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Abstract: Quality by design (QbD) serves as a systematic approach to pharmaceutical development,
beginning with predefined objectives and emphasizing an understanding of the product based on
sound science and risk management. The purpose of this study is to utilize the QbD concept to
develop a stable peptide-loaded long-acting injection formulation. An in-depth comprehension of
peptide degradation mechanisms was achieved through forced degradation investigations, elucidat-
ing (acid) hydrolysis and oxidation as the primary degradation pathways for the peptide ACTY116.
The quality built into the product was focused on risk assessment, for which the critical material
attributes (CMAs) and critical process parameters (CPPs) associated with the critical quality attributes
(CQAs) of each formulation were identified, leading to the development of the corresponding control
strategies. CQAs for three LAI (long-acting injectable) formulations were enhanced by taking the
right control strategies. The LAI formulation exhibiting the highest stability for ACTY116 was chosen
for subsequent pharmacokinetic investigations in rats. The objective of addressing peptide chemical
instability and in vivo long-acting release was achieved. For other molecules with susceptible func-
tionalities like amide bonds, amino groups, and hydroxyl groups, the utilization of PLGA-based in
situ gel as an LAI formulation for stabilizing molecules provides valuable insights.

Keywords: quality by design (QbD); control strategy; peptide; stability; degradation mechanisms;
long-acting injection

1. Introduction

In recent years, the field of peptide therapeutics has undergone substantial advance-
ments. These therapeutic peptides offer several advantages over biologics, including
reduced immunogenicity and enhanced cost-effectiveness. Moreover, they exhibit superior
safety, selectivity, efficacy, and specificity when compared to small-molecule drugs. One
such peptide, ACTY116 (the structure is shown in Figure 1), comprising 29 amino acids
(C157H256N40O45, with a molecular weight of 3424 g/mol), was designed in our laboratory
as a competitive ligand for the binding sites on Gαq (the activated α subunit of the het-
erotrimeric G protein) in cardiomyocytes. Extensive investigations have been undertaken
concerning the structural design of the peptide and the antihypertrophic evaluation of both
GCIP (Gαq protein carboxyl terminus imitation peptide) and ACTY116 (an analog of GCIP
with specific structural modification) [1–3]. These studies have shown that ACTY116 holds
considerable promise as a potential drug candidate for advancing into clinical development.
Despite these findings, the formulation design required for its clinical application has yet
to be explored.
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Figure 1. The structure of peptide ACTY116: (a) 2D, (b) 3D. 

Similar to other peptides, ACTY116 presents a set of challenges and limitations that 
require careful consideration for their successful translation into clinically viable thera-
peutic products. Peptides typically exhibit a short half-life due to rapid renal filtration and 
enzymatic degradation. As a result, maintaining a therapeutic level often demands fre-
quent injections or continuous infusions, potentially leading to issues of patient compli-
ance and escalating treatment expenses. Additionally, ACTY116 is susceptible to oxida-
tion and hydrolysis due to the presence of numerous amide bonds, phenolic hydroxyl 
groups, and amino groups. This chemical instability could compromise both its effective-
ness and safety [4–7]. Simultaneously addressing peptide chemical instability and achiev-
ing long-acting release presents a substantial challenge. 

To address the challenge of limited drug half-life, the utilization of long-acting injecta-
bles (LAIs) has emerged as a viable strategy, providing extended drug release through var-
ious approaches: (1) chemical modification [8]: modifying drug molecules (such as semag-
lutide) can enhance stability and prolong drug release [9,10]; (2) active pharmaceutical in-
gredients (APIs) with low solubility, like Invega Hafyera [11,12], form suspensions for grad-
ual release. The hydrophilic nature of ACTY116 makes it unsuitable for this approach; (3) 
nonbiodegradable implants (such as Viadur) deliver the drug over months or even years 
but pose challenges to patient compliance due to the necessity of surgical removal [13]; (4) 
the formation of drug depots or reservoirs using a biodegradable matrix: The drug is typi-
cally formulated as a solution or suspension that undergoes slow release from the depot, 
extending the availability of the drug. The drug-loaded biodegradable microspheres or in 
situ gels are administered via injection, and over time, the polymer breaks down into bio-
compatible byproducts, eliminating the need for device removal [14–19]. 

Biodegradable microspheres and in situ gels were chosen as LAI approaches for in-
vestigating ACTY116, with PLGA and soybean phospholipid selected as the long-acting 
matrix materials. PLGA (poly(D,L-lactide-co-glycolide)) has achieved success in various 
US and EU commercial products, including Lupron Depot (leuprolide acetate), Trelstar 
(triptorelin pamoate), and Risperdal Consta (risperidone) [20–24]. It undergoes biodegra-
dation in vivo, producing biocompatible byproducts like lactic and glycolic acids that can 
be cleared via the Krebs cycle. The release kinetics of the active pharmaceutical ingredient 
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Similar to other peptides, ACTY116 presents a set of challenges and limitations that
require careful consideration for their successful translation into clinically viable therapeutic
products. Peptides typically exhibit a short half-life due to rapid renal filtration and
enzymatic degradation. As a result, maintaining a therapeutic level often demands frequent
injections or continuous infusions, potentially leading to issues of patient compliance and
escalating treatment expenses. Additionally, ACTY116 is susceptible to oxidation and
hydrolysis due to the presence of numerous amide bonds, phenolic hydroxyl groups,
and amino groups. This chemical instability could compromise both its effectiveness
and safety [4–7]. Simultaneously addressing peptide chemical instability and achieving
long-acting release presents a substantial challenge.

