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ABSTRACT
Cryptococcal meningitis is a fungal infectious disease with a poor prognosis and high mortality.
Amphotericin B (AMB) is the first choice for the treatment of cryptococcal meninges. The blood-brain
barrier (BBB) is the major barrier for the effective delivery of drugs to the brain. In this study, AMB
was incorporated in a thermosensitive gel for intrathecal injection. We first synthesized AMB-loaded
thermogel, investigated its in vitro cumulative release, and in vivo neurotoxicity, and therapeutic
effect. The thermosensitive gel was comprised of 25wt% poly (lactic acid-co-glycolic acid)-poly (ethyl-
ene glycol)-poly (lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock polymer aqueous solution. The
AMB loaded in the thermosensitive gel (AMB in gel) had low viscosity at low temperature and resulted
in the formation of a non-flowing gel at 37 �C (physiological temperature). AMB loading in gel sus-
tained its release for 36 days and the in vitro cumulative release rate was satisfactory. Compared with
the AMB solution, intrathecal administration of AMB in gel could reduce the neurovirulence of AMB
and get a better treatment effect. The findings of the current study show that the injectable
PLGA–PEG–PLGA thermogel is a biocompatible carrier for the delivery of drugs into the intrathecal.
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1. Introduction

Cryptococcal meningitis (CM), an opportunistic fungal infec-
tion caused by Cryptococcus neoformans or Cryptococcus
gattii, is a fatal central nervous system (CNS) disease with a
worldwide distribution. CM is the leading adult meningitis in
areas with a high incidence of HIV (Rajasingham et al., 2017;
Williamson et al., 2017). Besides, it also shows a growing
number of immunocompromised and immunocompetent
patients. In the USA, the death rate in HIV-negative CM indi-
viduals was around one quarter of CM-associated hospitaliza-
tions and one-third of CM-associated mortalities (Perfect
et al., 2010; Williamson et al., 2017; Migone et al., 2018).

AMB, a member of polyenes, is the first-recommended
drug for the treatment of CM (Williamson et al., 2017). The
pharmacokinetics studies have shown its poor penetration
into the cerebrospinal fluid (CSF) and brain parenchyma due
to its molecule properties (Hamill, 2013) and blood-brain bar-
rier (BBB). BBB is an impermeable cellular interface that sepa-
rates the blood from the brain, selectively allows only a few
substances to pass. The concentration of AMB in CSF was
approximately 0.05mg/L following its intravenous injection,
10 times lower than used for antifungal activity (Nau et al.,
2020). Besides, its intravenous administration has many side
effects such as headache, fever, damage of liver and kidney,

and vasculitis, etc (Nau et al., 2020)., which makes it far from
being the best choice.

New therapeutic approaches including intrathecal injec-
tion increase the concentration of AMB in CSF. However,
they are required to be performed by lumbar puncture 2–3
times a week with inevitable neurological toxicity symptoms
like headache, neck stiffness, lower limb pain, urinary reten-
tion, and even lower-limb paralysis. Intraventricular infusion
with Ommaya reservoirs (Nakama et al., 2015) and lumbar
puncture drainage (Yuchong et al., 2011; Fang et al., 2012) of
AMB has been reported to control CM effectively, a 1-h intra-
thecal infusion rather than injection could reduce neurotox-
icity, however, it is easy to cause superinfection and more
nursing care is needed. The ideal therapeutic drugs are sup-
posed to have a high concentration in the brain tissue or
CSF and fewer side effects.

Self-assembled and temperature-induced injectable hydro-
gels have been widely investigated as drug delivery systems
(DDS) (Lei et al., 2017; Zhuang et al., 2019; Chen et al., 2020;
Hoang Thi et al., 2020; Yang et al., 2020). The poly(lactic
acid-co-glycolic acid)–poly(ethylene glycol)–poly(lactic acid-
co-glycolic acid) (PLGA-PEG-PLGA) triblock copolymer, a kind
of temperature-induced injectable hydrogel, with good bio-
degradation and biocompatibility (Yu et al., 2010; Cho et al.,
2016), has been applied in many areas such as intravitreal
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injection (Zhang et al., 2015), subconjunctival injection (Chan
et al., 2019), subcutaneous injection (Chen et al., 2016, 2016)
and other local drug delivery (Bao et al., 2017; Lin et al.,
2017; Thambi et al., 2017; Chen et al., 2019). When the tem-
perature is below 37 �C, it is an aqueous solution. However,
when the temperature rises to 37 �C, the injectable hydrogels
convert into the gel state in situ and releases the
drug slowly.

