Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Faraday Discussions

Cite this: DOI: 10.1039/d4fd00194;

#® ROYAL SOCIETY
P OF CHEMISTRY

Impact of counterion and salt form on the
properties of long-acting injectable
peptide hydrogels for drug deliveryf

Jessica V. Moore, & Emily R. Cross, & Yuming An,
Sreekanth Pentlavalli, Sophie M. Coulter, Han Sun and Garry Laverty

*

Received 9th December 2024, Accepted 23rd December 2024
DOI: 10.1039/d4fd00194;j

Modifying the salt form of active pharmaceutical ingredients is a common method to
enhance their physicochemical and biological properties, whilst improving their ability
to be formulated into medicines that can be effectively delivered to patients. Salts and
counterions are especially relevant to peptide therapies, given that the majority of low
molecular weight peptides synthesised by solid-phase protocols form a trifluoroacetate
(TFA) salt due to the use of trifluoroacetic acid in resin cleaving and follow-on
purification methods. TFA salts are not viewed as favourably by medicine regulators and
can be defined as a new chemical entity entirely due to their different biological and
physicochemical properties. Despite some exceptions, the vast majority of therapeutic
peptides are marketed as hydrochloride (HCl) or acetate salts, even though most early
research and development is centred on TFA salts. The aim of the study was to
compare the impact of salt form (TFA vs. HCl) on the biostability, cell cytotoxicity, drug
release and rheological properties of a Napffky(p)G-OH peptide hydrogel platform that
demonstrates promise as a long-acting drug delivery system. This study demonstrated
no significant difference between the salt forms for properties important to its intended
use. This paper also raises important points for discussion relating to the environmental
and regulatory status of peptide salts and their use as pharmaceuticals.

1. Introduction

Pharmaceutical salts are ionisable drugs or active pharmaceutical ingredients
that form a neutral complex after being combined with a counterion." Approxi-
mately half of all marketed drugs exist as pharmaceutical salts due to the benefits
they can provide in improving the physical and chemical properties, for example
aqueous solubility, of the active pharmaceutical ingredient.>* Generic manufac-
turers of off-patented drugs commonly produce different salt forms of drugs once

Biofunctional Nanomaterials Group, School of Pharmacy, Queen’s University Belfast, Medical Biology Centre,
97 Lisburn Road, Belfast, Northern Ireland, BT9 7BL, UK. E-mail: garry.laverty@qub.ac.uk
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.


http://orcid.org/0000-0002-3171-575X
http://orcid.org/0000-0002-6628-6166
http://orcid.org/0000-0002-1435-2942
https://doi.org/10.1039/d4fd00194j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j
https://rsc.66557.net/en/journals/journal/FD

Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

patent protection ceases as they can be cheaper and more amenable to synthesise,
formulate and manufacture. Different salt forms of the same active pharmaceu-
tical ingredient are defined as “pharmaceutical alternatives”. Medicine regula-
tors, including the UK’s Medicines and Healthcare products Regulatory Agency
(MHRA), the United States’ Food and Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA), require pharmaceutical alternatives to establish
bioequivalence to their original product in order to obtain a marketing author-
isation. This enables a marketing license to be obtained for use in the wider
patient population.*® Early stage bioequivalence and pharmacokinetic studies are
essential in determining the fate of any new drug product given the time, expense
and high rates of failure associated with the drug development process. Bio-
equivalence tends to be established through a shorter clinical trial, less detailed
than for the original licensed product, focusing on pharmacokinetic parameters
such as maximum blood serum concentration (Cp,a,y), the time taken to reach this
maximum blood serum concentration (¢, and the total drug exposure over
time, which is defined as the area under the curve (AUC) based on serum drug
concentration as a function of time.

The existence of pharmaceutical salts is especially relevant to peptide medi-
cines due to their increasing popularity in drug development and the formation of
trifluoroacetate (CF;COO™) salts from standard methods of manufacture i.e.,
solid-phase peptide synthesis protocols.” Within currently employed methods
trifluoroacetic acid is commonly used to (i) remove the final peptide sequence
from its solid-phase resin support and (ii) as part of the final purification process
as a constituent of the mobile phase (~0.1% v/v) of chromatographic purification
methods.

Trifluoroacetate (TFA) salts are not viewed as favourably by medicine regula-
tors as other salts due to concerns relating to their potential toxicity. Different
salts of the same peptide or drug can be defined as new chemical entities entirely
due to the impact of salt form on a peptide/drug’s biological and physicochemical
properties e.g. aqueous solubility.® For such reasons the majority of peptide
medicines are marketed as hydrochloride (HCI) or acetate salts.” This is despite
most preliminary lab-scale research being focused on TFA salts in order to reduce
loss of product due to additional salt conversion steps (TFA — HCI or acetate) and
to increase the quantity of peptide available for further study and character-
isation. TFA salts of marketed peptide pharmaceuticals do exist, therefore
demonstrating the use of TFA salts is not a barrier to clinical use in patients so
long as their safety, quality and efficacy are proven to regulators. Examples
include the prothrombin inhibitor bivalirudin (Angiomax®/Angiox®) and corti-
corelin (Acthrel®), the synthetic analogue of human peptide corticotropin-
releasing factor.” TFA is also a metabolite of the commonly employed anaes-
thetics desflurane, halothane and isoflurane." Therefore questions remain with
regards to the need for converting peptides to HCI or acetate salts now that the
pharmaceutical market is beginning to see more TFA peptide medicines
approved. Would developing peptide medicines more widely as TFA salts support
improved ease and speed of manufacture and reduce overall drug development
cost?

Peptide-based supramolecular hydrogels are promising materials which have
the potential to be utilised throughout medicine, including for the treatment and
prevention of bacterial,'* viral,"”” and fungal infections,* and as 3D cell culture

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j

Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

platforms.** Given their importance to drug development, the nature of peptide
counterion and its corresponding salt form will likely impact the clinical trans-
lation of peptide hydrogel platforms. Our research group is studying the use of
self-assembling peptide hydrogels as long-acting injectable drug delivery plat-
forms.™*¢ This technology has the potential to improve patient adherence to
medicines within several clinical areas, including schizophrenia and pre-
exposure prophylaxis (PrEP) against HIV infection. Given the influence of coun-
terions on the physicochemical and biological properties of peptides, the objec-
tive of this preliminary study was to establish whether different salt forms (TFA vs.
HCI) would significantly impact properties important for the use of peptides as
long-acting formulations (biostability, cell cytotoxicity, rheological properties,
drug release). We utilised a phosphorylated p-peptide enantiomer capable of
forming supramolecular hydrogels in response to phosphatase enzymes and
delivering the HIV antiretroviral zidovudine to clinically relevant levels in vivo for
35 days." For this study we combined this peptide, (naphthalene-2-ly)-acetyl-p-
phenylalanine-p-phenylalanine-p-lysine-phosphorylated  p-tyrosine-glycine-OH
(Napffky(p)G-OH), with the more potent HIV integrase inhibitor cabotegravir.
This drug was recently approved for HIV treatment and PrEP as the long-acting
injectable nanosuspension products Vocabria and Apretude."”