To address the challenge of limited drug half-life, the utilization of long-acting injecta-
bles (LAIs) has emerged as a viable strategy, providing extended drug release through
various approaches: (1) chemical modification [8]: modifying drug molecules (such as
semaglutide) can enhance stability and prolong drug release [9,10]; (2) active pharmaceuti-
cal ingredients (APIs) with low solubility, like Invega Hafyera [11,12], form suspensions for
gradual release. The hydrophilic nature of ACTY116 makes it unsuitable for this approach;
(3) nonbiodegradable implants (such as Viadur) deliver the drug over months or even years
but pose challenges to patient compliance due to the necessity of surgical removal [13];
(4) the formation of drug depots or reservoirs using a biodegradable matrix: The drug
is typically formulated as a solution or suspension that undergoes slow release from the
depot, extending the availability of the drug. The drug-loaded biodegradable microspheres
or in situ gels are administered via injection, and over time, the polymer breaks down into
biocompatible byproducts, eliminating the need for device removal [14–19].

Biodegradable microspheres and in situ gels were chosen as LAI approaches for inves-
tigating ACTY116, with PLGA and soybean phospholipid selected as the long-acting matrix
materials. PLGA (poly(D,L-lactide-co-glycolide)) has achieved success in various US and
EU commercial products, including Lupron Depot (leuprolide acetate), Trelstar (triptorelin
pamoate), and Risperdal Consta (risperidone) [20–24]. It undergoes biodegradation in vivo,
producing biocompatible byproducts like lactic and glycolic acids that can be cleared via
the Krebs cycle. The release kinetics of the active pharmaceutical ingredient (API) from
PLGA primarily depend on drug diffusion and polymer erosion/degradation process [25].
Soybean phospholipid, comprising a glycerol backbone, two fatty acid chains, a phosphate
group, and a choline head group, possesses amphiphilic properties. These properties make
it a versatile emulsifier and stabilizer of oil–water interfaces. When employed as a long-
acting matrix within in situ gels, soybean phospholipid forms a cross-linked gel network
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upon administration. This network acts as a barrier, hindering rapid drug release. As the
phospholipid matrix gradually degrades over time, the drug is released in a controlled
manner, resulting in an extended-release profile [26–29].

The objective of this study was to develop a stable peptide-loaded long-acting injection
by following QbD principles (Figure 2). We conducted our study by adhering to the ICH
guidelines (Q8, Q9, and Q10) and incorporating recommendations from a highly cited
review article titled “Understanding Pharmaceutical Quality by Design” on how to carry
out pharmaceutical product development based on the QbD concept [30]. A quality target
product profile (QTPP) was established, and ACTY116-loaded LAI formulations were
designed based on a comprehensive understanding of ACTY116 degradation mechanisms.
The quality built into the product focused on risk assessment, identifying critical material
attributes (CMAs) and critical process parameters (CPPs) associated with the critical quality
attributes (CQAs) of each formulation, leading to the development of corresponding
control strategies. CQAs for different LAI formulations were enhanced by taking the right
control strategies. The LAI formulation exhibiting the highest stability for ACTY116 was
chosen for further pharmacokinetic investigations in rats. The results were compared with
the target product profile to assess the achievement of stability and in vivo long-acting
pharmacokinetic behavior objectives.
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Figure 2. Schematic illustration of long-acting injection development based on quality by design
(QbD).

2. Materials and Methods
2.1. Materials

ACTY116 was synthesized by a contract research organization (HLXK, Beijing, China), Poly
(D,L-lactide-co-glycolide) (PLGA, with a ratio of lactide to glycolide at 50:50, MW:7000–17,000,
acid-terminated) was purchased from Evonik (Darmstadt, Germany), N-methylpyrrolidone
(NMP) and dichloromethane (DCM) were purchased from Chengdu Kelong Chemical
Co., Ltd. (Chengdu, China), mannitol was purchased from Roquette (Lestrem, France),
phospholipid was purchased from Lipoid (Ludwigshafen, Germany), medium chain triglyc-
erides (MCTs) were purchased from Shinsun pharma (Tieling, China), and p-anisidine was
purchased from Sinopharm (Shanghai, China).

2.2. Equipment and Instruments

The instruments used in this study included a high-performance liquid chromatograph
(e2695-2998, Waters, Milford, MA, USA), a digital mixer (RW20, IKA, Staufen, Germany), a
lyophilizer (D-37520, Christ, Osterode, Germany), a polarizing microscope (BK-POL, Aote
Optical Instrument, Chongqing, China), a thermostatic oscillator (SHA-C, GY2016-SW,
Changzhou Guoyu, Changzhou, China), a digital rotary viscometer (NDJ-8S, Fangrui,
Shanghai, China), laser-diffraction particle size analyzers (Mastersizer 3000, Malvern,
Worcestershire, UK), a moisture analyzer (Metrohm, Herisau, Switzerland), heat and
accelerated stability chambers (Yongsheng, Chongqing, China), a UV spectrophotometer
(UV 2450, Shimadzu, Kyoto, Japan), an ultra-high-performance liquid chromatograph
(e2695-2998, Waters, Milford, MA, USA), an LC-MS/MS system (6460, Agilent, Santa Clara,
CA, USA), and a refrigerated centrifuge (Legend Micro 17R, Thermo, Waltham, MA, USA).

