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ABSTRACT: Tuberculosis is the leading cause of death from a
single infectious agent, ranking above the human immunodeficiency
virus (HIV). Effective treatment using antibiotics is achievable, but
poor patient compliance constitutes a major challenge impeding
successful pharmacotherapeutic outcomes. This is often due to the
prolonged treatment periods required and contributes significantly to
the rising incidence of drug resistance, which is a major cause of
tuberculosis mortality. Thus, innovative interventions capable of
encouraging compliance and decreasing lengthy and frequent dosing
are needed. Previously, aqueous tin protoporphyrin IX (SnPPIX), a
heme oxygenase-1 inhibitor, administered as multiple daily intra-
peritoneal (IP) injections, showed considerable antitubercular efficacy
and treatment shortening capabilities as a host-directed therapy in
infected mice. Since daily IP injection is a clinically impractical
administration approach, this proof-of-concept study aims to develop a novel, sustained action injectable formulation of SnPPIX for
safe intramuscular (IM) administration. Herein, a SnPPIX-loaded poloxamer-poly(acrylic acid)-based thermoresponsive injectable
formulation (SnPPIX-TIF) is designed for effective IM delivery. Results show SnPPIX-TIF is microparticulate, syringeable,
injectable, and exhibits complete in vitro/in vivo gelation. Administered once weekly, SnPPIX-TIF significantly prolonged absorption
and antimicrobial efficacy in infected mice. In addition, SnPPIX-TIF is well-tolerated in vivo; results from treated animals show no
significant histopathologic alterations and were indistinguishable from the untreated control group, thus supporting its
biocompatibility and preclinical safety. Overall, the IM delivery of the thermoresponsive injectable formulation safely sustains
antitubercular effect in an infected murine model and decreases the number of injections required, signifying a potentially practical
approach for future clinical translation.

KEYWORDS: tuberculosis, long-acting injectable, in situ forming polymeric gel, sustained drug delivery, host directed therapy,
heme oxygenase-1 inhibitor

1. INTRODUCTION

Tuberculosis (TB) remains one of the oldest known
infectious diseases present in every country in the world.

It is a major cause of human fatality, affecting all ages.1−3

Mycobacterium tuberculosis (Mtb) is the etiologic agent of TB.
In most cases, Mtb targets the lungs and rarely other body
parts, leading to pulmonary and extrapulmonary infection,
respectively.3,4 Globally, it is one of the top 10 causes of death
and leading cause from a single infectious agent, ranking above
the human immunodeficiency virus (HIV)/acquired immune
deficiency syndrome (AIDS), with ∼10 million new infections
and 1.1−1.6 million fatalities annually (including HIV-positive
individuals).5−7 TB has been identified as a key cause of
economic retardation, revolving poverty and illness that has
entrapped families, societies, and even entire countries, with

women, children, and HIV/AIDS patients being the most
vulnerable.8

Most people who develop TB can be effectively cured and
onward transmission can be curtailed with appropriate
antibiotic treatment after diagnosis. However, poor patient
compliance remains a major challenge impeding successful
pharmacotherapeutic outcomes. This is often associated with
the required lengthy treatment periods (≥6 months) and
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contributes significantly to the rising incidence of drug
resistance, which is a major cause of TB mortality.7,9,10 In an
effort to address this problem, the WHO endorsed the
administration of TB antibiotics three times weekly at clinics
managed by designated health-care providers. This formed part
of the directly observed treatment short course (DOTS)
established in 1994.10−12 Despite the reported relative
effectiveness of this treatment approach, recent studies found
that patients on the thrice weekly regimen were more
susceptible to the development of drug resistance, indicating
that a full treatment course may be more effective.10,13,14

Moreover, the patient-care-centered WHO End/Stop TB
strategy (built on the DOTS approach) further highlights the
need for optimal use of currently available and other innovative
tools, which can include new pharmaceutical actives and
treatment regimens that can effectively support therapy, drug
delivery ,and eventual disease eradication.5,6,10 Measures such
as electronic reminder devices, incentive programs, and
simplified and shorter dosing regimens are being implemented
to improve patient compliance and desired therapeutic
effects.15−17 Nevertheless, additional novel interventions
capable of simplifying and shortening treatment periods, as
well as promoting patient adherence, are still necessary to
achieve global control and eradication of TB.
Recently, attention has focused on the potential of

repurposing safe and well-tolerated therapeutic agents, many
of which have broad immunomodulatory properties for use as
adjunctive host-directed therapy (HDT) for TB manage-

ment.14,18−21 Host-directed therapeutic molecules are con-
tinuously researched and some are already in clinical trials,
because of their identified capabilities to function as
accelerators for conventional TB antibiotics or even treat
multidrug resistant infections. HDT drugs are considered
advantageous for achieving this purpose, because, unlike
antibiotics, they generally act by targeting key immunomodu-
lating host cell functions during the infectious process, rather
than the pathogen itself. This thereby activates necessary
immune defense mechanisms, which usually minimizes cell/
tissue damage and does not promote the evolution of drug-
resistant bacterial strains.14,19−21 A candidate HDT drug
previously investigated for TB chemotherapy was tin
protoporphyrin IX (SnPPIX),19 which is a heme oxygenase-1
inhibitor.22−25 In prior experiments, SnPPIX administered as
multiple daily intraperitoneal (IP) injections was reported to
significantly decrease mycobacterial load as a monotherapy;
moreover, when used in combination with conventional TB
antibiotics, SnPPIX facilitated bacterial clearance and reduced
treatment time by over one month in mice.19