2. Methods
2.1. Materials

Wang resin preloaded with glycine (Fmoc-Gly-Wang resin, 100/200 mesh particle
size, 0.4-0.8 mmol g~ ' loading) and Fmoc protected p-amino acids including
Fmoc-O-phospho-p-tyrosine (Fmoc-(p)Tyr(PO;H,)-OH), Fmoc-(p)Phe-OH, Fmoc-
(p)Lys(Boc)-OH and Solutol® HS 15 were purchased from Sigma-Aldrich (Gil-
lingham, Dorset, UK). Anhydrous dimethylformamide (DMF), 1-hydroxybenzo-
triazole hydrate (HOBt), 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), diisopropyl ethylamine (DIPEA), methanol, anhy-
drous pyridine, tert-butylammonium fluoride (TBAF), hexane, triethylamine
(TEA), imidazole, dichlorobenzoylchloride, N'N'-diisopropylcarbodiimide (DIC),
piperidine, potassium cyanide, ninhydrin, phenol, 4-dimethyl-aminopyridine
(DMAP), trifluoroacetic acid (TFA), dichloromethane (DCM), diethyl ether,
acetone, sodium bicarbonate, anhydrous sodium sulphate, chloroform, hydro-
chloric acid, ethyl acetate, acetonitrile (ACN) and N-hydroxysuccinimide (NHS)
were obtained from Fluorochem Ltd (Hadfield, UK). Succinic anhydride, benzyl-
amine, triisopropylsilane (TIPS) and thioanisole were purchased from Alfa Aesar
(Heysham, Lancashire, UK). 2-Naphthaleneacetic acid (Nap) was obtained from
Tokyo Chemical Industry UK Ltd (Oxford, UK). Cabotegravir (free acid form) was
donated by ViiV Healthcare (London, UK). Glassware for synthesis including
sintered glass funnels and round bottomed flasks were purchased from VWR
International (Leicestershire, UK).

2.2. Synthesis, salt conversion and identification

A phosphorylated p-peptide Napffky(p)G-OH was synthesised using solid phase
peptide synthetic methods as previously outlined."**** Wang resin preloaded
with glycine (Fmoc-Gly-Wang resin) was used to ensure the peptides possessed
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a carboxylic acid terminus. Fmoc-O-phospho-p-tyrosine was incorporated onto
Wang-Gly resin using a dichlorobenzoyl chloride synthetic method developed by
Sieber.> The HIV antiretroviral cabotegravir (CAB) was covalently attached to
Napffky(p)G-OH at the e-amino group of p-lysine (k) via an ester linkage, gener-
ated by the addition and subsequent activation of succinic anhydride to cabote-
gravir. This created a functional group that enabled precise attachment of the
hydroxyl group of cabotegravir to the e-amino side group of Napffky(p)G-OH via
an ester cleavable linker.*>***' The chemical structure of Napffk(CAB)y(p)G-OH is
shown in Fig. 1b. The purity of each product was analysed by HPLC (=95%). The
mobile phase was composed of Milli-Q ultrapure water combined with 0.1% v/v
TFA and ACN. HPLC chromatograms are shown in Fig. S1 and S2.f Peptide
products were lyophilised by freeze-drying using an Edwards freeze drier with an
RV8 pump (Davidson and Hardy, Belfast, UK) and identified using Electrospray
Time of Flight Mass Spectrometry (ESI-MS) (Waters LCT Premier, Waters, Hert-
fordshire, UK) performed at Analytical Services and Environmental Projects
(ASEP) in the School of Chemistry, Queen’s University Belfast (Fig. S31) and "H-
NMR (Bruker Ultrashield Plus 400 MHz, Bruker, Coventry, UK) (Fig. S4 and
S5t). *'P-NMR was used to monitor the presence of the phosphate grouping
within the peptide sequence (Fig. S6 and S77). Conversion to HCI salt was ach-
ieved by three repeated cycles of dissolving the peptide in 5 mM HCI and freeze-
drying as outlined previously by Andrushchenko et al.*> Removal of TFA was
confirmed by '’F NMR by monitoring the characteristic fluorine singlet at
—75 ppm (Fig. 1a).®
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Fig.1 (a) °F NMR demonstrates that removal of TFA was achieved by three repeated cycles
of dissolving peptide in 5 mM HCl and freeze-drying. Monitoring shows removal of the singlet
fluorine peak associated with TFA at —75 ppm (circled red, black circle shows removal). Key:
Frea °F NMR peaks associated with fluorine in TFA (red circle); Fcag 9F NMR peaks associated
with fluorine in cabotegravir. (b) Chemical structure of Napffk(CAB)y(p)G-OH.
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2.3. Biostability

The in vitro biostabilities of solubilised (0.02% w/v) Napftk(CAB)y(p)G-OH in TFA
and HCI salt forms were tested against a broad-spectrum protease, proteinase K,
at several time points for up to 28 days as previously outlined.*>* Proteinase K was
deactivated at each time point by removing a sample and adding concentrated
acetic acid. Samples were subsequently analysed by RP-HPLC. The amount
remaining (% peptide remaining) at each time point was calculated following RP-
HPLC analysis as outlined in eqn (1) below.

% Napffk(CAB)y(p)G-OH peptide remaining

_ [Area of peak at test time point]
N [Area of peak at ¢ = 0]

x100 (1)

2.4. Mechanical properties

The propensity of TFA and HCl salts of Napffk(CAB)y(p)G-OH to gel in response to
a 2 uL volume of 2 U (1000 U mL ") alkaline phosphatase enzyme derived from
bovine intestinal mucosa (Merck KGaA, Darmstadt, Germany) was initially
screened at several concentrations (0.5-2% w/v) in pH 7.4 PBS using a vial inversion
assay. Samples were incubated for 24 hours at 37 °C and propensity to gelate was
defined by the formulation remaining suspended after the glass vial is inverted.
Hydrogel formulation followed the steps outlined in Table S1.f The overall
concentration of alkaline phosphatase enzyme within the final formulation using
this method was 3.98 U mL ™" (2 U in 502 pL). Hydrogel formation was formally
defined using oscillatory rheology performed using an Anton Paar MCR302
rheometer (Anton Paar, St Albans, UK) at 37 °C. A vane and cup geometry was used
to conduct frequency (1-100 rad s, strain = 0.5%) and strain sweeps (0.1-1000%,
frequency = 2.5 rad s~ ') with TFA and HCl salts of Napffk(CAB)yG-OH formulated
at a volume of 2 mL within 7 mL Sterilin™ vials (Thermo Fisher Scientific, Wal-
tham, MA, USA). Time sweeps were performed with a constant frequency of 2.5 rad
s~ ' and a constant strain of 0.5% using a sand blasted parallel plate (PP50/S, gap
size = 0.5 mm). Three replicates were used for each study.

