spectively; Figure 4). 

Figure 4. Organ weight. The wet weight (panel A) and organ/body 
weight (%; panel B) of spleen, kidney, liver, skeletal muscles (includ-
ing soleus, plantaris and gastrocnemius) and heart in rats receiving 
placebo (0.9% NaCl) or AK12/AK19 polymer.

Effect of AK12/AK19 Polymer on Blood Total Protein Con-
tent and Albumin to Globulin (A/G) Ratio 

 To evaluate the overall health of animals between placebo and 
AK12/AK19 polymer treatment, blood total protein content 
and the ratio of albumin to globulin (A/G) were measured. 
Both blood total protein content and A/G ratio were not differ-
ent between the placebo and AK12/AK19 polymer groups (P = 
0.30 and 0.77, respectively; Figure 5). 

Figure 5. Blood total protein content (panel A) and albumin to glob-
ulin (A/G) ratio (panel B) in rats receiving placebo (0.9% NaCl) or 
AK12/AK19 polymer. 

 

 



Effect of AK12/AK19 Polymer on Liver Function in Rats 

To determine whether AK12/AK19 polymer administration 
can change liver function, blood alanine aminotransferase 
(ALT) and total bilirubin content were measured. As shown 
in Figure 6, both ALT enzymatic activity and bilirubin content 
were not different between rats receiving placebo (0.9% NaCl) 
or AK12/AK19 polymer (P = 0.77 and 0.35, respectively; Fig-
ure 6). 

Figure 6. Liver function. Blood alanine aminotransferase activity 
(ALT; panel A) and total bilirubin content (panel B) were measured in 
rats receiving placebo (0.9% NaCl) or AK12/AK19 polymer. 

Effect of AK12/AK19 Polymer on Kidney Function in Rats 

Blood creatinine and urea nitrogen (BUN) contents were mea-
sured to determine whether AK12/AK19 polymer administra-
tion can change kidney function. As shown in Figure 7, both 
creatinine and BUN contents were not different between the 
placebo and AK12/AK19 polymer groups (P = 0.75 and 0.36, 
respectively; Figure 7). 

Figure 7. Evaluation of kidney function. Blood creatinine (panel A) 
and urea nitrogen (BUN, panel B) were measured in rats receiving 
placebo (0.9% NaCl) or AK12/AK19 polymer. 
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Discussion 

Concerns over drug therapeutic effects and patient safe-
ty have significantly increased the demand for novel drug 
delivery technologies. Taking advantages of its biodegrad-
ability and biocompatibility [5-8, 12, 13, 17], here we iden-
tified an applicable PLGA polymer with ideal gelation at the 
physiological temperature by mixing two triblock copoly-
mers, PLGA1000-PEG1000-PLGA1000 (named as AK12) and  
PLGA1500-PEG1500-PLGA1500 (named as AK19). We demon-
strated that the thermo-gelation properties of AK12/AK19 
mixture (1:3 ratio) allow for the preparation of a polymer 
thermogel at cool or room temperature, but undergo almost 
instant gelation at physiological temperature (37 °C). Addi-
tional in vivo experiments suggested that this polymer is highly 
biocompatible and has no adverse effects when compared to 
the placebo group.  

The thermosensitive gelation of PLGA polymer is critical for 
its clinical application. Studies have shown that hydrophobic 
PLGA and hydrophilic PEG polymer blocks can aggregate and 
form micelles, and at a certain temperature they can gelatinize 
[6, 24]. As shown in Figure 1A and 1B, the AK12 polymer ex-
hibits gelation beginning at ~15°C and ending at ~40°C, while 
the AK19 polymer has a gelation point with onset at ~37-40 
°C. However, a 1:3 mixture of AK12 and AK19 led to a rapid 
gelation above ~32°C, and, more importantly, the formation 
of a single peak at ~37°C (Figure 1D). These rheological data 
suggest that mixing the AK12 and AK19 polymers can lead 
to the development of a polymer whose gelation occurs at a 
physiological temperature, which would enable the use of 
this polymer for in vivo applications possible. In support of 
this possibility, we further studied the phase separation of 
the mixed polymer and found that the gelation of AK12 and  
AK19 polymers (1:3 ratio) is remarkably stable at 37°C even 
after 2 days of in vitro incubation (Figure 1G). Consistent with 
these data, other research has shown that a similar polymer 
gel PLGA1500-PEG1000-PLGA1500 is stable in vivo for up to 
two weeks [21]. In addition, it should also be noted that the 
AK12 and AK19 polymer mixture (1:3 ratio) exhibits low-vis-
cosity when held at a temperature under ~32°C (Figure 1D 
and 1F). This property is important, as it should allow drugs to 
be easily mixed with the polymer at cool or room temperatures 
but ensure in situ gel-forming and targeted tissue deposition 
after in vivo delivery [18, 24].  

To investigate the in vivo safety profile of the AK12/AK19 
polymer, a placebo-controlled animal study was performed. 
As shown in Figure 2 and 3, when compared to the placebo 
group, AK12/AK19 polymer administration (via i.p.) did not 
alter animal body weight as well as daily food intake and wa-
ter consumption during the 21 day study. In support of body 
weight and feeding behavior data, organ wet weight and the 
percentage of organ/body weight of the spleen, kidney, liver, 
heart and skeletal muscles were also not different between the 

 

 



placebo and experimental groups (Figure 4). Additional mo-
lecular analysis obtained from blood samples indicated that 
the polymer administration did not have a negative effect on 
blood total protein content and albumin to globulin ratio(indi-
ces of overall health [25]), liver function (blood alanine amino-
transferase activity and total bilirubin content) [26] and kid-
ney function (blood creatinine and urea nitrogen) [27]. These 
data, taken together, are consistent with previous reports, 
demonstrating the biocompatibility and in vivo safety of PLGA 
polymers [16, 28]. 

In conclusion, our study suggests that the new AK12/AK19 PL-
GA-PEG-PLGA triblock copolymer possesses ideal thermo-ge-
lation characteristics for in vivo application and that it appears 
to be largely nontoxic in nature. Future investigation to exam-
ine the efficacy of using this polymer for drug delivery may be 
warranted. 
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