Since the IP route of drug administration employed in the
previous study is rarely used in humans and is minimally
clinically acceptable or practical,26,27 we reasoned that
incorporating SnPPIX into a polymeric carrier for intra-
muscular (IM) delivery and staggered dosing could serve as a
promising approach for safely improving its in vivo therapeutic
performance and clinical applicability. Hence, we now report a
proof-of-concept study where SnPPIX encapsulated in a

Figure 1. In vitro/in vivo syringeability and injectability of the SnPPIX and placebo thermoresponsive formulations. (A) Graphical representation of
changes in in vitro syringing time, relative to the differences in needle size. (B) Charts comparing the disparities in injection time comparative to
needle dimensions. (C) Respective digital photographs of the test formulations after syringing using a typical 25G needle in preparation for IM
injection into the animal’s rear leg thigh.
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thermoresponsive injectable carrier, administered intramuscu-
larly, sustains antitubercular efficacy in infected mice for 1
week. The thermally sensitive injection was designed by
employing a blend of polyoxyethylene−polyoxypropylene−
polyoxyethylene (Poloxamer) and a poly(acrylic acid)
derivative. Poloxamers are biocompatible polymeric com-
pounds that undergo temperature-dependent reversible gelat-
ion, which make them widely applicable as drug carriers for
prolonged therapeutic effectiveness.28−32 Conversely, poly-
(acrylic acid) polymers and their derivatives are non-
thermosensitive biomaterials. They are vastly applied as
mucoadhesive and dispersion stabilizing additives in medicinal
products.33,34 As described below, the physicochemical proper-
ties of the SnPPIX thermoresponsive injectable formulation
(SnPPIX-TIF)namely, gelation time, syringeability, inject-
ability, particle size, and polydispersity indexwere measured
using in vitro methods. In addition, we investigated the
pharmacokinetics and anti-TB efficacy of the SnPPIX-TIF in
vivo and compared these with the conventional SnPPIX water-
based solution (SnPPIX-WBS) administered either IP or IM.
Finally, the tissue safety of the newly synthesized SnPPIX-TIF
was systematically assessed by histopathologic examination of

the injection sites, as well as vital organs. Our findings reveal
SnPPIX-TIF as a safe and superior formulation for the
administration of this HO-1 inhibitor as an HDT and provide
an excellent example of the effective use of thermoresponsive
polymers in drug delivery.

2. RESULTS AND DISCUSSION
2.1. Formulation Preparation. SnPPIX-TIF was prepared

by employing the cold method coupled with direct
encapsulation techniques. It appeared as a reddish-brown,
uniformly dispersed colloidal mix that remained liquid under
room-temperature (23 ± 2 °C) and refrigerated (2−8 °C)
conditions but rapidly congealed at ∼37 ± 0.5 °C. The
placebo-TIF, on the other hand, is presented as a clear
colloidal solution that displays similar (to the SnPPIX-TIF)
solid−liquid phase transitioning at room temperature, as well
as refrigerated and physiological temperatures. The SnPPIX-
WBS was also reddish-brown in color but was an aqueous
solution, which elicited no temperature-dependent phase
changes.

2.2. Physicochemical Characteristics. 2.2.1. Syringe
Filling and Emptying−In Vitro and In Vivo Evaluations.

Figure 2. In vitro and in vivo sol−gel transitioning patterns of SnPPIX-TIF and placebo-TIF: (A) diagram showing formulation gelation into solid
masses in the presence of PBS (pH 7.4) at 37 ± 0.5 °C; (B) illustration displaying congealed formulations at 37 ± 0.5 °C without PBS; and (C)
image of anaesthetized mice exhibiting in vivo sol−gel changes upon IM injection of drug-loaded and placebo formulations, relative to the control
animal that was not injected.
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Syringeability and injectability experiments were performed
manually in vitro under ambient conditions (24 ± 2 °C), using
two different hypodermic needle types (21G and 25G) to
evaluate the effects of diameter and length on the injection
time by keeping the test substance, volume, and plunger
displacement comparatively constant. For each 0.1 mL of
SnPPIX-TIF or placebo-TIF, the recorded syringing time (for
SnPPIX-TIF: 21G = 7.0 ± 1.0 s and 25G = 15.0 ± 0.8 s; for
Placebo-TIF: 21G = 4.0 ± 0.5 s, and 25G = 10.5 ± 1.2 s)
(Figure 1A) and injection time (SnPPIX-TIF: 21G = 1.2 ± 0.2
s, and 25G = 2.7 ± 0.5 s; Placebo-TIF: 21G = 0.4 ± 0.1 s, and
25G = 1.6 ± 0.3 s) (Figure 1B) were rather minimal. However,
for both tests involving the 21G and 25G needles, more time
was needed to syringe the drug formulation (SnPPIX-TIF)
than to inject or eject it, compared to its placebo counterpart.
The presence of the SnPPIX molecules within the polymeric
network appeared to trigger a level of resistance to flow that
slowed both the syringing and injection processes, evidenced
by the documented difference in the time elapsed. On the
other hand, the placebo-TIF was easier to manipulate through
the syringe and needle passages, as indicated by a decrease in
measured time, presumably because friction-bearing SnPPIX
molecules were absent within the formulation matrix.
The length of time needed to transfer 0.1 mL SnPPIX-TIF

or placebo-TIF via the syringe-needle assembly (Figure 1C) to
the IM tissue space located within the rear leg thighs of the
mouse model was logged as in vivo injectability. Since the 25G
needles exhibited longer injection times (which is an indication
of resistance to flow) for both SnPPIX-TIF and placebo-TIF, it
was selected as a suitable prototype for testing the injectability
of these formulations in vivo. Utilizing the 25G needle, the
documented in vivo injection times were 2.8 ± 1.2 s and 1.3 ±
0.4 s for the SnPPIX-TIF and placebo-TIF, respectively. These
findings followed the same trend observed for the in vitro
specimens, in which case the placebo formulation (drug free)
required less injection time, compared to its drug-loaded
counterpart. Both in vitro and in vivo experiments reported at
this juncture show that, overall, both placebo and SnPPIX-
loaded formulations responded reasonably well, as a function
of the time elapsed, during the syringing and injection
processes.