2.3. Degradation Mechanism Studies of ACTY116
2.3.1. Method for ACTY116 Impurity Analysis

The analytical method should be capable of capturing all the potential degradation
impurities formed during the stability study. High-performance liquid chromatography
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(HPLC) was used as the stability-indicating method for ACTY116 impurity analysis; the
detailed information is described below:

• Chromatographic column: XSelect CSH C18, 150 × 4.6 mm, 5 µm;
• Wavelength: 210 nm;
• Column temperature: 40 ◦C;
• Flow rate: 1 mL/min;
• Injection volume: 25 µL;
• Mobile phase:

# A: Using phosphate buffer pH 6.5 (containing 20 mM sodium perchlorate);
# B: Using acetonitrile–water (v/v) = 80:20.

Gradient elution is shown in Table 1:

Table 1. Gradient elution process.

Time/Min 0 5 6 20 23 28 30 40

A% 90 90 75 50 10 10 90 90
B% 10 10 25 50 90 90 10 10

2.3.2. Forced Degradation Studies

In order to comprehend the chemical properties of ACTY116, a set of stress conditions
was utilized to expedite its chemical degradation. This approach enabled the comprehen-
sive assessment of its intrinsic stability and the delineation of degradation pathways [31–33].
The specific studies are outlined as follows:

a. Thermal stress: A measured quantity of ACTY116 was placed into a lidded glass
vial and subjected to thermal stress at 60 ◦C for a duration of 5 days in a heat chamber.
Subsequent to the stress period, 1 mg of ACTY116 was precisely weighed and dissolved in
1 mL of purified water for HPLC analysis.

b. Photolytic stress: A measured quantity of ACTY116 was placed into a lidded
glass vial and exposed to light under 4500 Lux for a duration of 5 days; then, 1 mg of
ACTY116 was precisely weighed and dissolved in 1 mL of purified water for HPLC analysis.

c. Oxidative stress: A measured quantity of ACTY116 (2 mg) was placed into a glass
vial and dissolved in 2 mL of 3% H2O2. The solution was then subjected to incubation in
an oil bath at 100 ◦C for a duration of 2 h, followed by cooling to room temperature prior to
subsequent HPLC analysis.

d. Hydrolytic stress: A measured quantity of ACTY116 (2 mg) was placed into a glass
vial and dissolved in 2 mL of purified water. The solution was then subjected to incubation
in an oil bath at 100 ◦C for a duration of 2 h, followed by cooling to room temperature prior
to HPLC analysis.

e. Acidic hydrolytic stress: A measured quantity of ACTY116 (2 mg) was placed into a
glass vial and dissolved in 2 mL of 1M HCl. The solution was then subjected to incubation
in an oil bath at 100 ◦C for a duration of 2 h, followed by cooling to room temperature prior
to HPLC analysis.

2.4. LAI Formulation Design

Three different LAI formulations were designed in this study, and the ingredients in
each formulation are presented in Table 2.

Table 2. Formulation ingredients.

Microsphere Phospholipid-Based In Situ Gel PLGA-Based In Situ Gel

Ingredients

ACTY116
PLGA
DCM
PVA

Mannitol

ACTY116
Soybean phospholipid

MCT

ACTY116
PLGA
NMP
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2.4.1. Preparation of Microspheres

The double emulsion-solvent extraction/evaporation method (Figure 3b) was adopted
due to the high hydrophilicity of ACTY116. ACTY116 (2 mg) was weighed into a glass
vial and dissolved in 200 µL of water for injection (WFI) as the water phase (W1 phase),
and 300 mg of PLGA (with a ratio of lactide to glycolide at 50:50, MW:7000–17,000, acid-
terminated, Figure 3a) was dissolved in 2 mL of DCM as the oil phase. A hydrophilic
drug solution (W1 phase) was emulsified in an organic polymer solution (O phase) under
15,000 rpm high-shear mixing to form the primary water-in-oil (W1/O) emulsion. The
obtained W1/O emulsion was subsequently added to 200 mL of 1% PVA solution (W2
phase) under 25,000 rpm high-shear mixing to form a double emulsion (W1/O/W2). The
evaporation of DCM was performed under 50 ± 1 ◦C, 100 rpm continuous shaking for
4 h. The microsphere suspension was centrifuged at 5000 rpm for 2 min (4 ◦C) and then
dispersed with 10 mL of WFI for washing the unencapsulated ACTY116. The washing
step was repeated for 5 cycles. Finally, the microspheres were dispersed in a 10% mannitol
solution, filled into vials, and lyophilized (F1) with the process shown below (Table 3).
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Table 3. Lyophilization process for ACTY116 microspheres.

Temperature/◦C −40 −40 −20 −20 0 25 25

Duration/min 30 180 120 270 180 120 600
Pressure/Pa — — 10–16 10–16 10–16 10–16 10–16

2.4.2. Preparation of Phospholipid-Based In Situ Gel

Soybean phospholipid (Figure 4a) was selected as the matrix for the in situ gel formu-
lation (F2). Briefly, 1.5 g of soybean phospholipid was dissolved in 3.0 g of medium chain
triglycerides (MCTs) under stirring at 80 ◦C. The mixture was subsequently cooled to room
temperature, and then 50 mg of ACTY116 was introduced and stirred for approximately
10 min until the formation of a visible suspension. This resulting suspension was then filled
into vials for subsequent use. The preparation method is illustrated in Figure 4b.
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2.4.3. Preparation of PLGA-Based In Situ Gel

PLGA (with a ratio of lactide to glycolide at 50:50, MW:7000–17,000, acid-terminated)
was selected as the polymer to serve as the foundation for the long-acting matrix. The pro-
cess involved the initial dissolution of 660 mg of PLGA into 1280 mg of NMP; subsequently,
56 mg of ACTY116 was introduced into the solution and stirred for approximately 10 min
until the formation of a visibly apparent suspension. This resulting suspension was then
transferred into vials for subsequent use (F3).