Hydrogels have been a hot spot in the research of DDS.
Various studies have been recently reported about hydrogels
injected into the intrathecal space or rat spinal cords (Ho
et al., 2019; Householder et al., 2019; Song et al., 2019). It
has been demonstrated that biodegradable PLGA pellets can
effectively release drug and do not require surgical removal
post drug release (Wilems & Sakiyama-Elbert, 2015). Yuanfei
Wang et al. (2013), encapsulated PEGylated epidermal
growth factor (PEG-EGF) in PLGA nanoparticles and erythro-
poietin (EPO) in PLGA-poly (sebacic acid) core-shell biphasic
microparticles. The dispersion of EGF-PEG and EPO polymeric
particles in a hyaluronan/methyl cellulose (HAMC) hydrogel
that sustained the release of EPO for one week and EGF for
three weeks continuously and inhibited the inflammatory
reactions of brain tissues (Wang et al., 2013). Nano-polymer
materials are expected to replace traditional drug delivery
systems as a more promising approach to continuous intra-
thecal administration.

For the above, we propose that PLGA-PEG-PLGA triblock
copolymers can be used to load AMB and inject into
subarachnoid space by lumbar puncture. In this way, PLGA-
PEG-PLGA triblock copolymers served as a DDS for the
continuous release of AMB in CSF. In this research, we first
synthesized PLGA-PEG-PLGA triblock polymers and deter-
mined their properties. The synthesized triblock polymers
were then used for obtaining AMB-loaded thermogel.
Further, we assessed the rheology, in vitro cumulative
release, and its neurotoxicity, and the therapeutic effect in a
rat model of CM.

2. Material and methods

2.1. Materials and animals

Polyethylene glycol (PEG, MW: 1500), stannous octoate
(Sn(Oct)2, 95%), AMB, and AMB soluble were procured from
Sigma–Aldrich. D, L-Lactide (LA), and glycolide (GA) were
bought from Purac. Purified deionized water was obtained
via Milli-Q plus system from Millipore (Bedford, USA). C. neo-
formans reference strain H99 (serotype A) was kindly
donated by Dr.John Perfect lab. Latex-crytococcus antigen
detection system was provided by IMMY (USA). Acetonitrile
(ACN) was of HPLC grade, while all other chemicals were of
analytical grade.

Male Sprague Dawley rats having 250–300 g bodyweight
were provided by the Naval Medical University Laboratory
Animal Center (Shanghai, China) and were nourished in our
specific pathogen-free (SPF) animal facility. The in vivo
experimental procedures were performed according to the
national guidelines and the approval was provided by the

Animal Care and Use Committee at Institute Pasteur
of Shanghai.

2.2. Synthesis and characterization of PLGA-PEG-
PLGA copolymer

PLGA-PEG-PLGA triblock copolymer was synthesized via ring-
opening polymerization of GA and LA with PEG as the mac-
roinitiator and Sn(Oct)2 as the catalyst (Yu et al., 2009, 2013).
PEG 1500 (20.0 g) was placed in a three-necked flask and the
remaining water of polymer was removed at 130 �C under
vacuum for 3 h followed by cooling to 100 �C by passing
argon. Then, LA (35.3 g) and GA (11.3 g) were added and the
mixture was stirred well. A toluene solution containing
60mg of Sn(Oct)2 was then added to the mixture. The
removal of toluene was carried out under vacuum for
15min, and the reaction was carried out at 150 �C for 12 h in
the presence of argon. When the reaction was complete, the
flask was kept at 110 �C for the removal of unreacted mono-
mers (for 3 h). In the end, the resultant copolymer was
washed thrice with deionized water at 80 �C followed by
freeze-drying for the removal of residual water.

2.2.1. 1h-NMR measurement
Structural elucidation and composition of the synthesized
polymer were carried out with 1H-NMR (Bruker BioSpin
International, AVANCE III HD 400MHz) (Yu et al., 2011).
Tetramethylsilane (TMS) and CDCl3 were used as the internal
standard and the solvent, respectively.