2.2.2. In Vitro and In Vivo Gelation. In vitro gelation
patterns were studied for the placebo-TIF and SnPPIX-TIF
under biorelevant conditions (PBS, pH 7.4, and 37 ± 0.5 °C)
in a digital water bath employing the earlier described tube
inversion technique. With or without PBS, both samples
formed completely gelled solid masses in vitro under 30 s
(Figures 2A and 2B). In PBS, the recorded gelation times were
18.12 ± 1.71 s and 21.78 ± 3.24 s for the placebo-TIF and
SnPPIX-TIF, respectively. In the absence of PBS, the placebo-
TIF congealed at 23.01 ± 1.14 s and SnPPIX-TIF at 28.67 ±
0.58 s. In both instances (i.e., with and without PBS), the
SnPPIX-TIF required slightly more time to congeal than the
placebo formulation, which may be attributable to the presence
of the drug molecules within the polymeric carrier network.
After IM injection of 0.1 mL SnPPIX-TIF or placebo-TIF

into the thigh muscle of the right hind limb using a 25G
needle, each formulation exhibited sol-to-gel alteration at body
temperature by forming a defined, localized fluorescing solid
mass that appeared intact at the injection site, rather than
spreading to form a sheetlike geometry (Figure 2C). The
structure of the mass produced in vivo was maintained at the
time points when it was visualized. The formation of a compact
gel network in vivo under 10 min after IM injection indicated
that the sol−gel transitioning process was rapid and the
persistent appearance of the fluorescing gelled mass at 1, 4, and
24 h post-injection supports its controlled dissolution and
sustained activity behavior. Our findings show that the
thermoresponsive formulation developed in this study is
potentially ideal for designing an injectable drug delivery
system in which case production and administration can occur
under ambient conditions while solidified gel formation only
happens at body temperature.

2.2.3. Particulate Sizing and Distribution. The mean
particle size, distribution, and polydispersity index (PDI) of
pharmaceutical formulations meaningfully influence physical
properties, stability, and in vivo activity of colloidal dispersion
systems. For this reason, controlling these parameters
represents an important variable in the formulation develop-
ment process.42,43 The average hydrodynamic particle size for
the respective populations and PDI were 4967.00 nm and 0.42,
respectively, signifying that the SnPPIX-TIF was largely
microstructured and relatively evenly dispersed. Identified

Figure 3. Characteristic particle sizing and distribution pattern for the (A) SnPPIX-TIF and (B) placebo-TIF retrieved from the Malvern Zetasizer
report.
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particle populations were mainly in two categories, with ∼85%
being 1975.00 nm and smaller in size and the remaining ∼15%
were 5560.00 nm and less (Figure 3A). The placebo-TIF was
instead largely nanoparticulate in nature, with a PDI of 0.49
and a mean hydrodynamic particle size of 67.34 nm with
population distribution outlined as ∼62% characterized by
sizes of ≤2.85 nm, ∼24% showing sizes of ≤974.00 nm, and
∼11% having diameters of ≤4919.00 nm (Figure 3B).
Focusing on the average hydrodynamic size of 67.34 nm, the
placebo-TIF generally had smaller particle sizes, compared to
the Sn-PPIX-TIF (4967.00 nm), indicating that the SnPPIX
molecules were loaded onto the thermoresponsive polymeric
carrier matrix, forming larger microconfigured units.
The presence of more than one particle population (based

on size) for both drug and placebo formulations indicate that
there is a level of interparticle aggregation occurring within
these hydrogel carrier matrices. This is not unexpected,
considering the temperature-dependent sol−gel transitioning
properties of the polymeric thermoresponsive template
employed in the fabrication of the placebo-TIF and SnPPIX-
TIF. This inference is further supported by the slightly higher
PDI value obtained for the placebo-TIF (0.49), relative to that
of the SnPPIX-TIF (0.42). In addition, the SnPPIX-TIF had
two particulate populations while the placebo-TIF presented

three categories, based on the enumerated particle dimensions.
This indicates that the SnPPIX formulation appeared to
accumulate at a slower rate, forming fewer particle
agglomerates, relative to its drug-free analogue. The latter
outcome relates well to the earlier-described gelation time
values, whereby the drug formulation required longer time
frames to congeal under higher-temperature in vitro conditions.
Knowledge of the particle size distribution for drug
formulations is critical in ensuring that batch-to-batch
consistency is maintained throughout the development
process.44,45