2.5. Cell cytotoxicity

The cell cytotoxicities of Napffk(CAB)y(p)G-OH TFA and HCI salts were established
using two methods: (i) a (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulphophenyl)-2H-tetrazolium) (MTS) CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Southampton, UK) to measure % cell metabolic
activity compared to a negative (treated with media only) control (eqn (2)), and (ii)
a Live/Dead® Viability/Cytotoxicity Fluorescence Assay (Thermo Fisher Scientific,
Waltham, MA, USA) to quantify the viability of cells via fluorescence microscopy
(EVOS FL microscope, Thermo Fisher Scientific, Waltham, MA, USA). The murine
fibroblast subcutaneous tissue NCTC 929 (ATCC CCL 1) cell line was chosen for
this study, as it is the accepted cell line of choice for the International Standard
Organisation’s (ISO) in vitro biomaterial and medical device cytotoxicity testing.**
NCTC 929 cells were cultured to at least third passage and seeded in sterile Nunc®
96-well microtitre plates (Fisher Scientific, Leicestershire, UK) at a concentration
of 1 x 10" cells per well (6 hours and 24 hours treatments) and 5 x 10> cells per
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well (72 hours treatments times). After cells were incubated for 24 hours, media
was removed and 100 pL of Napffk(CAB)y(p)G-OH solution was added to separate
wells across a range of concentrations (20-500 uM) for 6-72 hours timepoints as
previously outlined.**

[(Absagonm experimental well — Absagon, media)]

% Cell metabolic activity = - -
o el metabolic activity [(Absagonm negative control — Absagp, media)]

x 100 2)

2.6. Invitro drug release

Cabotegravir release from 2% w/v Napffk(CAB)yG-OH hydrogel salts (TFA and HCI
forms) were compared across 28 days under sink conditions using a release media
containing 1 mL of 2% w/v Solutol® HS 15 in phosphate buffered saline(PBS), pH
7.4, at 37 °C. Drug release studies (n = 4) were performed in 10.5 mL glass vials
and each Napffk(CAB)yG-OH hydrogel (preformed 24 hours prior) was formulated
to a volume of 100 pL following the steps outlined in Table S1.} Release media (1
mL) was added on top of each gel and fractional volume sampling (600 pL
supernatant replaced with 600 pL fresh release media) was performed to maintain
sink conditions at each timepoint. The concentration of cabotegravir released was
determined using an Agilent 1260 Series analytical HPLC system (Agilent Tech-
nologies Ltd, Cork, Ireland) fitted with a Gemini C;4 column (250 x 4.6 mm, 5 pm
particle size, 110 A; Phenomenex, Macclesfield, UK).*® A calibration curve
(Fig. S127) for cabotegravir (r* = 1) was developed as outlined within Section S.4
(ESI).T Drug release kinetics were deciphered using KinetDS 3.0 software (Sour-
ceForge Media, La Jolla, CA, USA).*®

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 10 and Microsoft Excel
2021. The statistical difference in biostability between Napffk(CAB)y(p)G-OH - TFA
and Napffk(CAB)y(p)G-OH-HCI was compared across 28 days using a two-tailed
Mann-Whitney U test. Frequency sweeps and the impact of salt form on the
storage modulus (G') for Napffk(CAB)yG-OH-TFA and Napffk(CAB)yG-OH-HCIl
were also compared using a two-tailed Mann-Whitney U test. F tests demon-
strated significant differences in variances between groups, for both biostability
and frequency sweep comparisons, meaning that a non-parametric test (Mann-
Whitney U) was employed. Statistical differences in TFA and HCl salts for the MTS
cytotoxicity assay were compared at each concentration and timepoint using an
unpaired t-test. Similarly an unpaired ¢-test was employed to compare differences
with in vitro drug release between each peptide salt as variances between groups
were similar allowing a parametric ¢-test to be utilised.

3. Results and discussion

3.1. Synthesis, salt conversion, identification and factors impacting future
manufacturing upscale

Low molecular weight peptides, including Napffky(p)G-OH, are readily syn-
thesised within the laboratory using standard Fmoc solid phase peptide synthesis
protocols. A manual nitrogen bubbler system was utilised to synthesise the
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Napffky(p)G-OH-TFA to 0.4-0.8 mmol scale, resulting in 400-500 mg of crude
peptide. The addition of succinic anhydride to cabotegravir occurs with a yield of
~80% and enables covalent attachment of the hydroxyl group of cabotegravir to
the g-amino (p-lysine) side group of Napffky(p)G-OH. Drug attachment followed
by purification with reverse phase HPLC commonly proceeds with ~30% yield.
Therefore at a laboratory scale, the synthetic steps outlined can typically be ex-
pected to produce 120-150 mg Napffk(CAB)y(p)G-OH - TFA peptide of =95% purity
from the original 400-500 mg crude TFA containing product. Conversion to a HCI
salt by three repeated cycles of dissolving peptide in 5 mM HCI and freeze-drying
results in ~65% conversion (78-98 mg) to Napffk(CAB)y(p)G-OH-HCI. Therefore,
introducing an additional salt conversion step to the manufacturing process is an
important consideration due to its impact on overall yield, even at laboratory-
scale where synthesis of mg to lower gram quantities is most feasible.

As Fig. 1a demonstrates by the removal of the fluorine peak corresponding to
TFA (labelled Fyg,), the conversion of Napffk(CAB)y(p)G-OH - TFA to Napffk(CAB)
y(p)G-OH-HCIl was successfully achieved at a laboratory scale using the methods
outlined.”® The efficacy of the synthetic process is especially relevant to supra-
molecular peptide gels, whereby high purity (=95%) is required to limit any
variation related to gel formation e.g., mechanical properties.>” There is a balance
between having sufficient quantity of peptide in order to fully characterise its
relevant properties by high-throughput screening, and the ability to satisfy any
regulatory and commercial considerations e.g., intellectual property should
a different peptide salt be deemed a new molecule entirely. This is especially true
for medical applications where wider use in humans, from clinical trials onwards,
must also be upscaled to the requirements of current Good Manufacturing
Practice (¢cGMP) in order to meet the strict quality requirements of medicine
regulators. The impact of upscaling manufacture on synthetic factors must
therefore be considered within the process development phase of any pharma-
ceutical project involving a peptide.”® Such aspects include: the overall yield; raw
material availability; novel versus established methods of synthesis and chemical
conjugation of drug; chemical orthogonality; ensuring analysis to regulatory
requirements (Pharmacopoeial standards); application of green chemistry;
storage and distribution; and overall cost.** For the ¢cGMP manufacture of
a peptide to an initial ~100 g scale, it is likely that purification and salt conversion
would be by ultra-high-pressure liquid chromatography (UHPLC) e.g., using
a 15 cm reverse-phase column and counterion exchange prior to lyophilisation.
Any follow-on analytical considerations would also need to be defined, for
example the peptide purity would not be the same as peptide content.>* A
lyophilised powder of peptide would usually contain the peptide alongside water
and the counterion (TFA, HCI, acetate). Peptide content can be measured by CHN
elemental analysis, water by Karl Fischer titration, counterions by ion chroma-
tography and residual solvents by gas chromatography.** Taking into account that
the majority of lyophilised peptides are hygroscopic, water content will likely
increase during storage, distribution and handling.** This may impact the cost of
formulation, for example the need for an optimised freeze-drying process
alongside suitable packaging and container compatibility studies e.g., more
expensive and water resistant type-I glass vials with a type-I rubber stopper,
aluminium seal and polypropylene cap.