2.4.4. Characterization of Different Formulations

Polarized microscopic examination was performed by dispersing ACTY116 micro-
spheres in 10 mL of purified water, forming a suspension that was then dropped onto a
glass slide. The observation process involved the following parameters: an exposure time
of 350 ms, a polarization angle of 4◦, and a magnification factor of 30×. The same set of
parameter settings was used to examine the in situ gel suspensions after they were applied
to glass slides [34,35].

Particle size determination: Particle sizes were determined by employing laser diffrac-
tion particle size analyzers. The lyophilized microsphere cake was reconstituted with 2 mL
of purified water to form a suspension, which was subsequently dispersed in 250 mL of
purified water. Instrument settings included a background measurement duration of 10 s,
a sample measurement duration of 30 s, an obscuration range set between 5.0% and 10.0%,
and a stirrer speed of 1000 rpm. Similarly, 1 mL of phospholipid-based in situ gel was
dispersed in 250 mL of MCT, and 1 mL of PLGA-based in situ gel was dispersed in 250 mL
of NMP, with particle size determined using the same parameters.

Encapsulation efficiency (EE): Briefly, 40 mg of microspheres was added to a 5 mL
centrifuge tube. Subsequently, 4 mL of purified water was added, and the mixture was
shaken to ensure the uniform dispersion of the microspheres. After centrifugation at
10,000 rpm for 5 min, the supernatant was collected to measure unencapsulated peptides.
The microspheres settled at the bottom were transferred to a 25 mL volumetric flask using
DMSO, the centrifuge tube was rinsed with DMSO five times, and the rinses were pooled in
the same volumetric flask. The mixture was then diluted to volume and thoroughly mixed,
and the encapsulated peptide (ACTY116) was quantified using HPLC. Encapsulation
efficiency was calculated using the following expression:

Encapsulation efficiency (EE)% =
Encapsulated peptide

Unencapsulated peptide + Encapsulated peptide
× 100% (1)

In situ gel viscosity was assessed by using a digital rotary viscometer. The suspension
was put in the rotor, after which the instrument was started with a parameter configuration
of 3.0 rpm for a duration of 2 min [36]. Then, the viscosity result displayed on the screen
after the measurement was recorded.

2.5. Identification of CQAs
2.5.1. Impurity Profiles (CQA1) for Different Formulations

Considering the chemical instability of the peptide ACTY116, impurity profiles were
identified as critical quality attributes (CQA1). In order to assess the impurity profiles of
ACTY116 across different formulations, total impurities were analyzed following storage
in a stability chamber (40 ◦C, 75% RH) for 10 and 20 days.

2.5.2. Other Critical Quality Attributes (CQA2) for Different Formulations

This study primarily focused on addressing the issue of peptide instability, and there-
fore the in vitro release was not included as a CQA in this study even though it is important
to LAI formulations.

Given that (acid) hydrolysis and oxidation were degradation paths of ACTY116, water
content, acid value, iodine value, peroxide value, and AV were also considered critical
quality attributes (CQA2) for different formulations in this study.
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Water content measurement: The sample was weighed and dissolved in anhydrous
methanol, and the water content was determined utilizing a moisture analyzer.

The acid value IA is the number that expresses, in milligrams, the quantity of potassium
hydroxide required to neutralize the free acids present in 1 g of the samples. The iodine
value II is the number that expresses, in grams, the quantity of halogen, calculated as
iodine, which can be fixed in the prescribed conditions by 100 g of the sample. The testing
methods of IA and II follow general monograph 2.5.4 in the European Pharmacopoeia [37].
The peroxide value IP is defined as the quantity of peroxide contained in 1000 g of the
substance and expressed as in milliequivalents of active oxygen. The testing method
follows general monograph 2.5.5 in the European Pharmacopoeia. The anisidine value
(AV) is used to evaluate the quantity of aldehydes and ketones in pharmaceutical products.
It serves as an important indicator of the extent of the oxidative degradation of lipids
in products. AV determination is based on the reaction of aldehydes and ketones with
anisidine under alkaline conditions. Aldehydes and ketones undergo a Schiff base reaction
(nucleophilic addition) with anisidine under acidic catalysis. The carbonyl group reacts
with the amino group of anisidine to form an unstable intermediate (aldimine) structure;
then, intramolecular dehydration occurs, yielding a stable colored product, imine. The
absorption was measured by UV spectrophotometry to evaluate the quantity of aldehydes
and ketones in the sample [38,39]. The testing method follows general monograph 2.5.36 in
the European Pharmacopoeia.

2.6. Risk Assessment and Control Strategies

A fundamental aspect of pharmaceutical drug development involves identifying and
controlling the critical material attributes (CMAs) and critical process parameters (CPPs)
that influence critical quality attributes (CQAs). In this study, we identified CMAs for the
input materials (excipients) by understanding the degradation mechanisms of ACTY116.
Additionally, we recognized certain process parameters that can directly or indirectly
impact peptide stability, particularly those related to peptide oxidation or hydrolysis, such
as high temperature and oxygen exposure, as CPPs. To ensure quality is embedded into the
product, we focused on risk assessment, which involved the identification of CMAs and
CPPs associated with the critical quality attributes (CQAs) for each formulation, ultimately
leading to the development of corresponding control strategies.