2.3. Antitubercular Efficacy of SnPPIX-TIF In Vivo. As
introduced above, SnPPIX was formerly shown to induce
highly significant antitubercular efficacy against Mtb, when
administered to infected mice alone and when combined with
conventional first-line TB antibiotics, reduced treatment
duration for over one month.19 However, in these experiments,
SnPPIX was administered as a daily water-based IP injection
over an extended period, which is an approach that would be
clinically impractical.26,27 As a means for overcoming this
limitation, we explored the use of the poloxamer−poly(acrylic
acid) polymer-based thermoresponsive flexible matrix de-
scribed above as a biocompatible injectable carrier for SnPPIX
(i.e., SnPPIX-TIF) to achieve sustained antitubercular efficacy

Figure 4. Polymer-based SnPPIX (SnPPIX-TIF) administered weekly by the IM route toMtb infected mice induces highly significant reductions in
bacterial loads, comparable to water-based SnPPIX (SnPPIX-WBS) given daily via IP or IM injection. (A) Illustration of the different experimental
protocols employed for the infection, treatment, and control (untreated and placebo-treated) mouse groups. (B−E) Comparative evaluation of
lung mycobacterial loads among untreated and treated animals, based on the SnPPIX preparations/regimens or placebo-TIF used for each
experimental condition. [Statistical disparities were considered significant when (*) p ≤ 0.05, (**) p ≤ 0.01, and (***) or (****) p ≤ 0.0001;
meanwhile, “n.s.” denotes nonsignificance. Representative outcomes of 2−3 independently performed experiment are shown in each panel.]
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via IM delivery with less frequent dosing, which is a more
clinically acceptable drug administration technique. To
evaluate the impact of each treatment scheme on the lung
Mtb bacterial burden following inhaled low dose infection,
SnPPIX, placebo-treated and untreated animals were utilized.
Pulmonary mycobacterial loads were determined by culture at
the end of each experimental protocol (Figure 4A). To
determine whether the newly developed SnPPIX-TIF weekly
IM injection showed extended antitubercular effectiveness, we
compared the reduction in pulmonary mycobacterial load
achieved with treatment protocols involving conventional daily
water-based SnPPIX IM or IP injections in infected mouse
groups, relative to the untreated control animals.
We observed that weekly IM injections of the SnPPIX-TIF

for 4 weeks significantly reduced pulmonary mycobacterial
load in infected mice indicating that encapsulating SnPPIX
within the thermoresponsive, sustained release polymeric
carrier platform did not impede its antimicrobial activity
(Figure 4B). The mean bacterial CFU loads in the IM SnPPIX-
TIF-treated cohort (5.8 logs) were significantly (p ≤ 0.0001)
lower than the average values recorded for the untreated Mtb
infected animals (7.2 logs) or placebo-TIF treated (7.4 logs)
animal groups. Consistent with previous findings, the water-
based SnPPIX daily injection (SnPPIX-WBS) given IP (6.2
logs) or IM (6.0 logs) also significantly (p ≤ 0.01) reduced
mycobacterial levels, relative to that of the untreated controls
(7.2 logs). Moreover, treatment with IM placebo-TIF weekly
(7.4 logs) did not significantly reduce bacterial burden, when
compared to the untreated control group (7.2 logs), indicating

that the antitubercular effect observed with weekly IM
SnPPIX-TIF was directly attributable to the presence of the
active drug molecules (Figure 4B). Interestingly, the differ-
ences in the administration routes had no statistically relevant
influence on the resulting antibacterial activity of each protocol
(Figure 4C). Furthermore, the antimicrobial efficacy of the
SnPPIX-TIF delivered intramuscularly once weekly was
identical to the daily SnPPIX-WBS IM injections (Figure
4D) but was noticeably (p ≤ 0.01) better than that of the daily
SnPPIX-WBS IP injections. Importantly, the IM SnPPIX-TIF
treatment given at weekly intervals resulted in a reduction in
pulmonary bacterial loads of over a one log, comparable to that
achieved with daily IM and superior to that attained by daily IP
SnPPIX-WBS injections.

2.4. Tin Protoporphyrin Pharmacokinetics. Based on
the above results, we hypothesized that the inclusion of
SnPPIX into an IM injected thermoresponsive poloxamer−
poly(acrylic acid) polymeric carrier meaningfully sustained its
antimicrobial effect. To support these findings, we first
attempted to monitor changes in SnPPIX plasma concen-
tration over 24 h following single dose SnPPIX-WBS or
SnPPIX-TIF preparations given via the IM route. IM SnPPIX-
WBS was selected over its IP counterpart, because of its
significantly enhanced antimicrobial effect (Figure 4C). The
experimental procedure used and the plasma concentration
versus time profile are presented in Figures 5A and 5C,
respectively. The drug displayed rapid absorption for both
injections and was detected in plasma within 30 min post-
administration. No drug remained detectable 10 h following

Figure 5. Plasma pharmacokinetics of SnPPIX from the water-based and thermoresponsive polymer-based preparations. (A) An illustration of the
24-h treatment protocol for single-dose SnPPIX-WBS or SnPPIX-TIF IM injection. (B) Graphical representation comparing the changes in
SnPPIX plasma concentrations at specific time intervals. (C) Diagram of experimental procedure implemented for evaluating the extended drug
release behavior of the injected SnPPIX-TIF. (D) Sustained drug plasma concentration−time profile after administering the SnPPIX-TIF once
weekly for a total of two weeks. Data points represent mean values, and error bars represent standard deviations; n = 5 mice per experiment.
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SnPPIX-WBS injection, while it persisted at low but traceable
levels for 24 h in the SnPPIX-TIF injected mice (Figure 5B).
Overall, the SnPPIX-TIF treatment significantly enhanced drug
absorption as it was presented with significantly higher
AUC0−24 (575.1 ± 38.5 μg h/mL), maximum plasma
concentration (Cmax = 46.5 ± 11.8 μg/mL), Cmax time (tmax
= 1 h), and half-life (t1/2 = 2.77 h). In contrast, the daily
SnPPIX-WBS injection was also absorbed in vivo but had a
lower AUC0−24 = 38.8 ± 4.4 μg h/mL; Cmax = 7.4 ± 1.6 μg/
mL, tmax = 0.5 h, and t1/2 = 1.89 h (see Table 1). Of note, all