2.2.2. Gel permeation chromatography characterization
A gel permeation chromatography (GPC) system (Agilent
1100) was employed to identify the MWs and the distribu-
tions of the PLGA-PEG-PLGA triblock copolymers (Yu et al.,
2011). The measurements were conducted at 35 �C, using
tetrahydrofuran as a solvent with a flow rate of 1.0mL/min.
Monodispersed polystyrene was utilized as a standard for the
calculation of MWs.

2.3. Characterization of sol-gel transition

2.3.1. Determination of sol-gel transition temperature
The sol-gel transition temperature of the polymer aqueous
solutions was measured by an inverted rotation method (Li
et al., 2013). A series of polymer solutions of different con-
centrations were prepared. The polymeric solution (0.5mL)
was transferred into a test tube (2mL), followed by immers-
ing in a water bath at 24 �C. When the temperature was ele-
vated by 1 �C, the test tubes were inverted by 180� to
examine the flow of liquid. When the visible flow was not
observed within 30 s, the sample was regarded as a gel state.
The above-inverted rotation method was repeated until the
sol-gel phase transition occurred in all concentrations of
the sample.
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2.3.2. Rheological analysis
The rheological behavior of copolymer aqueous solution
(25wt%) and AMB-loaded copolymer aqueous solution (2, 4,
and 8mg/mL) with temperature was measured by rotational
rheometer (Malvern, Kinexus Pro). The lamina acted as a
clamp for samples (cone angle was 1 degree, the diameter
was 60mm) while keeping the clearance as 0.03mm, angular
velocity as 10 rad/s, the rate of heating as 0.5-degree C/min,
and the temperature range as 15–50 �C (Yu et al., 2009). To
prevent moisture volatilization during heating, silicone oil
was evenly applied to the periphery of the fixture.

2.4. In vitro release of drug

Ultraviolet spectrophotometry was used to measure the
cumulative release rate of AMB in gel with different concen-
trations in vitro. AMB-loaded copolymer aqueous solutions (2,
4, and 8mg/mL, 0.5mL of each one) were placed at the bot-
tom of the glass tube, and 3 groups of parallel samples were
set for each concentration. The temperature of the water
bath was maintained at 37 �C. Post transformation of AMB-
loaded polymer solution into the hydrogel, 10mL of PBS
having SDS (1%) and tween (0.5%) were added into a glass
tube as the releasing medium (pH 7.4). All sample tubes (9
groups in total) were taken out of slow-release media
(10mL) at a specific time point and added 10mL of fresh
PBS solution at the same temperature. The drug residue in
the release media was determined by an ultraviolet spectro-
photometer. Samples were collected at 1 d, 2 d, 3 d, 4 d, 6
d, 8 d, 10 d, 12 d, 14 d, 16 d, 18 d, 21 d, 24 d, 27 d, 30 d, 33
d, and 36 d. The whole process was carried out under closed
light conditions.

The release data was evaluated by the first-order release
curve, whose equation is ln(1-Mt/M1) ¼ -Kt (Xiao et al., 2014;
Yang et al., 2014; Xie et al., 2015). Here, Mt is the cumulative
release at time t and M1 is the cumulative release at time
infinity. The release rate constant k is associated with the dif-
fusion coefficient, chemical structure of hydrogel, and some
geometric parameters.

2.5. Toxicology evaluation

The rats were intrathecally injected with AMB in the gel to
assess their toxicology through Tarlov’s scores (Tarlov, 1972)
and survival rate in rats. All rats were randomized into four
groups (eighteen rats in both the thermogel group and solu-
tion group and eight rats in the blank gel and NS group).
The rats were anesthetized with pentobarbital (40mg/kg) by
intraperitoneal injection. For AMB in the gel group, an ali-
quot of 100 uL AMB-loaded thermogel (8mg/mL) was
injected into the subarachnoid space. The syringe was held
for about 30 s to allow the solution to form a semi-solid gel
and make sure no CSF bleeding occurred during the proced-
ure. For the AMB solution group, 100 ul of 8mg/mL AMB
solution was injected into the subarachnoid space and the
syringe held for about 30 s. The same volume of blank gel
and NS was injected into the subarachnoid space for the
blank gel and NS group, respectively. All the formulations

were sterilized by filtration before administration. The vital
signs were observed and every limb’s motor activity was
evaluated after administration by the modified Tarlov’s
scores (Tarlov, 1972; Shi et al., 2007): 0, complete paralysis or
death; 1, muscle tension, free movement, not weight-bear-
ing; 2, affected limbs can be weight-bearing and standing; 3,
can stand normally, may limp, when walking, the limb has
tow; 4, normal muscle strength. The scores of each limb
were added and the total scores were recorded. On the 7th
day after administration, all the rats were sacrificed and the
spinal cord near the injection site was cut. The variations in
spinal cord nerves were observed via Hematoxy-Eosin
(HE) staining.