2.7. Updated CQAs for Different Formulations

An assessment of updated CQAs for different formulations was conducted following
the implementation of control strategies. The updated impurity profile (CQA1) for each
formulation was investigated by following their storage in an accelerated stability chamber
(40 ◦C, 75% RH) for 10 and 20 days. The other updated critical quality attributes (CQA2)
for different formulations such as the water content, acid value, iodine value, peroxide
value, and AV were also analyzed.

2.8. Pharmacokinetic Study in Rats
2.8.1. LC-MS/MS Method

The plasma concentrations of ACTY116 were analyzed using an LC-MS/MS system,
which consisted of an Agilent 1290 Infinity II UHPLC system coupled with an Agilent
6460 triple quadrupole mass spectrometer equipped with an electrospray ionization source
(ESI). The Agilent MassHunter workstation qualitative analysis B.08.00 (Agilent Tech-
nologies, Santa Clara, CA, USA) software was used. Chromatographic separation was
performed on a BEH C18 column (2.1 mm × 75 mm, 1.7 µm, Waters, Milford, CT, USA).
The separation conditions were 40 ◦C by using formic acid (FA)–water (0.1:99.9, v/v, A)
and FA–acetonitrile (CAN) (0.1:99.9, v/v, B) solutions at a flow rate of 0.4 mL/min. The
sample injection volume was 10 µL, and the autosampler was kept at 4 ◦C. The initial
eluent AB (80:20, v/v) was changed to A-B (40:60, v/v) in 6 min and subsequently changed
to A-B (20:80, v/v) in the next 0.5 min in a liner gradient and maintained at this ratio for
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another 1.5 min. Leuprolide acetate was used as the internal standard (IS). MS analysis was
carried out in the multiple-reaction monitoring (MRM) mode with the following operation
parameters: capillary voltage, 4.5 KV; gas temperature, 350 ◦C; nebulizer gas pressure,
50 psi; sheath gas, 11 L/min, 300 ◦C; fragmentor, 120 V for ACTY116 and IS; collision
energy (CE), 15 eV for ACTY116 and 35 eV for IS; and precursor-to-product ion transition,
m/z: 685.8→118.1 for ACTY116 and m/z: 606.5→249.4 for IS. Pharmacokinetic parameters
were calculated using Phoenix 64 (version 8.3.3.33), and the noncompartmental analysis of
pharmacokinetic data was conducted with the ‘linear-up log-down’ method.

2.8.2. PK Study in Rats

SD rats (200–250 g) were purchased from Ensiweier Biotechnology, Chongqing, China.
All animals had free access to a standard diet and drinking water and were housed in a
room maintained at 22.0 ± 3 ◦C and with a 12:12 h cyclic lighting schedule. All animal
experiments were approved by the Laboratory Animal Welfare and Ethics Committee of
Army Medical University (approval no.: AMUWEC20203377), and all of the experiments
were performed in accordance with the National Institutes of Health guidelines for the care
and use of laboratory animals.

ACTY116 solution was injected subcutaneously in rats for the analysis of pharma-
cokinetic (PK) behavior as an immediate-release formulation. Six (6) rats received the
ACTY116 solution at a dose of 1.0 mg/kg, and blood samples were collected from the
retrobulbar venous plexus 10, 20, 40, 60, 90, 120, and 180 min after subcutaneous adminis-
tration.

The most stable LAI formulation (PLGA-based in situ gel) was chosen for further
pharmacokinetic investigations in rats. Six (6) rats received ACTY116 LAI formulation at a
dose of 7 mg/kg. The blood samples were collected from the retrobulbar venous plexus 1,
2, and 4 h post-subcutaneous injection, on days 1, 3, 5, 7, 9, 11, 13, 15, and 17 (i.e., blood
was collected every two days).

Plasma was separated via refrigerated centrifugation, and ACTY116 was analyzed
with the LC-MS/MS method.

2.9. Evaluation of Target Product Profile Achievement

By comparing the results with the target product profile, the achievement of stability
and in vivo long-acting pharmacokinetic behavior objectives was evaluated.

3. Results
3.1. Quality Target Product Profile

This study primarily addresses two objectives: firstly, to design and optimize long-
acting injectable (LAI) formulations for maintaining peptide stability during storage and
in vivo release, and secondly, to ensure that the LAI formulation can achieve long-acting
pharmacokinetic (PK) behavior in rats for at least one week.

The in vivo long-acting characteristic was attained through formulation design using a
biodegradable matrix. Consequently, the formulation development based on QbD primarily
focused on addressing stability issues in this research.

The quality target product profile was established by referencing the total impurities
limits specified in the United States Pharmacopeia (USP) for peptide injectable products,
such as exenatide injection (≤10.0%) and teriparatide injection (≤7.0%), both stored at
2–8 ◦C. We established a target product impurity profile for ACTY116-loaded LAI formula-
tion: In the preparation process, the growth of total impurities should not exceed 1.0%; for
the finished product, an accelerated stability study should be undertaken at 40 ◦C, and the
total impurities’ growth should not exceed 3.5% in 10 days and 7.0% in 20 days.