animals maintained normal eating and drinking behavior and
appeared healthy during and after the experiment. In summary,
SnPPIX encapsulation into the thermoresponsive polymeric
carrier (i.e., SnPPIX-TIF) notably delayed and improved drug
absorption, as evidenced by higher tmax, AUC0−24, and Cmax
numerical values.
To further visualize the extended pharmacokinetics of the

newly designed SnPPIX-TIF, additional animal groups (n = 5
each) were given 0.1 mL IM injections (5 mg/kg) once weekly
for two weeks (Figure 5C). Detection of SnPPIX in plasma
occurred as early as 30 min and in vivo drug release/absorption
from the polymeric carrier was relatively delayed. SnPPIX
plasma absorption predominantly occurred within 24 h post-
administration (same trend observed for the two doses given)
with reasonably low plasma levels being maintained over
prolonged periods (Figure 5D). Interestingly, antimicrobial
efficacy was still maintained, even at this low SnPPIX plasma,
as evidenced by the consistent reduction in bacterial load
(relative to the SnPPIX-WBS) described above (see Figures
4D and 4E). The ability of the polymer-based thermores-
ponsive carrier to contain and function as an effective SnPPIX
depot intramuscularly complements scientific efforts to
fabricate smart, long acting bioactive injectables that can
potentially promote dose spacing and patient compliance.
Further optimization of SnPPIX in vivo absorption such that
drug plasma concentrations are maintained at levels that can
improve antitubercular efficacy appears to be an important
next step.
2.5. Preclinical Safety Evaluation Using Histopatho-

logical Methods. General toxicity examinations were
performed by comparing the effects of treating mouse groups
(n = 3 in each case) with SnPPIX-TIF or placebo-TIF once
weekly with the untreated control group for a total of four
weeks. All vital organ tissue specimens (i.e., heart, kidney,
lungs, liver, brain, testes, spleen), including the injection site
muscle tissue collected from the treated (i.e., with drug and

placebo formulations) and untreated control mice cohorts at
the end of the four-week investigation, received a score of “0”.
These tissues were found to be within normal histologic limits.
Overall, the newly designed SnPPIX-TIF and drug-free
placebo-TIF were well-tolerated in vivo, and results from
treated animals showed no significant histopathologic alter-
ations and were indistinguishable from the untreated control
group, thus supporting their biocompatibility and lack of
toxicity. Representative photomicrographs for all tested vital
organ (Figure 6A) and injection site muscle tissue (Figure 6B)
specimens are presented in Figure 6.

3. METHODS
3.1. Materials. Tin protoporphyrin IX, deuteroporphyr-

inIX-2,4-disulfonic acid, and 10% neutral buffered formalin
were purchased from Frontier Scientific (Logan, UT, USA)
and RICCA Chemical Company (Arlington, TX, USA),
respectively. Gibco Dulbecco’s Phosphate-Buffered Saline
(DPBS) was obtained from Life Technologies Corporation
(Grand Island, NY, USA). Phosphate buffered saline (PBS),
45% sodium polyacrylate solution, poloxamer 407, hematox-
ylin and eosin (H&E) stain, acetonitrile, dimethylformamide,
4-morpholineethanesulfonic acid, methanol, sodium hydroxide,
hydrochloric acid, 7H9 and 7H11 media were obtained from
Sigma−Aldrich Chemical Co. (St Louis, MO, USA). Glycerol
and oleic acid-albumin-dextrose-catalase (OADC) were
procured from Mallinckrodt Pharmaceuticals (Staines-Upon-
Thames, Surrey, U.K.) and BD Biosciences (Billerica, MA,
USA), respectively. Tween 80 was purchased from Thermo
Fisher Scientific (Washington, DC, USA).

3.2. Preparation of Placebo, SnPPIX Thermorespon-
sive Formulations, and SnPPIX Water-Based Solution.
The drug-free blend of poloxamer−poly(acrylic acid) poly-
meric blend herein referred to as placebo thermoresponsive
injectable formulation (placebo-TIF) was prepared by employ-
ing the “cold method”.34−36 Poloxamer powder was dispersed
in 10 mL of deionized water containing 0.1 g sodium
polyacrylate solution that was occasionally mixed until the
solute particles were completely dissolved and a clear
homogeneous solution formed. Thereafter, the SnPPIX
thermoresponsive injectable formulation (SnPPIX-TIF) was
developed by directly encapsulating SnPPIX powder calculated
as a standard dose of 5 mg/kg per mouse19 into the placebo-
TIF mixture under continuous mechanical stirring (ULTRA-
TURRAX Tube Drive Control Disperser, IKA Works, Inc.,
Wilmington, NC, USA) until complete incorporation was
achieved and a monophased, colloidal mixture formed. Lastly,
the conventional SnPPIX water-based solution (SnPPIX-WBS)
was made by dissolving SnPPIX (5 mg/kg) in 0.1 M aqueous
NaOH, then diluting in phosphate buffered saline (PBS) and
adjusting pH to a neutral range (7.0−7.4), using 0.1 M
hydrochloric acid. The resulting placebo-TIF, SnPPIX-TIF and
water-based solution were stored in the refrigerator (−4 ± 2
°C) for subsequent in vitro and in vivo testing.
All SnPPIX and placebo preparations planned for parenteral

administration (IM and IP routes) to the different mice
cohorts were prepared using sterile water suitable for injection
and filtered through a sterile, 0.22 μm Whatman cellulose
acetate membrane syringe filter (Cytiva, MA, USA). All
materials required for this processes were handled in a
biosafety cabinet, employing standard precautionary measures.