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.
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Formulation factors such as: physicochemical properties; solubility and
stability; identification of degradation pathways; determination of freeze-thaw
stability and the potential for aggregation must also be considered.** Within this
study, we were unable to fully define important physicochemical properties such
as the water solubility for the different salt forms of phosphorylated Napffky(p)G-
OH. Whilst this is an important pharmaceutical parameter which supports the
formulations choice for each specific active ingredient e.g., solution, suspension,
tablet, it is a property that remains relatively undefined within supramolecular
peptide gel research. Synthesising sufficient quantity of peptide on a laboratory
scale to define solubility limits is challenging. It will likely be defined within the
process of manufacturing upscale and through optimising formulation factors
e.g., lyophilisation. Throughout the peptide gel research literature, studies tend to
focus on defining other factors, including critical/minimal gelation concentra-
tions. For our intended application as an injectable product, aqueous solubility
will influence how quickly a powdered peptide-drug would dissolve in a chosen
water-based vehicle e.g., water for injection. The nature of the freeze-drying or
spray-drying process and the need for excipients e.g., lyoprotective agents such as
trehalose, will also have a significant influence on overall solubility.

In practice our formulation would likely be prepared as stable freeze-dried
powder, which would then be readily dissolved in sterile water for injection/
buffer and administered via syringe due to its low viscosity. As a subcutane-
ously administered injection, this approach would require some form of terminal
sterilisation or manufacture under aseptic conditions to ensure an effectively zero
bioburden. A cheaper and more user-friendly method may be to develop a pre-
filled syringe that is terminally sterilised using a process such as exposure to
UV radiation.**** This would remove the need for reconstitution in water/buffer
immediately prior to administration by a healthcare worker, carer or patient
and would be of particular value to low and middle income countries (LMICs)
where healthcare infrastructure is less well developed and HIV PrEP is most
needed. Pharmaceutical stability and shelf-life (preferably =2 years) will be
a significant factor for defining the choice of formulation and ensuring that
global demand for the medicine can be adequately fulfilled within a reasonable
timescale. This is especially relevant to a pre-filled syringe approach, as the
formulation would likely be composed mainly of water. Its impact on the peptide
and drug-linker stability would need to be closely monitored across the envi-
ronmental conditions (temperature, humidity) encountered across several rele-
vant climatic zones.*®

A further consideration is the need to both assess and reduce the environmental
impact of solvents, reagents and chemicals currently employed within standard
methods of peptide synthesis, using green chemistry approaches where possible.
For a peptide such as Napffk(CAB)y(p)G-OH with a molecular mass between 1000-
5000 Da, a significant quantity of waste would be generated. This is estimated to be
between 3000-15 000 kg waste per kg of peptide manufactured, based on general
estimates for peptides developed by Ferrazzano and colleagues.*” Such consider-
ations are timely given the restrictions introduced on peptide synthesis solvents
e.g., DMF by the European Union in December 2023.>®* DMF-free approaches to
peptide synthesis have been researched, for example the use of dimethyl sulph-
oxide (DMSO) and ethyl acetate combinations or N-butylpyrrolidinone (NBP).>**°
However these methods require enhanced purification steps, involving larger
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quantities of moderately toxic solvents such as ACN and an increase in related
waste products.’” The use of TFA has proven more difficult to replace, both as part
of the mobile phase and especially for peptide cleavage from the resin in solid
phase synthesis.** The environmental impact of TFA is also a concern given that
TFA salts are very stable and tend of accumulate within bodies of water i.e., oceans,
seas, lakes, rivers.*”** Therefore the purification process, salt form and waste
production must also be taken into account in assessing the environmental impact
of small scale synthesis and large scale manufacture.

3.2. Propensity for gelation and biostability

The propensity for gelation, studied by a simple vial inversion assay, demon-
strated that the critical gelation concentration of Napffk(CAB)y(p)G-OH-TFA and
Napffk(CAB)y(p)G-OH-HCl were ~1.0% w/v after the addition of 3.98 U mL ™" of
alkaline phosphatase enzyme to fully solubilised the peptides (Table S1%). This
correlates to values observed in previous studies with NapFFKY(p)-OH and related
peptides.**** Sufficient gelation, to allow the gel to remain suspended upon
inversion of the vial, did not occur at 0.5% w/v (Fig. 2(a)i). A 2.0% w/v concen-
tration of peptide was chosen to characterise further for mechanical and drug
release properties in line with that previously employed for NapFFKY(p)-OH by
the Xu group,”* and our own glycine containing Napffky(p)G-OH system."” In
practice, it is likely that peptide-drug concentrations would be increased further
in order to meet the need for clinically relevant concentrations of cabotegravir to
be delivered systemically to patients for =84 days. This can only be truly assessed
when sufficient quantities of cGMP peptide have been manufactured alongside in
vivo clinical studies i.e., human trials.
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Fig. 2 (a) Vial inversion assay performed for (i) 0.5% w/v Napffk(CAB)yG-OH (TFA salt), (ii)
1.0% w/v Napffk(CAB)yG-OH (TFA salt), (iii) 2% w/v Napffk(CAB)yG-OH (TFA salt), (iv) 2% w/
v Napffk(CAB)yG-OH (HCl salt). (b) The biostability of TFA (black circles) and HCl (grey
squares) salts of Napffk(CAB)y(p)G-OH after incubation with the broad-spectrum protease
proteinase K for 28 days. The values represent means + SDs (n = 3). Key: ns: no significant
difference (p > 0.05) in the biostability of TFA and HCl salts over the 28 days study.
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Biostability is an important consideration for any peptide therapy given its
links to pharmacokinetic parameters (absorption, distribution, metabolism,
excretion), its ability to act at a specific target site at adequate concentrations and
its corresponding efficacy. It is particularly important that sufficient biostability is
obtained when intending to use a peptide as a long-acting drug delivery system for
=84 days. As shown in Fig. 2b, the use of p-amino acids provides sufficient bio-
stability against the model broad-spectrum protease, proteinase K, for 28 days.
We previously demonstrated that the naturally occurring r-a-peptide template of
NapFFKY(p)G-OH has unacceptable biostability and degrades rapidly within
hours."® Tests were conducted on fully solubilised peptides (0.02% w/v) in order to
remove any influence viscosity and mechanical properties may have on bio-
stability. For example viscosity is likely to impact the entry and diffusion of
proteinase K throughout the peptide gel and therefore its overall ability to
degrade the peptide. It is possible that the formation of a hydrogel depot clinically
may be associated with improved biostability, by limiting the diffusion of
protease enzymes throughout the peptide gel and lowering the accessibility of
peptides to the enzyme active site. Napffk(CAB)y(p)G-OH-TFA (Fig. 2b) demon-
strated a lower mean percentage of peptide remaining after 28 days incubation
with proteinase K (77.8%) compared to Napffk(CAB)y(p)G-OH-HCl (91.5%).
However, this difference was not found to be significant after statistical testing
(Mann-Whitney U test) was employed. Future work will involve modifying bio-
stability and degradation to specific drug dosage intervals in vivo e.g., for 84 days.
It will be important to establish this within a human context, both to ensure that
the peptide has suitably degraded before administration of the next dose and that
drug-release from the gel depot has been exhausted. The success of similar long-
acting peptide gel platforms shows this is possible. For example the long-acting 1/
p peptide degarelix (Firmagon®), prescribed for treatment of metastatic prostate
cancer, has a dosage interval of 28 days. Future work will focus on pharmaceutical
stability (shelf-life) and the influence of salt forms on the related properties of the
formulation e.g., water content, physicochemical properties.* Salt form has also
been shown previously to significantly influence the thermal stability of peptide
fibres and the formation of different supramolecular nanostructures.*>** These
are therefore potential areas for future research.