3.2. Degradation Mechanism Studies on ACTY116

The HPLC chromatograms in Figure 5 depict the impurity profiles resulting from
different forced degradation conditions, illustrating variations in impurity levels.
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The results demonstrated that ACTY116 (with its main peak observed at a retention
time of approximately 20 min) remained stable under thermal and photolytic stress condi-
tions, as evidenced by the absence of new degradation impurities compared to the control
sample (nonstressed). However, oxidative degradation and (acid) hydrolysis led to a series
of new degradation impurities, emphasizing these as the primary degradation pathways
for the peptide ACTY116. Notably, hydrolytic stress under acidic conditions generated
particularly pronounced degradation impurities, surpassing those observed in hydrolytic
and oxidative stress. The total impurities are presented in Table 4.

Table 4. The total impurities under different forced degradation conditions.

Degradation
Condition

Control
Sample

Thermal
Stress

Photolytic
Stress

Oxidative
Stress

Hydrolytic
Stress

Acidic
Hydrolytic

Stress

Total impurities
% 2.2 2.3 2.2 10.1 9.2 34.1

The ACTY116 structure (Figure 1) shows the presence of 32 amide bonds and 1 guani-
dine group, which account for its susceptibility to hydrolysis. Additionally, the presence of
one phenolic hydroxyl group, five amino groups, and two hydroxyl groups contributes
to its susceptibility to oxidation. The forced degradation results align with the predicted
chemical instability of the peptide structure. The degradation and process impurities are
shown on the HPLC chromatogram.

3.3. Characterization of Different LAI Formulations

Figure 6 presents the visual appearance and results of polarizing microscopic observation.
Three formulations are all in the form of suspension, and their particle size, encapsula-

tion efficiency, and viscosity are listed in Table 5.
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Table 5. Characterization of different formulations.

Particle Size (µm)
EE% Viscosity (cP)

D(10) D(50) D(90) D(4,3)

F1 5.12 16.6 38.3 21.9 29.8 NA
F2 6.48 26.6 104 41.6 NA 142
F3 7.11 28.5 107 44.1 NA 115

NA means not applicable.
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3.4. Initial CQAs
3.4.1. Initial Impurity Profiles (CQA1) for Different Formulations

The chromatograms indicate that the peaks appearing within the retention time range
of 24.0 min to 30.0 min are associated with the excipients. In the impurity analysis con-
ducted during the stability study, the subtraction of these impurities was taken into account.

Microspheres (F1): Initial impurity profiles (Figure 7a,b, Table 6) revealed that fol-
lowing the preparation of microspheres, there was a 17.09% increase in total impurities.
Throughout the accelerated stability, the levels of total impurities exhibited a consistent
trend, namely a 26.39% increase after 10 days, which escalated to 41.22% after 20 days.

Table 6. The initial impurity profiles (CQA1) for different formulations.

F1 F2 F3

Day 0 17.09 ± 1.18% 1.83 ± 0.87% 0.31 ± 0.08%
Day 10 26.39 ± 4.84% 16.54 ± 0.33% 4.95 ± 0.69%
Day 20 41.22 ± 0.48% 33.90 ± 3.52% 9.85 ± 2.74%

Phospholipid-based in situ gel (F2): Initial impurity profiles (Figure 7c,d, Table 6)
demonstrated a time-dependent increase in total impurities within the phospholipid-based
in situ gel under 40 ◦C conditions. Throughout the accelerated stability, the levels of total
impurities exhibited a consistent trend, namely a 16.54% increase after 10 days, which
escalated to 33.90% after 20 days.
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PLGA-based in situ gel (F3): Initial impurity profiles (Figure 7e,f, Table 6) revealed a
similar trend of an increase in the total impurities in F3 compared with F1 and F2 but at a
noticeably slower pace. The total impurities exhibited a 4.95% increase after 10 days, which
escalated to 9.85% after 20 days.
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3.4.2. Initial CQA2 for Different Formulations

The other critical quality attributes (CQA2) for different formulations are presented in
Table 7. Among the formulations, microspheres (F1) had the highest level of water content,
while phospholipid-based in situ gel (F2) had the highest levels of IA, II, IP, and AV.

Table 7. CQA2 for different formulations.

Water% IA II IP AV

Microspheres (F1) 2.37 0 0 0.2 0
Phospholipid-based in situ gel (F2) 0.6 2.9 37.2 2.6 2.1

PLGA-based in situ gel (F3) 0.03 0 0 0 0
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3.5. Risk Assessment and Control Strategies
3.5.1. Critical Material Attributes (CMAs) for Excipients

The CQAs were significantly influenced by the contributions of critical excipients. By
examining the CMAs of the excipients, the objective was to identify CMAs that demon-
strated a robust relationship with CQAs, enabling the formulation of effective control
strategies. In microspheres (F1), PVA and mannitol did not come into direct contact with
the inner aqueous phase of the peptide in W1/O/W2 (ACTY116 was in W1, and PVA and
mannitol were in W2); therefore, they were not included in the investigation. CMAs for the
essential excipients are presented in Table 8.

Table 8. The CMAs of the critical excipients.

Water% IA II IP AV

F1
PLGA 0.01 0 0 0 0
DCM 0.06 0 0 0 0

F2
Soybean phospholipid 1.4 8.3 105.3 2.8 0.2

MCT 0.1 0.2 0.9 1.4 0.6

F3
PLGA 0.01 0 0 0 0
NMP 0.03 0 0 0 0

For Excipients in F1 and F3, the water content, acid value, iodine value, peroxide
value, and AV in the excipients were found to be sufficiently low.