3.3. Measured Physical Properties. 3.3.1. Syringeability
and Injectability. Syringeability refers to the ease of

Table 1. Tin Protoporphyrin Plasma Concentration (Mean
± SD) Changes over Time for the SNPPIX-TIF and
SnPPIX-WBS IM Injectionsa

Value

parameterb SnPPIX-TIF SnPPIX-WBS

AUC0−24 575.10 ± 38.51 μg h/mL 38.80 ± 4.40 μg h/mL
Cmax 46.50 ± 11.80 μg/mL 7.40 ± 1.60 μg/mL
tmax 1.00 h 0.50 h
t1/2 2.77 h 1.89 h

an = 5 mice per experimental group. bAUC = area under the plasma
concentration−time curve, Cmax = maximum plasma concentration,
tmax = time needed to reach maximum levels, and t1/2 = time needed
to reach half-life. Generated values were within the limit of
quantification of the fluorometer.
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formulation withdrawal from a vial through a needle into the
syringe while injectability describes formulation transfer from
the syringe via the needle to the administration site during
injection activities. These parameters are important functions
of the needle−syringe−formulation combined systems and
must be carefully considered when designing injectable drug
formulations, because they determine the force of injection,
which directly impacts inoculation duration, pain, discomfort,
patient retention, and compliance.37−40 In this case, syringe-
ability and injectability were measured in vitro as the time
required for 0.1 mL of SnPPIX-TIF or placebo-TIF to be

manually transferred from the vial into the syringe or during
injection into the body, respectively. Syringe plunger displace-
ment was manually executed by the same individual to
minimize fluctuations in injection rate or manually applied
force. Tests were performed under ambient conditions (24 ± 2
°C). Monoject syringes (1 mL) were equipped with 21G
(diameter = 0.80 mm and length = 25.00 mm) BD
PrecisionGlide (BD Company, NJ, USA) or 25G (diameter
= 0.51 mm and length = 16.00 mm) Monoject hypodermic
conventional needles (Covidien LLC, MA, USA). Five
replicate readings were recorded for each testing condition,

Figure 6. Representative photomicrographs of (A) vital organ tissues obtained from untreated and treated (SnPPIX-TIF and placebo-TIF) animals
and (B) rear thigh muscle collected from the injection site for both SnPPIX-TIF and placebo-TIF after four weeks. Images were captured at 4× and
20× magnifications.
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using a West Bend electronic timer. The 25G hypodermic
needle was employed for subsequent in vivo studies,
considering its narrower inner diameter, which would further
validate injectability assessments in the mouse model.
3.3.2. In Vitro Gelation Time. In vitro gelation time was

measured as the period required for the SnPPIX-TIF or
placebo-TIF to congeal post-exposure to a temperature of 37 ±
0.5 °C, mimicking physiological conditions. First, gelation time
was determined in the absence of PBS using the tube inversion
approach.15,34 Briefly, 500 μL of the SnPPIX-TIF or placebo-
TIF was transferred into a sealed 1.5-mL-capacity Eppendorf
vial immersed in a microprocessor-controlled 280 Series digital
water bath (Model 2837, Thermo Electron Corporation, OH,
USA) set at 37 ± 0.5 °C. The time that elapsed for samples to
stop flowing upon tube inversion was recorded using a West
Bend electronic timer (West Bend Housewares LLC, WI,
USA). In addition, tubes containing 500 μL of PBS were
equilibrated to 37 ± 0.5 °C in the Thermo 2837 digital water
bath, then injected with 200 μL SnPPIX-TIF, and the time to
solidify was recorded. All measurements were performed in
quadruplicate.
3.3.3. Particle Size and Polydispersity Index. Dynamic light

scattering (DLS) was applied for mean hydrodynamic particle
size and PDI quantifications using the Malvern Zetasizer
(Malvern Instruments, Ltd., Malvern, U.K.). The particle size
is a measure of particle diameter, while PDI quantifies the
distribution of the particulate population.41 Three independent
SnPPIX-TIF samples were filled into separate disposable
microcuvettes and analysis performed at 10 °C, using the
Zetasizer.
3.4. Murine Animal Model. Male, 10−16-wk-old C57BL6

mice weighing 29.24 ± 3.89 g were obtained through a
National Institute of Allergy and Infectious Diseases (NIAID)
supply contract with Taconic Farms (Germantown, NY, USA).
All animals used for in vivo studies were housed in Association
for Assessment and Accreditation of Laboratory Animal Care
International accredited biosafety level 2 (BSL 2) and level 3
(BSL 3) facilities at the NIAID, National Institutes of Health
(NIH). Protocol (LPD-99E) approved by the NIAID Animal
Care and Use Committee was employed for all in vivo
experiments. Mice were contained under specific pathogen-free
conditions, had ad libitum access to food and water, and were
randomly grouped for the respective experiments.
3.5. In Vivo Injection Duration and Sol−Gel Tran-