3.3. Mechanical properties

The oscillatory rheology of supramolecular gels is important to define their
mechanical properties. These properties are also significant to our chosen mode
of administration ie., injection, and the release of drugs from in situ forming
hydrogels. For example, time sweeps are utilised to monitor the rheological
changes encountered from a solution forming a gel over time. Quick gel forma-
tion is preferred as gel fibres will likely provide an additional diffusional barrier to
minimise rapid “burst release” of drug upon administration. This is crucial to
reduce the potential for side effects and toxicity associated with higher concen-
trations of drug, both locally and systematically, whilst ensuring that clinically
relevant concentrations can be maintained throughout the required dosage
interval.

A review article by the Jackson group in 2017, highlighted there were few
studies relating to the influence of counterions on the kinetics or mechanisms of
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peptide aggregation.®® However, a growing body of research currently exists,
mainly focused on B-amyloid plaques linked to the development of Alzheimer’s
disease. The kinetics of fibril formation has been found to be more rapid in the
presence of a ClI™ counterion, when compared to TFA. Changes in the secondary
structures were also observed. For example, B-structures and fibrils form from an
a-helical intermediate for TFA salts and fibrils form directly via B-sheet confor-
mation for Cl~ salts.>**** Such changes in secondary structures make it feasible
that changing the salt form of peptides may have a significant impact on the
rheological and mechanical properties of supramolecular peptide hydrogel
systems given their overall effect on the kinetics of fibre formation.>

The rheological data (Fig. 3 and Fig. S8t) demonstrated that there was no
significant difference in the mechanical properties between the TFA and HCI salts
of 2% w/v Napffk(CAB)y(p)G-OH. Frequency sweeps (Fig. 3a) provided an indica-
tion of gel stiffness for both Napffk(CAB)yG-OH-TFA and Napffk(CAB)yG-
OH-HCI. There was no significant difference in the mean G’ values of 625.2 Pa
(Napffk(CAB)yG-OH-TFA) and 602.2 Pa (Napffk(CAB)yG-OH-HCI) at a frequency
of 1-100 rad s~ (Fig. S8%). These values are within a similar range to those
observed for related soft gel systems, NapFF supramolecular peptide hydrogels
and that of the extracellular matrix.'"****?** The attachment of cabotegravir
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Fig. 3 Rheological data relating to 2% w/v TFA (Napffk(CAB)y(p)G-OH-TFA) and HCl
(Napffk(CAB)y(p)G-OH-HCI) salts. Means =+ standard deviations (SDs) plotted for each (n =
3). (a) Frequency sweeps for 2% w/v Napffk(CAB)yG-OH-TFA and Napffk(CAB)yG-OH-HCl
hydrogels. (b) Strain sweeps for 2% w/v Napffk(CAB)yG-OH peptide gels. In (a) and (b),
Napffk(CAB)yG-OH-TFA is presented in black and Napffk(CAB)yG-OH-HCl is presented in
grey. The filled circles represent the storage modulus (G'), and the open squares represent
the loss modulus (G”). (c—e) Rheological time sweeps to 250 min for (c) 2% w/v
Napffk(CAB)y(p)G-OH-TFA, (d) 2% w/v Napffk(CAB)y(p)G-OH-HCL, (e) mean values for 2%
w/v Napffk(CAB)y(p)G-OH-TFA and Napffk(CAB)y(p)G-OH-HCl with SDs removed to
improve clarity. In (c—e) the black and dark blue lines represent the storage modulus (G')
for Napffk(CAB)y(p)G-OH-TFA and Napffk(CAB)y(p)G-OH-HCl respectively. The grey and
light blue lines represent the loss modulus (G”) for Napffk(CAB)y(p)G-OH-TFA and
Napffk(CAB)y(p)G-OH-HCl respectively. The red and light red areas donate SDs for G’ and
G” respectively.
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resulted in a reduction in gel stiffness (from 4399.5 Pa for NapffkyG-OH), gov-
erned by G’ values obtained within frequency sweeps. Gel strength was studied via
strain sweeps. For both TFA and HCI peptides, breakage of gels began at 36.5%.
The yield point, where G” crosses G’ indicating total gel breakage, occurred at
333% strain.>®

Time sweeps were performed for up to 250 minutes. As previously outlined,*>*¢
several aspects were studied to define the gelation time of the peptide salts in
response to 3.98 U mL ™" of alkaline phosphatase enzyme. These included where
G’ and G” initially cross, where G’ > 2 x G" and the time required for G’ to become
stable (Table S21). When taking into account each of these parameters, there was
no difference in the gelation time between the peptide salts. Gels began to form
within seconds of exposure to phosphatase enzyme. G', dictating solid-like
properties, was greater than G” (liquid character) after ~1.67 min for both
salts. G’ was more than double G after 12.5 (Napffk(CAB)y(p)G-OH-TFA) and
13.8 min (Napffk(CAB)y(p)G-OH-HCl) and G’ began to stabilise for each after 65.3
and 62.7 min respectively. When compared to our previous studies for TFA salts of
Napffky(p)G-OH alone, the covalent attachment of cabotegravir results in a slight
increase in the time required for gelation, given that G’ and G” takes 46 minutes to
stabilise for Napffky(p)G-OH - TFA.