CQA2 analysis results in Table 7 reveal that IA, II, IP, and AV values of the F2 for-
mulation exceed those of the other two formulations. Data in Table 8 demonstrate that
soybean phospholipid has the highest levels of water content, IA, II, and IP, while MCT has
the highest AV. These two excipients were critical ingredients in F2, which can explain the
high CQAs of F2. Consequently, the control strategy for this formulation encompassed the
selection of excipients with superior CMAs (Table 9), and the updated phospholipid-based
in situ gel was designated as F5.

Table 9. Excipients with different CMAs in F2 and F5.

Water% IA II IP AV

Soybean phospholipid F2 1.4 8.3 105.3 2.8 0.2
F5 1.1 1.6 93.7 1.3 0.1

MCT
F2 0.1 0.2 0.9 1.4 0.6
F5 0.1 0.1 0.8 0.3 0.2

3.5.2. CPP Control Strategies

For microspheres (F1), process parameters related to peptide oxidation or hydrolysis,
such as high temperature and oxygen exposure, were identified as CPPs. The control
strategies focused on lowering the DCM evaporation temperature from 50 ◦C to 40 ◦C
while ensuring compliance with residual solvent regulations; extending the secondary
drying phase of the lyophilization process from 10 h to 20 h to reduce water content; and
replacing the air in the vial headspace with nitrogen to maintain the oxygen level at ≤0.1%.
The updated microsphere formulation was designated as F4.

For the in situ gel formulations (F2 and F3), an uncomplicated preparation process was
employed without harsh conditions such as high temperatures. The most effective strategy
was headspace oxygen level control. The control strategy for phospholipid-based in situ
gel encompassed CPP control through the replacement of air in the vial headspace with
nitrogen to maintain the oxygen level at ≤0.1%, coupled with the selection of excipients
with superior CMAs. The updated phospholipid-based in situ gel was designated as F5.
The control strategy for PLGA-based in situ gel was the replacement of air in the vial
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headspace with nitrogen to maintain the oxygen level at ≤0.1%. The updated PLGA-based
in situ gel was designated as F6.

The control strategies for the three LAI formulations are summarized in Table 10.

Table 10. Updated CQAs for LAI formulations with control strategies.

Microsphere F4 Phospholipid-Based In
Situ Gel F5

PLGA-Based In Situ
Gel F6

CQA1
(impurity profiles)

Day 0 9.42 ± 1.31% 1.62 ± 0.79% 0.00%
Day 10 18.85 ± 1.06% 10.75 ± 0.81% 2.48 ± 0.42%
Day 20 27.43 ± 3.33% 17.95 ± 1.67% 4.17 ± 0.42%

CQA2

Water% 1.45 0.4 0.01
IA 0 0.6 0
II 0 35.5 0
IP 0 0.7 0

AV 0 0.6 0

Control strategies

CMAs - Selection of excipients
with superior CMAs -

CPPs

• Lowering the evaporation
temperature to 40 ◦C

• Extending the secondary
drying process to 1200 min

• Oxygen headspace ≤ 0.1%

Oxygen in headspace
≤ 0.1%

Oxygen in headspace
≤ 0.1%

3.6. Updated CQAs for Different Formulations

The updated impurity profiles (CQA1) for all three formulations demonstrated im-
provement following the implementation of the control strategies (Figure 8, Table 10). After
the completion of microsphere (F4) preparation, a 9.42% increase in total impurities was
observed. Subsequently, during the 10-day accelerated storage, total impurities exhibited
an 18.85% increase, which further escalated to a 27.43% increase after 20 days. In the case of
phospholipid-based in situ gel (F5), there was a 1.62% increase in total impurities following
preparation, and during the 10-day accelerated storage, the total impurities displayed
a growth of 10.75%, which further increased to 17.95% after 20 days. Surprisingly, for
PLGA-based in situ gel (F6), there was no observable increase in total impurities after
preparation, and the accelerated stability resulted in a notably sluggish rate of increase
under 40 ◦C conditions: the total impurities increased by 2.48% after 10 days and increased
by 4.17% after 20 days.

The introduction of a comprehensive set of control strategies resulted in notable
enhancements of ACTY116 stability in all three formulations. The updated CQAs for LAI
formulations with control strategies are listed in Table 10, and the impurity profile charts
of the three formulations before and after the implementation of the control strategies are
visually represented in Figure 9. Remarkably, owing to the exceptional CMAs of excipients
within the PLGA-based in situ gel, the absence of moisture and high temperature during
the preparation process, coupled with the CPP control over low levels of headspace oxygen,
contributed to the most favorable impurity profile observed in F6.
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Y-axis represents the signal intensity) and the impurity profile charts (right: b,d,f) of the updated
impurity profile for different formulations. The typical chromatograms (left: a,c,e): blue—Day 0;
green—Day 10 @ 40 ◦C, brown—Day 20 @ 40 ◦C; olive—placebo (formulation without ACTY116);
(a,b) microspheres (F4); (c,d) phospholipid-based in situ gel (F5); (e,f) PLGA-based in situ gel (F6).
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(a,b) microspheres (F4); (c,d) phospholipid-based in situ gel (F5); (e,f) PLGA-based in situ gel (F6). 
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Figure 9. The impurity profile chart of three formulations before and after implementation of
control strategies.

3.7. Pharmacokinetic Studies in Rats

PLGA-based in situ gel (F6) was chosen as the LAI formulation for further pharmacoki-
netic investigations in rats. Pharmacokinetic parameters (Table 11) and profiles (Figure 10)
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showed that ACTY116 LAI formulation could significantly extend both the half-life and
the mean residence time (MRT) from less than 1 h to over 100 h.

Table 11. PK parameters of ACTY116 solution and ACTY116 LAI formulation.