2.6. Treatment effect

The therapeutic effects were evaluated by detecting the
number of cryptococcus and latex agglutination test (LAT) in
CSF. A rat model of cryptococcal meningitis was established
(Najvar et al., 1999; Fries et al., 2005; Carroll et al., 2007). C.
neoformans reference strain H99 (serotype A) was recovered
from �80 �C. A concentration of 2� 108 CFU/mL bacteria
suspension was prepared, and 50 uL of the bacteria suspen-
sion was injected into intracranial to build cryptococcal men-
ingitis rat model. The same volume of CSF was taken before
injection for maintaining intracranial pressure (Fries et al.,
2005). All rats were grouped into four randomized sets (six
rats in each group). One group was a sham operation group.
A cryptococcal meningitis rat model was established for the
other three groups. On the 7th day after inoculation, 100 uL
of AMB-load thermogel (8mg/mL) was injected into the sub-
arachnoid space for AMB in the gel group and 100 uL of
blank thermogel were injected into the subarachnoid for the
blank gel group. For the AMB solution group, 100 uL of
0.01mg per mL, 0.02mg per mL, 0.03mg per mL, and
0.04mg per mL AMB solutions were injected intrathecally at
7, 11, 15, and 19 days after infection to simulate the clinical
treatment regimen. On 14 and 21 days, 100 ul CSF was taken
for CSF culture and a LAT was carried out to compare treat-
ment effects.

2.7. Statistical analysis

The obtained results were represented as mean± SD. The
survival rate was measured by the Log-rank test. T-test was
used for samples conforming to the normal distribution. A
non-parametric test was employed for samples not conform-
ing to the normal distribution, and p-value< .05 revealed a
statistical difference.

3. Results

3.1. Synthesis and characterization of PLGA-PEG-PLGA
triblock copolymer

PLGA–PEG–PLGA triblock copolymer was synthesized by ring-
opening copolymerization of LA and GA using PEG as the
macroinitiator in the presence of Sn(Oct)2. The chemical
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structure of the triblock polymer is shown in Figure 1(A). 1H
NMR spectrum of the polymer is depicted in Figure 1(B). In
the LA unit, the characteristic peaks of the methyl and
methine protons were at 1.55 and 5.20ppm, accordingly while
in the GA and PEG units, the characteristic peaks of methylene
protons were at 4.80 and 3.60ppm, accordingly. At 4.31ppm,
the peak of the methylene protons of the PEG segment
(nearby PLGA blocks) was found. The integral peaks at 5.20,
4.80, and 3.60ppm indicated the number-average MW (Mn),
LA/GA molar ratio, and PEG/PLGA molar ratio, respectively
which had been described in the previous studies (Yu et al.,
2007, 2009, 2011). The MW of the copolymers was approxi-
mately 5000. As shown in Figure 1(C), the GPC trace revealed
a unimodal distribution and the dispersity was 1.28, indicating
the polymerization was under control and the ideal polymer
was synthesized. Molecular parameters of the copolymer
determined by 1H NMR and GPC are indicated in Table 1.

3.2. Sol-gel transition of the aqueous solutions of the
PLGA-PEG-PLGA triblock copolymer

The phase diagram of the systems is shown in Figure 2(A).
The systems went through three stages with the increasing
temperature: first formed free-flowing sols state, then trans-
formed to a semi-solid gel state, and finally went to

suspension. The critical gelation concentration (CGC) of the
systems was about 12wt%. The phase transition temperature
of 25wt% polymer aqueous solution was around 33.5 �C. It
means that when the temperature is below 33.5 �C, the
25wt% polymer aqueous solution is in a solution state and
can be used for injection and drug loading. When the tem-
perature is above 33.5 �C and is lower than 40.5 �C, it is in a
gel state and can be used for sustained-release of drugs. The
human body’s temperature is about 37 �C. Therefore, we
selected 25wt% polymer aqueous solution as the drug load-
ing system.