Whilst there was no significant difference in the mechanical and rheological
properties of the Napffk(CAB)y(p)G-OH-TFA and Napffk(CAB)y(p)G-OH-HCl
peptides, it would be interesting to test whether differences occur at a molecular
level, especially with regards to the architecture of formed fibres. For example,
microscopy (AFM, TEM, SEM) and spectroscopic analysis [circular dichroism
(CD), FTIR] could link mechanical strength and drug release to the fibre archi-
tecture and secondary structure of these gels. Neutron methods, for example
small angle neutron scattering (SANS), ultra small angle scattering (USANS), rheo-
SANS, quasi-elastic neutron scattering (QENS) and neutron imaging, could also be
utilised to study how molecular packing, long-range fibre networks and water/
drug diffusion are influenced by different counterions.>>*

3.4. Cell cytotoxicity

It was important to determine any difference in toxicity between TFA and HCI
Napffk(CAB)y(p)G-OH peptide salts, given the potential for different biological
properties and the emphasis on safety that medicine regulators place on
assessing TFA counterions in particular. In this study we tested the short-term cell
cytotoxicity of TFA and HCl salts for up to 72 hours using both MTS (Fig. 4) and
Live/Dead® staining (Fig. S9-S117) assays. No significant toxicity was demon-
strated for either Napffk(CAB)y(p)G-OH-TFA or Napffk(CAB)y(p)G-OH-HCI rela-
tive to the negative media only controls when concentrations of up to 500 uM were
employed. When interpreting MTS data, the cell metabolic activity (%) was often
higher than media only negative controls resulting in values above 100%. There
was no distinct or discernible difference between cytotoxicity for TFA and HCl
salts. There was no significant difference in % cell metabolic activity at the longest
72 hours timepoint at all concentrations (20-500 puM) (Fig. 4d) and there was
similarity in the occurrence of green fluorescent protein, present for viable cells,
visualised by Live/Dead® staining (Fig. S9-S117). Where significant differences
did occur in MTS data between salt types e.g., Fig. 4b at 24 hours and Fig. 4c at 48
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Fig. 4 Cell cytotoxicity, represented as % metabolic activity derived from a MTS assay,
after exposure to solubilised Napffk(CAB)y(p)G-OH-TFA and Napffk(CAB)y(p)G-OH-HCl at
concentrations between 20-500 pM for (a) 6, (b) 24, (c) 48 and (d) 72 hours. Key: black
bars: Napffk(CAB)y(p)G-OH-TFA; grey bars: Napffk(CAB)y(p)G-OH-HCL; ns: no significant
difference (p > 0.05); *: p = 0.05 difference; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001
between Napffk(CAB)y(p)G-OH-TFA and Napffk(CAB)y(p)G-OH-HCl at the same
concentration and timepoint.

hours and 200 pM, these were still above 100% metabolic activity/viability and the
ISO threshold acceptance criteria of 70% metabolic activity/viability for in vitro
cytotoxicity assays.>* Therefore no observable toxicity was demonstrated for either
peptide salt type.

Previous studies demonstrated a difference in the biological properties of TFA
and HCI peptide salts. TFA salts have been previously shown to suppress the
proliferation of several cell types, including chondrocytes and osteoblasts, in
a dose-dependent manner.® This suppression was not observed for HCI salts.
Interestingly in the context of our own MTS data where an increase in cell viability
often occurs, TFA salts were previously shown to induce cell growth and increase
cell viability within the micromolar (uM) concentration range. This study by Ma
and colleagues used murine glioma cells and their results suggested that TFA can
either stimulate or inhibit cell growth, causing experimental variability to be
observed within cell metabolic assays.®* Hence there is a need to conduct multiple
assays e.g., Live/Dead® staining, to aid preliminary understanding of cell toxicity.
Within a biological context the impact of counterions on efficacy, in this case
antiviral inhibition, will also be an important consideration for future research. A
recent paper by Ardino and colleagues, demonstrated no significant difference in
the antibacterial efficacy of TFA and HCI salts of an antibacterial alkylguanidino
urea compound.®> However in the context of HIV prevention and/or treatment, it
must be established if there is any specific interaction between the antiretroviral
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e.g., cabotegravir and counterion (TFA, HCI) that may limit the drug’s effective-
ness. Large-scale in vivo studies using simian immunodeficiency virus (SIV) in
macaques are the most reliable method currently to establish such a relationship
prior to human clinical trials.®

An assessment of cell toxicity using concentrations relevant to gel formation
e.g., 2% w/vwould also be beneficial. Current cell culture methods to estimate cell
viability e.g., MTT, MTS alamarBlue®, involve data being quantified by UV or
fluorescence plate readers. These methods work more effectively with solubilised
peptides rather than hydrogel or precipitated forms of peptides due to interfer-
ence of peptide precipitates with the UV/fluorescence absorbance/emission signal
and difficulty in obtaining a reliable and reproducible background/control with
insoluble peptide. Our current setup, using soluble forms of peptides, is repre-
sentative of concentrations that mimic degradation and dissolution of the
peptide hydrogel depot within the body.'* As with any new medicinal product,
longer-term in vivo studies including a full toxicological analysis, immunoge-
nicity,** genotoxicity and carcinogenicity will be required. A recent study by
Dekant concluded that the potential for acute TFA toxicity is very low, but that
repeated oral exposure to TFA in rats was associated with liver toxicity with mild
hypertrophy observed.®® The need for longer-term toxicity studies is especially
relevant to any long-acting drug delivery system, given it will likely be used
chronically in at-risk patients for the prevention or treatment of specific diseases.

3.5. Invitro drug release

A study of drug release in vitro provides an estimation of potential release kinetics
in vivo. Bioequivalence using in vitro methods is not always ideal, therefore in vivo
(animal) and human clinical trials are deemed necessary by regulators in order to
link pharmacokinetics and biodistribution to clinical factors such as safety and
efficacy. For Napffk(CAB)y(p)G-OH, cabotegravir is covalently conjugated to the
hydrogel-forming peptide via a labile peptide linker that should cleave under
physiological conditions (pH 7.4, H,O, 37 °C, esterases). Drug release data
collected in vitro over 28 days demonstrated no significant difference in the
release properties of cabotegravir when comparing HCl and TFA salts of
Napffk(CAB)yG-OH (Fig. 5). The majority of drug release is within the first hour of
the study (~13% for both) rising to 18.2% (HCI salt), and 20.1% (TFA salt) within
the first 24 hours. This also suggests that a pattern of “burst release” still occurs
even after covalent attachment of drug to the peptide. The degree of “burst
release” is lower than we previously observed for supramolecular peptide gel
systems where the drug is physically encapsulated (~=79% for zidovudine +
NapffkYG-OH system after 72 hours) and a covalent peptide-drug linker is not
present.”>' A lag in cabotegravir release occurs for the remaining 28 days. In vivo
the peptide-drug linker is likely to be hydrolysed more readily, especially within
the presence of a wider range of esterase enzymes. This may result in increased
release of drug over long periods of time, however the potential for increased
“burst release” must also be considered in any in vivo work. Within our in vitro
studies Napffk(CAB)yG-OH gels are pre-formed 24 hours prior to drug release
testing. This does not represent the likely scenario for clinical administration,
whereby the formulation would be administered as a solution subcutaneously
and a period of gel formation would occur over time. Within future in vivo studies,
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Fig.5 Invitro drug release. Cumulative percentage (%) drug release + SDs of cabotegravir
(CAB) from chemically conjugated Napffk(CAB)y(p)G-OH-TFA and Napffk(CAB)y(p)G-
OH-HCl hydrogels over (a) 28 days and (b) centered on first 3 days of release (n = 4). Key:
black circles: cabotegravir release from Napffk(CAB)y(p)G-OH-TFA, grey circles: cabote-
gravir release from Napffk(CAB)y(p)G-OH-TFA. ns: no significant difference between
cabotegravir drug release from drug chemically conjugated to the NapffkyG-OH peptide
hydrogels in TFA and HCl salt forms.

there will be a need to monitor the kinetics of this gelation process and factors
such as gel depot shape e.g., via ultrasound, that may impact drug release. Once
again, rapid gelation is preferred in order to reduce drug “burst release” by
diffusion through the hydrogel but also to limit the initial exposure of water to the
peptide-drug ester linkage.