PK Parameters Cmax (ng/mL) AUClast
(h·ng/mL) Tmax (h) HL_Lambda_z (h) MRTlast (h) Tlast (h)

ACTY116 Solution 377.4 ± 20.3 240.5 ± 29.1 0.67 0.351 ± 0.021 0.796 ± 0.024 2 ± 0
ACTY116 LAI
formulation 489.8 ± 44.3 14,385.6 ± 1063.2 1.99 100.4 ± 50.4 117.5 ± 7.2 312 ± 19.2
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3.8. Evaluation of Target Product Profile Achievement

Applying the QbD concept to the formulation design, control strategies were devised
and implemented after identifying CQAs, CMAs, and CPPs for each formulation. These
strategies resulted in notable CQA improvements for all formulations. When compared to
the target product impurity profile, only F6 successfully met the goal (Table 12).

Table 12. Assessment of target product impurity profile achievement.

The Total Impurities’ Growth

During
Preparation 10 Days @ 40 ◦C 20 Days @ 40 ◦C

Target product impurity profile ≤1.0% ≤3.5% ≤7.0%
Microspheres (F4) 9.42 ± 1.31% 18.85 ± 1.06% 27.43 ± 3.33%

Phospholipid-based in situ gel (F5) 1.62 ± 0.79% 10.75 ± 0.81% 17.95 ± 1.67%
PLGA-based in situ gel (F6) 0 2.48 ± 0.42% 4.17 ± 0.42%

PLGA-based in situ gel exhibited prolonged ACTY116 release and extended residence
time compared to the corresponding solution in the PK study. Tlast values in Table 11
showed that after 2 h following the administration of the solution, ACTY116 was unde-
tectable in the blood, while the LAI formulation maintained a measurable concentration
for about 13 days (312 ± 19.2 h). This indicated that the LAI formulation achieved the
long-acting goal for at least one week in rats.

4. Discussion

The purpose of this study was to utilize the QbD concept to develop a stable ACTY116-
loaded long-acting injection. Simultaneously addressing peptide chemical instability and
achieving long-acting release presents a substantial challenge, which is the novelty of this
research. We chose biodegradable microspheres and in situ gels as the dosage forms for
long-acting drug delivery. For hydrophilic peptides, the preparation of PLGA microspheres
was challenging, and encapsulation efficiency was low. As demonstrated by the results
of microsphere formulations F1 and F4 in this study, the preparation method not only
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involved a complex process but also led to peptide degradation under high temperatures.
In situ gel formation with an uncomplicated preparation process was designed, and a
nonaqueous solvent was selected to overcome these challenges. The principle guiding the
choice of this nonaqueous solvent is that the sustained-release matrix can dissolve in the
solvent, while the peptide cannot. This results in the formation of a peptide suspension in
the solvent. Upon administration, the solvent diffuses into surrounding tissues, forming
a solid or semisolid drug delivery depot comprising the peptide and sustained-release
matrix. This transformed depot exhibits prolonged residence at the injection site, facilitating
sustained drug release [40,41].

We conducted our study by following QbD principles. An in-depth comprehension
of peptide degradation mechanisms was achieved through forced degradation investiga-
tions, elucidating (acid) hydrolysis and oxidation as the primary pathways for the peptide
ACTY116 degradation. The quality built into the product was focused on risk assessment,
for which the critical material attributes (CMAs) and critical process parameters (CPPs)
associated with the critical quality attributes (CQAs) of each formulation were identified,
leading to the development of corresponding control strategies. Following the imple-
mentation of a series of control strategies, the CQAs for all three formulations improved,
and the PLGA-based in situ gel (F6) achieved the target product impurity profile; thus, it
was selected as the LAI formulation for subsequent pharmacokinetic studies. PK profiles
showed that the ACTY116 LAI formulation could significantly extend the half-life from less
than 1 h to over 100 h. The LAI formulation studies and in vivo pharmacokinetic findings
presented in this article establish a robust foundation for the use of ACTY116 in more
in-depth preclinical investigations and provide a basis for potential future clinical studies.

The number of novel therapeutic peptide approvals by the US Food and Drug Admin-
istration (USFDA) is increasing in the market. About 140 peptide drugs are currently in
clinical trials, with more than 500 peptides in preclinical trials [42,43]. Significant research
efforts are being made to address drawbacks such as poor stability and short half-life. To
this end, structural modifications and novel delivery tactics have been developed to boost
their ability to reach their targets as fully functional species. The field is being revolution-
ized with the inclusion of modern strategies such as synthetic nanochaperone [44] and
halloysite nanotubes [45]. In conclusion, the field is in need of novel ideas that can help
introduce these peptides to the market.

5. Conclusions

The ACTY116 structure has 32 amide bonds and 1 guanidine group, which account for
its susceptibility to hydrolysis. Additionally, the presence of one phenolic hydroxyl group,
five amino groups, and two hydroxyl groups makes it susceptible to oxidation. Therefore,
maintaining its stability is a significant challenge. According to the QbD principle, PLGA-
based in situ gel as an LAI formulation was designed, and an uncomplicated preparation
process was employed, which avoided the need for harsh conditions like high temperatures,
high shear mixing, or homogenization. Furthermore, the maintenance of a water- and
oxygen-free environment ensures the chemical stability of peptide ACTY116. For other
molecules with susceptible functionalities like amide bonds, amino groups, hydroxyl
groups, etc., the utilization of PLGA-based in situ gel as a long-acting injectable formulation
for stabilizing the API provides valuable insights.
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