sitioning. The average time required to inject SnPPIX-TIF or
placebo-TIF preparations intramuscularly through a 25G
needle into the right hind leg thighs of each mouse was
measured utilizing a West Bend electronic timer. This
experiment involved the use of two animal groups, where the
first and second groups of uninfected mice (n = 5 in each case)
received 0.1 mL of SnPPIX-TIF or placebo-TIF (control),
respectively.
To visualize the sol−gel transitioning of the SnPPIX-TIF in

vivo post-IM injection using a 25G needle equipped 1 mL
syringe, three different sets of uninfected C57BL6 mice (n = 2)
were studied. The first group consisted of animals that received
0.1 mL of SnPPIX-TIF at a dose of 5 mg/kg as an IM
injection. The second set served as the secondary controls and
received 0.1 mL of placebo-TIF via IM injection, while the
third group received no treatment whatsoever (primary
controls). The three mouse groups were sedated with inhalant
1.5%−2.0% isoflurane in a 50% oxygen gas mixture, using the
PerkinElmer RAS-4 Rodent Anesthesia System; to aid

visibility, all hair around both hind leg thighs was carefully
shaved with electric clippers thereafter. Then, 0.1 mL of
VivoTag 680 XL (a PerkinElmer Near-Infrared Fluorochrome
Label) labeled placebo-TIF or SnPPIX-TIF (5 mg/kg) was
injected intramuscularly into the right hind leg thighs of the
second and third mouse groups, respectively. Post-injection,
both treated and untreated mice were immediately transferred
into the PerkinElmer IVIS Lumina LT Series III imaging
platform (≤10 min) and then at 1, 4, and 24 h after injection.
Precise noninvasive in vivo images were captured accordingly
(after ∼1 min at 37 ± 0.1 °C for each time point), using the
PerkinElmer Living Image software.

3.6. In Vivo Assay of Antitubercular Efficacy.
3.6.1. Mycobacterium tuberculosis Infections and Bacterial
Load Quantification. Mycobacterium tuberculosis (H37Rv
strain) was maintained in 7H9 broth supplemented with
0.05% Tween 80 and 10% oleic acid−albumin-dextrose-
catalase (OADC) at 37 °C. For efficacy studies, mice were
infected with ∼100 CFU of the bacilli in an enclosed aerosol
chamber (Glas Col, Terre Haute, IN, USA). For each infection
performed, several mice (n = 5) were sacrificed after four
weeks to determine initial bacterial uptake. Quantification of
mycobacterial loads was performed by plating serial dilutions
of lung tissue homogenates on agar plates composed of
Middlebrook 7H11 supplemented with 0.5% v/v glycerol and
10% v/v OADC enrichment media. Bacterial colonies were
enumerated 21 days post-incubation of the plates at 37 °C in a
Thermo Scientific Environmental Chamber (Thermo Fisher
Scientific−Asheville LLC, Marietta, OH, USA).

3.6.2. Drug Treatment and Sample Collection for Anti-TB
Efficacy. Each Mtb-infected mouse received a 5 mg/kg SnPPIX
treatment as IM or IP injection beginning at four weeks post-
infection. The first mouse group (n = 5) was untreated and
served as the control animals, the second group (n = 5)
received SnPPIX-WBS IM daily, third set (n = 5) got SnPPIX-
WBS IP daily, and the fourth group (n = 5) was treated with
SnPPIX-TIF once weekly intramuscularly. An additional
control group (n = 5) received placebo-TIF IM with the
same 1 weekly dosing. All treatment schedules were executed
over a total period of four weeks. Upon treatment completion,
each animal was sacrificed and whole lung harvested into 1 mL
sterile 1× DPBS solution for homogenization (Precellys
Evolution Homogenizer, Bertin Corp., MD, USA). Bacterial
load quantification was performed on serial dilutions of lung
homogenates, as described above.

3.7. In Vivo Pharmacokinetic Studies. 3.7.1. Drug
Treatment and Blood Collection. To evaluate the impact of
polymeric encapsulation of the in vivo kinetics of SnPPIX,
uninfected mouse cohorts (n = 5 per experiment) were given
one dose of 0.1 mL of SnPPIX-TIF or SnPPIX-WBS (5 mg/kg
in both cases) by IM injection and blood samples collected
over only 24 h. To further measure the pharmacokinetics of
the newly developed SnPPIX-TIF, a 0.1 mL IM injection was
administered once weekly for two weeks altogether, employing
an additional mouse group (n = 5). All experimental animals
were tail bled and 50−100 μL of blood collected into capillary
tubes with push caps (Microvette CB 300 Potassium EDTA,
Sarstedt AG and Co. KG, Nümbrecht, Germany) at
predetermined time intervals for the respective experimental
protocol. Plasma was isolated by centrifuging blood from each
animal using the Soravll Legend Micro 17R centrifuge
(Thermo Fisher Scientific, Waltham, MA, USA) set at 4 °C,
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and 5000 rpm for 5 min. All plasma samples were stored at
−80 °C for more quantitative analysis.
3.7.2. Plasma Sample Preparation and Drug Quantifica-