Interpretation of the drug release kinetics of cabotegravir and their respective
7? values showed that both Napffk(CAB)yG-OH-TFA and Napffk(CAB)yG-OH -HCI
followed either the Weibull or Korsmeyer-Peppas models (Table S31). The Kors-
meyer-Peppas model has been more widely utilised to define drug release for
hydrogel systems and it is likely to be of greater relevance here given its value to
our previous work involving peptide hydrogel systems.*>*® For both TFA and HCl
salts the diffusion exponent n, applied within the Korsmeyer-Peppas model, was
slightly less than 1 but greater than 0.85 (Table S41). This corresponds to super
case II transport and infers that cabotegravir release from the peptide hydrogel is
linked to both cleavage of the peptide-drug ester bond and erosion of the
hydrogel matrix.”” When utilising the Weibull model (Table S5) the shape factor
B defines the mechanism of cabotegravir release. Values of 0.947 (Napffk(CAB)yG-
OH-TFA) and 0.950 (Napffk(CAB)yG-OH-HCIl), both slightly below 1, indicate
cabotegravir release by both diffusion (Fickian diffusion) and hydrogel erosion
(case II transport).®®

The chemical versatility of low molecular weight peptides makes them
appealing as advanced drug delivery systems. Their primary sequence can be
altered (e.g., functional groups, amino acids, peptide-drug linker) more readily
than high molecular weight polymeric systems in order to tailor properties
important to their specific application e.g., mechanical properties, sustained
release.*® Changing the nature of the peptide-drug linker would be particularly
interesting given the wide variety of options provided by advances within the area
of peptide-, protein- and antibody-drug conjugates, for example amide/ether or
carbamate bonds.**"*

Whether peptide salt choice has an impact on a formulation drug release
properties is likely to be only satisfactorily addressed by comparing
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pharmacokinetics in vivo through bioequivalence studies and as part of opti-
mising the formulations’ future manufacturing upscale. Based on preliminary in
vitro drug release data alone this does not appear to have a significant impact.
However taking into account wider biological considerations may prove signifi-
cant, if for example a prolonged immune foreign body response to a peptide depot
occurred after administration due to or enhanced by the presence of a specific
counterion. This may negatively impact drug release if this was to lead to the
formation of a dense capsular-like area of fibrous tissue surrounding the depot.”

4. Conclusions

Our preliminary results demonstrate that the form of salt had no significant
impact on properties important to the use of Napffk(CAB)y(p)G-OH supramolec-
ular peptide hydrogels as long-acting injectable drug delivery systems. These
characteristics include proteolytic stability, cell cytotoxicity, rheological proper-
ties and in vitro drug release. This is only a preliminary assessment based on TFA
and HCI salts of Napffk(CAB)y(p)G-OH. Given that acetate salts are also widely
employed within marketed peptide therapies, it would be appropriate to study
acetate salts also within any future work. Additional consideration should be
given to the environmental, regulatory and cost implications of counterion choice
and how compatible these factors are with existing synthetic processes and
manufacturing upscale to cGMP. This is important given that demand for any
peptide therapy will increase in size as the clinical trial process proceeds (phase
1-3) and if the peptide is successful licensed as a marketed medicinal product.
Outside of those points covered within our discussion, this work raises several
relevant questions including how much emphasis should be placed on a phar-
maceutical company to provide safety, quality and efficacy data for specific
counterions and salt types of new chemical entities? Also what is the future
economic and regulatory landscape relating to peptide salts as pharmaceuticals?
The majority of current peptides therapies are new drugs under patent and
generating revenue to support prior financial research costs. When these patents
expire and generic companies look to mimic their formulation will there be any
wider intellectual property issues when peptide therapies become off-patent?
Could a patent extension be granted with a new salt that is able to demonstrate
improved properties? Will a generic company use TFA salts to reduce any asso-
ciated manufacturing costs? The key next steps for developing our Napffky(p)G-
OH platform as a long-acting injectable include: pre-formulation studies, for
example salt screening; solubility studies; solution stability; polymorph screening
and excipient screening. It will be important to define a maximal concentration
for the formulation, below the saturation solubility (mg mL™") of the p-peptide +
drug(s) in order to achieve high drug loading and clinically relevant concentra-
tions for =84 days.

Data availability

Data for this article, including: proteinase K biostability, oscillatory rheology
Napffk(CAB)y(p)G-OH TFA and HCIl, MTS cell cytotoxicity Napffk(CAB)y(p)G-OH
TFA and HCI; and in vitro drug release 28 days CAB release Napffk(CAB)y(p)G-
OH TFA and HCI are available [Dataset for “Impact of counterion and salt form

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j

Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

on the properties of long-acting injectable peptide hydrogels for drug delivery”] at
https://doi.org/10.1039/d4£fd00194;j.

Author contributions

J.V.M,,E.R. C, Y. A, S. P,, S. M. C. and H. S. were involved in data curation,
investigation and methodology. J. V. M., S. P. and S. M. C. also contributed to
writing - review & editing. G. L. was involved in conceptualisation, data curation,
formal analysis, funding acquisition, investigation, methodology, project
administration, supervision, writing - original draft and writing - review &
editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by Invest NI [grant number 2111/130282815]; the EPSRC
[grant number EP/S031561/1]; the Wellcome Trust [grant number 07618/Z/17/Z]
and MRC [grant number MC_PC_18060] awards to GL. Cabotegravir drug (free
acid form) was donated by ViiV Healthcare (London, UK).

Notes and references

1 A. ]J. Patel, S. A. Jones, A. Ferro and N. Patel, Br. J. Cardiol., 2009, 16, 5.
2 D. Gupta, D. Bhatia, V. Dave, V. Sutariya and S. Varghese Gupta, Molecules,
2018, 23, 1719.
3 S. S. Bharate, Drug Discovery Today, 2021, 26, 384-398.
4 European Medicines Agency, Guideline on the investigation of bioequivalence
(CPMP/EWP/QWP/1401/98 Rev. 1), London, UK, 2010.
5 Medicines and Healthcare products Regulatory Agency, Guidance: Comparator
Products in Bioequivalence/Therapeutic Equivalence Studies, London, UK, 2023.
6 Food and Drug Administration, Code of Federal Regulations. Chapter 1-Food and
Drug Administration, Department of Health and Human Services. Part 320-
Bioavailability and bioequivalence requirements, 2024, pp. 207-221.
7 P. P. Nugrahadi, W. L. J. Hinrichs, H. W. Frijlink, C. Schoneich and C. Avanti,
Pharmaceutics, 2023, 15, 935.
8 S. Sahakijpijarn, C. Moon, J. J. Koleng and R. O. Williams, Pharmaceutics, 2019,
11, 498.
9 K. Sikora, M. Jaskiewicz, D. Neubauer, D. Migon and W. Kamysz,
Pharmaceuticals, 2020, 13, 442.
10 M. E. Tipps, S. V. Iyer and S. John Mihic, Neuropharmacology, 2012, 63, 368-
373.
11 G. Laverty, A. P. McCloskey, B. F. Gilmore, D. S. Jones, J. Zhou and B. Xu,
Biomacromolecules, 2014, 15, 3429-3439.
12 J. Dodd-o, A. Roy, Z. Siddiqui, R. Jafari, F. Coppola, S. Ramasamy, A. Kolloli,
D. Kumar, S. Kaundal, B. Zhao, R. Kumar, A. S. Robang, J. Li, A.-R. Azizogli,
V. Pai, A. Acevedo-Jake, C. Heffernan, A. Lucas, A. C. McShan,