As shown in Figure 2(B), the polymer aqueous solution
has a low modulus at low temperature, indicating that the
system has good injectability. As the temperature increases,
the storage modulus G0 and the loss modulus G00 rise sharply
near the phase transition temperature, indicating that the
system forms a gel. According to the intersection of energy
storage modulus and loss modulus as the definition of the
sol-gel transition temperature, it can be determined that the
gel-forming temperature is about 34 �C (Luan et al., 2018),
which is close to the result of the phase diagram. As shown
in Figure 2(C), the storage modulus G0 and the loss modulus
G00 did not change significantly in blank gel and AMB in gel,
and the sol-gel transition temperature is still the same. This
means that the AMB did not affect the thermogel. Figure
2(D) shows the visual changes of the blank gel and AMB in
the gel as the temperature rises to 37 �C.

3.3. In-vitro drug release

Figure 3 shows the cumulative release curve of AMB in gel
with different AMB-loaded concentrations. On the first day,

Figure 1. Characterization of PLGA–PEG–PLGA triblock copolymer. (A) The structure of PLGA-PEG-PLGA triblock copolymer. (B) The 1H NMR spectrum of
PLGA–PEG–PLGA triblock copolymer in CDCl3. (C) GPC spectra of PLGA–PEG–PLGA triblock copolymer.

Table 1. Characterization of PLGA–PEG–PLGA triblock copolymer.

Sample Mn
a PEG Mn

b
LA/GA

(mol/mol)a Mn
c (Mw/Mn)

c

PLGA-PEG-PLGA 1790-1500-1790 1500 2.2 5720 1.28
aMn of PLGA blocks was calculated via 1H NMR. bMn of PEG block was pro-
vided by Aldrich. cMeasured by GPC.
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the sudden release of AMB in the gel at 2mg per mL, 4mg
per mL, and 8mg per mL was 1.6%, 1.3%, and 1.5%, respect-
ively, while the cumulative release at 36 days was 89.0%,
77.1%, and 65.6%, respectively. It can be suggested that the
loading concentration has little effect on the sudden release

of drugs. But with elevation in the loading concentration, the
cumulative release was lowered. The AMB in gel continued
to release the drug slowly for 36 days. The first-order fitting
results of AMB slow-release data are shown in Table 2. The
three curves are consistent with the equation, and the

Figure 2. Characterization of sol-gel transition. (A) Phase diagram of PLGA–PEG–PLGA triblock copolymer aqueous solution (25wt%). (B) The storage modulus G0
and loss modulus G00 of copolymer aqueous solution (25 wt%) as a function of temperature. (C) The storage modulus G0 and loss modulus G00 of copolymer aqueous
solution (25wt%) as a function of temperature with different AMB loading. (D) The change of blank gel (above) and AMB in the gel (below) with the temperature
rise from room temperature to 37 �C.
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correlation coefficient R2 has been greater than 0.95. This
property indicates that the diffusion of the drug and the
degradation of the gel are the main reasons for the
slow release.

3.4. Toxicology evaluation

The Tarlov’s scores of the four groups of rats are shown in
Table 3. All the rats had normal limb movements before
administration. The Tarlov’s scores of the limbs of rats in the
blank gel group and the NS group were 16 ± 0 points each
day. The daily Tarlov’s scores of the limbs of rats in AMB in
the gel group were found to be elevated than those in the
AMB solution group (p< .05), revealing that the toxicity of
AMB in the gel to the spinal cord was less than that of the
AMB solution.

The survival rate of the rats was shown in Figure 4(A).
There was no death in the blank gel group and the NS
group, and the 7-day survival rate was 100%. In the AMB in
the gel group, 1 rat died on the 5th day after administration,
and the 7-day survival rate was 94.4%. Eight rats in the AMB
solution group died on the day of administration, followed
by death every 1-2 days, with a 7-day survival rate of 27.8%.

The survival rate of the AMB in the gel group was signifi-
cantly elevated relative to the AMB solution group (p< .05),
indicating that thermogel could reduce the mortality caused
by neurotoxicity.