tion. Frozen plasma samples were analyzed for SnPPIX blood
levels at all scheduled time points using fluorometry. Briefly,
5−10 μL of plasma were used in the assay. If the volume of
plasma was 5 μL, the final volume was adjusted to 10 μL with
PBS. A quantity of 100 ng of deuteroporphyrin IX-2,4-
disulfonic acid was added to each sample. This was followed by
the addition of 35 μL of a solution consisting of 90%
acetonitrile and 10% methanol, and 100 mM HCl(MeOH), which
was then thoroughly mixed and allowed to stand for 5 min at
room temperature. The samples were centrifuged (Eppendorf
5417R) for 10 min, at 18 000g at 10 °C. Next, the supernatant
was transferred to fresh tubes and completely evaporated at 60
°C for 30 min in a centrifugal evaporator (LabConco Acid
Resistant CentriVap). The residue was dissolved in 100 μL of
an aqueous 25 mM 4-morpholine ethanesulfonic acid (MES),
pH 6.0 and 50% dimethylformamide solution. The samples
were read within 15 min in a Tecan M200 fluorescence plate
reader (Tecan Group Ltd., Man̈nedorf, Switzerland). The
SnPPIX was detected at 407 nm excitation/585 nm emission
and the internal standard, deuteroporphyrinIX-2,4-disulfonic
acid, was detected at 407 nm excitation/695 nm emission. The
calibration curves were prepared for each reading in 10 μL of
plasma containing pure SnPPIX at concentrations from 5−600
ng and 100 ng of internal standard per standard. The curves
were prepared in the same way and at the same time as the
experimental samples. The ratios of SnPPIX fluorescence to
that of the internal standard (10 data points per calibration)
were fit to a polynomial (r2 = 0.9997) to generate changes in
the plasma concentration over time. Major pharmacokinetic
parameters were computed using the GraphPad Prism version
7.04 software (GraphPad, San Diego, CA, USA).
3.8. Histopathology. For this study, uninfected animals

were divided into groups (n = 3 for each assessment) that
received 0.l mL of SnPPIX-TIF or 0.1 mL placebo-TIF weekly
and, last, the untreated control animals. Drug-treated mice
received 5 mg/kg SnPPIX and all injections were administered
intramuscularly over a total of weeks. Multiple organs,
including heart, kidney, lungs, liver, brain, testes, spleen, and
injection site tissue (skeletal muscle), were collected from the
different animal groups at the study end point and placed in
10% neutral-buffered formalin until adequately fixed. There-
after, tissues were trimmed to a thickness of 3−5 mm,
processed, and paraffin-embedded. The respective paraffin
tissue blocks were sectioned at 5 μm and stained with H&E.
Sections were examined by a board-certified veterinary
pathologist, using an Olympus BX51 light microscope
(Olympus Corporation, Tokyo, Japan) and photomicrographs
were taken at magnifications of 4× and 20×, using an Olympus
DP73 camera. Tissue sections were evaluated for the presence
of histologic abnormalities (e.g., inflammation, necrosis,
edema, fibrosis, vacuolation) and were individually scored
using a standard lesion severity scale in which case 0 = no
lesion, case 1 = minimal, case 2 = mild, case 3 = moderate, and
case 4 = marked.28

3.9. Data Analysis. All data including graphical repre-
sentations of findings are presented as mean ± standard
deviation (SD). Sample size (n) is highlighted for each in vivo
experiment, while in vitro evaluations are specified as the
number of experimental replicates. All statistical and
pharmacokinetic data analyses were executed by employing

the GraphPad Prism version 7.04 software (GraphPad, San
Diego, CA, USA). Test groups differences were comparatively
analyzed using either the unpaired Student’s t-test (for
comparison between two data groups) or one or two-way
analysis of variance (ANOVA). Statistical disparities were
considered significant when p ≤ 0.05 ((*) p ≤ 0.05, (**) p ≤
0.01, (***) or (****) p ≤ 0.0001).

4. CONCLUSIONS

The encapsulation of drug molecules into extended-release
polymer-based thermoresponsive matrices can improve the
duration of therapeutic action after a single-dose injection.
Here, we report the development of a biocompatible, sustained
release intramuscular (IM) injection loaded with tin
protoporphyrin (SnPPIX), a heme oxygenase-1 inhibitor
recently shown to have efficacy in a murine experimental
model as a host directed therapeutic agent for pulmonary
tuberculosis. Previously, it was administered as multiple daily
intraperitoneal (IP) aqueous injections, which would be
impractical for human use. Hence, the development of a
polymeric carrier for SnPPIX IM delivery once weekly
represents an important advance in making this therapy
clinically feasible. The SnPPIX thermoresponsive injectable
formulation (SnPPIX-TIF) that we describe was found to be
microparticulate, easily injectable and syringeable, physico-
chemically stable, and formed solid, drug-releasing gels under
both in vitro biorelevant and in vivo physiological conditions. In
addition, we obtained experimental evidence that SnPPIX-TIF
is well-tolerated in vivo and maintains higher therapeutically
effective drug plasma levels over an extended period, compared
to the conventional aqueous SnPPIX IP or IM administered
formulations. Our findings thus support the general use of
thermoresponsive polymer-based carriers as robust drug
delivery systems for the management of other ailments, in
addition to tuberculosis. To confirm this applicability, a broad
range of therapeutic agents would have to be investigated,
integrated into the carrier matrix, and tested to determine
whether they achieve the desired pharmacotherapeutic out-
comes. In the case of TB, the observations reported here make
the long-acting thermoresponsive formulation we have devised
attractive for flexible, staggered dosing and better patient
compliance, which are both important for effective treatment
of this disease. Critical next steps will be to comprehensively
evaluate and modify SnPPIX-TIF physicochemical properties
to further optimize and sustain its in vivo drug release/
absorption capabilities and assess its treatment shortening
performance as an adjunct to conventional tuberculosis
chemotherapy, as well as examine its efficacy and safety in
additional animal models.
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