The H&E staining of the spinal cord exposed to different
groups is shown in Figure 4(B). AMB solution group showed
that the injury site was mainly in the posterior cord of white
matter. The boundary between gray and white matter was
found to be not clear, some nerve fibers dissolved and disap-
peared, and the loose tissues underwent edema, while some
cells showed vacuolar degeneration and karyopyknosis. The
AMB in the gel group exhibited a clear boundary between
gray and white matter, a small amount of fiber disorder, and
cellular vacuolar degeneration. NS and blank gel group
exhibited the regular morphology.

3.5. Treatment effect

Figure 5(A) depicts the results of CSF culture on the 14th
and 21st days after rat modeling, respectively. On day 14,
the bacterial loads of the blank gel group, the AMB solution
group, and the AMB in the gel group were found to be
49,500 ± 23,855 CFU/mL, 39,667 ± 12,140 CFU/mL, and
17,000 ± 48,757 CFU/mL, respectively. On day 21, the bacter-
ial loads of the blank gel group, the AMB solution group,
and the AMB in the gel group were found to be
72,600 ± 15,059 CFU/mL, 41,333 ± 20,490 CFU/mL, and
3000 ± 1786 CFU/mL, respectively.

The LAT is a sensitive indicator to detect the antigenic
titer of the cryptococcus polysaccharide capsule. As evident
from Figure 5(B), from day 14 to day 21, the average titer of
the blank gel increased from 1:453 to 1:844 (p< .05), the
average titer of the AMB solution increased from 1:22.6 to
1:32 (p> .05), and the average titer of the AMB in gel
decreased from 1:89 to 1:28 (p< .05). It can be seen from
the figures that the results of LAT were consistent with the
results of CSF culture in both longitudinal and lateral com-
parisons, which verified that the therapeutic effect of AMB in
the gel was superior to that of AMB solution again.

Discussion

AMB is an irreplaceable drug for the treatment of CM, how-
ever, patients mostly discontinue the medication because
they are unable to tolerate its side effects. There are many
studies aimed at improving AMB efficacy and reducing its
toxicity (Zumbuehl et al., 2007; Hudson et al., 2010; Asthana
et al., 2015; Kumar et al., 2015; Sosa et al., 2017), however,

Figure 3. Cumulative release profiles of AMB in gel with specific concentrations
in PBS at 37 �C. The concentration of the polymer was kept at 25wt% (n¼ 3).

Table 2. First-order kinetic assessment of the in vitro release data.

AMB concentration (mg/mL) K M1 R2

2 0.0567 102.7 0.9985
4 0.0652 85.9 0.9877
8 0.0679 72.4 0.9944

Table 3. Tarlov’s score within 7 days after intrathecal administration in rats.

Day Blank gel (n¼ 8) NS (n¼ 8) AMB solution (n¼ 18) AMB in gel (n¼ 18) pa

Before dosing 16 ± 0 16 ± 0 16 ± 0 16 ± 0 <.05
Day 1 16 ± 0 16 ± 0 6.11 ± 6.01 14.06 ± 3.04 <.05
Day 2 16 ± 0 16 ± 0 5.50 ± 6.11 15.61 ± 0.78 <.05
Day 3 16 ± 0 16 ± 0 5.56 ± 6.31 16 ± 0 <.05
Day 4 16 ± 0 16 ± 0 4.67 ± 6.47 16 ± 0 <.05
Day 5 16 ± 0 16 ± 0 4.89 ± 6.66 15.11 ± 3.77 <.05
Day 6 16 ± 0 16 ± 0 4.61 ± 6.94 15.11 ± 3.77 <.05
Day 7 16 ± 0 16 ± 0 4.28 ± 7.11 15.11 ± 3.77 <.05
ap values were the result of Mann-Whitney U test in AMB solution group and AMB in gel group.
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they have not been advantageous over the thermosensitive
PLGA-PEG-PLGA hydrogel. Firstly, the structure and proper-
ties of thermosensitive PLGA-PEG-PLGA hydrogel are more
suitable for loading hydrophobic drugs. AMB is extremely dif-
ficult to dissolve in water and can be well wrapped in a
hydrophobic region with nearly 100% entrapment efficiency.
Secondly, the PLGA-PEG-PLGA hydrogel has good biocom-
patibility. Its degradation products have already been present
in the body and can be completely decomposed and con-
sumed. Thirdly, temperature-sensitive properties allow PLGA-
PEG-PLGA hydrogel to be used for injection, and the ideal
concentration of AMB can be continuously provided in areas
where the fungal infection is serious. Fourthly, the

controlled-release characteristics can reduce the dosing fre-
quency. Continuous and ideal drug concentration can kill
Cryptococcus, thus leading to effective treatment of the dis-
ease. Finally, neurotoxicity associated with AMB high concen-
tration causes irreversible damage to spinal nerves.
Intrathecal injection of AMB-loaded thermogel can avoid
high AMB concentration and reduce neurotoxicity. All the
above properties make AMB-loaded thermogel suitable for
intrathecal injection of CM.

PLGA-PEG-PLGA triblock copolymers have been exten-
sively studied for the delivery of drugs. Liraglutide, granulo-
cyte colony-stimulating factor, porcine growth hormone,
recombinant hepatitis B surface antigen, and antitumor

Figure 4. Toxicology study in rats. (A) The survival rate of intrathecal injection of AMB in gel and AMB solution in rats. (p< .05; n¼ 18) (B) H & E staining of the
spinal cord on the 7th day after intrathecal injection of AMB in gel, AMB solution, blank gel, and Normal Saline.
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drugs have been loaded in the thermogel (Matthes et al.,
2007; DuVall et al., 2009; Elstad & Fowers, 2009; Tyler et al.,
2010; Chen et al., 2016; Cho et al., 2016). In our study, a ther-
moreversible hydrogel comprising of copolymers with differ-
ent features was prepared as an injectable implant for
intrathecal DDS. The PLGA–PEG–PLGA triblock copolymer
was synthesized and underwent a reversible sol-gel transition
as the temperature elevated. The results showed that the
synthesis, structural control, and molecular weight were
within expectations (Yu et al., 2009, 2011, 2013). For the
preparation of injectable AMB-loaded thermogel, AMB was
loaded into the aqueous polymer solution at 4 �C, followed
by stirring to obtain a homogeneous system. From the
microscopic point of view, PLGA-PEG-PLGA is a triblock poly-
mer. The PLGA at both ends of the polymer is hydrophobic
and the PEG in the middle is a hydrophilic region, which
makes the polymer spontaneously assembled into spherical
particles upon contact with an aqueous environment (Yu
et al., 2007, 2009). AMB is a hydrophobic drug and can be
entrapped into the hydrophobic region of the thermogel.
When the temperature rises to sol-gel transition temperature
(33.5 �C), the particles interact with each other, thus form a

network and become a gel state. This in turn provides
increased loading of the AMB in the thermogel.

The result of in vitro release showed that a small part of
AMB failed in the process. The higher loading concentration
resulted in a higher rate of failure. The factors affecting AMB
failure are not only its instability and loading concentration
but also temperature and light. However, the AMB solubility
has been very low in the water, little AMB is still dissolved in
water. The main reason for the sudden release of AMB in the
gel is the release of AMB which is dissolved in water. When
the thermogel slowly degrades in an aqueous solution, the
AMB wrapped in the hydrophobic region is exposed. The
AMB concentration in the hydrophobic region is high, while
it is very low in the solution. So, AMB will diffuse from high
concentration to low concentration, thus it is slowly released
(Yu et al., 2008). The gel can release its loaded AMB for
36 days in vitro. PLGA-PEG-PLGA triblock copolymer degrades
into ethanol, lactic acid, and glycolic acid, thus it has good
biocompatibility.

In the toxicity study of the Tarlov’s score, all surviving rats
had normal upper limbs. Most of the dead rats had respira-
tory arrest within 2–3minutes after administration, followed

Figure 5. Therapeutic effect in rats. (a) The count of CSF on the 14th day after modeling. (b) The count of cerebrospinal fluid culture on the 21st day after model-
ing. (B) Latex agglutination test of CSF on the 14th and 21st days after modeling. ��p< .05; (n¼ 6).
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by cyanosis, and eventually suffocated. The probable reason
was that AMB solution diffused from the level of the lower
lumbar spine to the thoracic vertebrae and cervical spine,
damaged respiratory motor neurons, caused apnea and
ultimately lead to suffocation. However, when the AMB-
loaded thermogel was injected, it turned into a gel state and
remained in situ. So, AMB could not diffuse nonspecifically.
According to the in vitro release curve, the burst release of
8mg/mL AMB gel on the first day was 12 ug, much less than
that of AMB solution of 800 ug. It can be seen from the
above discussion that sustained release and in situ immobil-
ization were the main reasons for reduced neurotoxicity and
the high survival rate of AMB in the gel. The result of H&E
staining also showed that the AMB in gel could reduce the
neurotoxicity of AMB and blank gel resulted in no damage
to the spinal cord.

In the pre-experiment, 100 uL of the AMB solution with a
concentration of 2mg per mL was used for intrathecal
administration twice a week, four times in total. Most of the
rats died on the day after the first administration, and all of
the rats died after the second administration. Therefore, it
was hard to set up the AMB solution group (2mg per mL,
100 uL, 4 times) with the same dosage as the AMB-loaded
thermogel (8mg per mL, 100 uL, once) for pharmacodynamic
comparison. Clinically, the AMB solution is injected intra-
thecally 2–3 times a week according to the patient’s condi-
tion, starting from 1mg and increasing by 1mg each time
until the patient is intolerant and maintaining this dose. In
this study, according to the clinical administration mode and
the volume ratio of CSF between humans and rats, we
added the corresponding dose of soluble AMB to the CSF of
rats to simulate the clinical treatment as the control group. It
can be seen from the results that the AMB solution could
keep the number of cryptococcus from increasing, while
AMB in the gel can significantly reduce the number and titer
of cryptococcus.

Our study has several limitations. Firstly, although rats
showed a higher survival rate in AMB in the gel group, one
rat died on the 5th day after administration. Therefore, the
substantial toxicity of PLGA-PEG-PLGA triblock copolymers
could not be ruled out. Secondly, toxicity was evaluated by
the modified Tarlov’s scores which were mainly based on
observation. Thus, the results of the toxicity experiment can
be biased. Thirdly, the cumulative release of the drug in vivo
may be different from that in vitro, therefore further in vivo
investigation is required on pharmacokinetics and thera-
peutic effect.

Taken together, as compared to the traditional treatment
regimen, AMB-loaded thermal was found to be convenient,
and more effective with less neurotoxicity. The PLGA-PEG-
PLGA triblock copolymers are biocompatible and can effect-
ively deliver an intrathecal drug. Currently, intrathecal hydro-
gels are widely reported in the repair of spinal cord injury.
Dongfei Liu et al. (2016), reported an in-situ gelling drug
delivery system, comprising a Poloxamer-407, a 188 mixture-
based thermoresponsive hydrogel matrix and, an incorpo-
rated bioactive compound (monosialoganglioside, GM1), for
spinal cord injury therapy. The thermoresponsive hydrogel

delayed the GM1 release for around one month. Irja Elliott
Donaghue et al. (2015), reported HAMC hydrogel, an inject-
able and biodegradable polymeric nanoparticle, as an injec-
tion into the intrathecal space for acute local delivery.
Neurotrophin-3 was encapsulated in the hydrogel and its
in vivo release was observed for 28 d.

AMB plays an important role in the treatment of CM. It is
of great significance to increase the concentration of AMB in
CSF for CM. Intrathecal injection of AMB-loaded hydrogel can
not only enhance the concentration of AMB in CSF but also
greatly reduce the neurotoxicity of AMB. Its sustained-release
can minimize dosing frequency and improve patient compli-
ance, thus suggesting the hydrogel as an ideal drug delivery
system for the treatment of CM. CM is hard to be treated
effectively due to its high recurrence rate and unsatisfactory
therapeutic efficacy. The AMB-loaded hydrogel is a break-
through in the treatment of CM. In this study, CM was used
as a model to explore the new route of intrathecal
administration.

Conclusion

In the present study, an intrathecal DDS was developed for
the treatment of CM. Thermosensitive injectable PLGA-PEG-
PLGA hydrogel was fabricated based on a practical blending
approach and was then employed to deliver AMB. The AMB-
loaded thermogel could release AMB for 36 days in vitro with
a high cumulative release rate. The in vivo studies showed
that intrathecal injection of AMB in gel could reduce its dos-
ing frequency and associated neurotoxicity, and improve the
antifungal efficiency. Intrathecal administration of AMB in the
gel is a very effective antifungal therapy for the CNS, which
provides a good reference for intrathecal drug delivery.
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