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.


https://doi.org/10.1039/d4fd00194j
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j

Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

A. K. Paravastu, B. V. V. Prasad, S. Subbian, P. Kral and V. Kumar, Nat.
Commun., 2024, 15, 1142.

13 A. A. Albadr, S. M. Coulter, S. L. Porter, R. R. S. Thakur and G. Laverty, Gels,
2018, 4, 48.

14 E. Lingard, S. Dong, A. Hoyle, E. Appleton, A. Hales, E. Skaria, C. Lawless,
I. Taylor-Hearn, S. Saadati, Q. Chu, A. F. Miller, M. Domingos, A. Saiani,
J. Swift and A. P. Gilmore, Biomater. Adv., 2024, 160, 213847.

15 S. M. Coulter, S. Pentlavalli, L. K. Vora, Y. An, E. R. Cross, K. Peng, K. McAulay,
R. Schweins, R. F. Donnelly, H. O. McCarthy and G. Laverty, Adv. Healthcare
Mater., 2023, 12, 2203198.

16 S. M. Coulter, S. Pentlavalli, Y. An, L. K. Vora, E. R. Cross, J. V. Moore, H. Sun,
R. Schweins, H. O. McCarthy and G. Laverty, J. Am. Chem. Soc., 2024, 146,
21401-21416.

17 S. H. Durham, A. Milam, D. Waer and E. B. Chahine, Ann. Pharmacother., 2023,
57, 306-316.

18 E. A. Ottinger, L. L. Shekels, D. A. Bernlohr and G. Barany, Biochemistry, 1993,
32, 4354-4361.

19 P. F. Alewood, R. B. Johns, R. M. Valerio and B. E. Kemp, Synthesis, 1983, 30-31.

20 P. Sieber, Tetrahedron Lett., 1987, 28, 1637-1640.

21 J.Y. Li, X. Li, Y. Kuang, Y. Gao, X. Du, J. Shi and B. Xu, Adv. Healthcare Mater.,
2013, 2, 1586-1590.

22 V. V. Andrushchenko, H. J. Vogel and E. J. Prenner, J. Pept. Sci., 2007, 13, 37-43.

23 S. Roux, E. Zékri, B. Rousseau, M. Paternostre, J. C. Cintrat and N. Fay, J. Pept.
Sci., 2008, 14, 354-359.

24 International Organization for Standardization (ISO), ISO 10993-5. Biological
evaluation of medical devices-Part 5: Tests for in vitro cytotoxicity, Geneva,
Switzerland, 2009.

25 A. Vejendla, S. Talari, R. Moturu, S. N. M. Boddapati and A. E. Kola, Future J.
Pharm. Sci., 2021, 7, 226.

26 A. Mendyk, R. Jachowicz, K. Fijorek, P. Dorozynski, P. Kulinowski and S. Polak,
Dissolution Technol., 2012, 19, 6-11.

27 R. P. Nagarkar and J. P. Schneider, Methods Mol. Biol., 2008, 474, 61-77.

28 European Medicines Agency, Guideline on the Development and Manufacture of
Synthetic Peptides, Report EMA/CHMP/CVMP/QWP/387541/2023, Amsterdam,
Netherlands, 2023.

29 L. Wu, Regulatory Considerations for Peptide Therapeutics, in Peptide
Therapeutics: Strategy and Tactics for Chemistry, Manufacturing and Controls,
ed. V. Srivastava, The Royal Society of Chemistry, 2019, DOI: 10.1039/
9781788016445-00001.

30 A. K. Kuril, K. Saravanan and P. K. Subbappa, Anal. Biochem., 2024, 694,
115633.

31 R. D. Josephs, N. Stoppacher, A. Daireaux, T. Choteau, K. A. Lippa,
K. W. Phinney, S. Westwood and R. 1. Wielgosz, Trends Anal. Chem., 2018,
101, 108-119.

32 J. Maurer, E. Grouzmann and P. J. Eugster, J. Chromatogr. B, 2023, 1229,
123904.

33 W. Brytan and L. Padrela, J. Drug Delivery Sci. Technol., 2023, 89, 104992.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/9781788016445-00001
https://doi.org/10.1039/9781788016445-00001
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j

Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

34 C. Ligorio, M. Zhou, J. K. Wychowaniec, X. Zhu, C. Bartlam, A. F. Miller,
A. Vijayaraghavan, J. A. Hoyland and A. Saiani, Acta Biomater., 2019, 92, 92—
103.

35 F. Bolan, B. R. Dickie, J. R. Cook, J. M. Thomas, E. Pinteaux, S. M. Allan,
A. Saiani and C. B. Lawrence, Transl. Stroke Res., 2024, 15, 986-1004.

36 International Council on Harmonization (ICH), ICH Q7 Good manufacturing
practice for active pharmaceutical ingredients, Geneva, Switzerland, 2000.

37 L. Ferrazzano, M. Catani, A. Cavazzini, G. Martelli, D. Corbisiero, P. Cantelmi,
T. Fantoni, A. Mattellone, C. De Luca, S. Felletti, W. Cabri and A. Tolomelli,
Green Chem., 2022, 24, 975-1020.

38 The European Commission, Commission Regulation (EU) 2021/2030-Amending
Annex XVII to Regulation (EC) No 1907/2006 of the European Parliament and of
the Council concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH) as regards N,N-dimethylformamide, Brussels,
Belgium, 2021.

39 A. Isidro-Llobet, M. N. Kenworthy, S. Mukherjee, M. E. Kopach, K. Wegner,
F. Gallou, A. G. Smith and F. Roschangar, J. Org. Chem., 2019, 84, 4615-4628.

40 V. Martin, S. Jadhav, P. H. G. Egelund, R. Liffert, H. Johansson Castro,
T. Kriiger, K. F. Haselmann, S. Thordal Le Quement, F. Albericio, F. Dettner,
C. Lechner, R. Schonleber and D. S. Pedersen, Green Chem., 2021, 23, 3295—
3311.

41 P. Palladino and D. A. Stetsenko, Org. Lett., 2012, 14, 6346-6349.

42 K. R. Solomon, G. J. Velders, S. R. Wilson, S. Madronich, J. Longstreth,
P. J. Aucamp and J. F. Bornman, J. Toxicol. Environ. Health, Part B, 2016, 19,
289-304.

43 M. D. Garavagno, R. Holland, M. A. Khan, A. J. Orr-Ewing and D. E. Shallcross,
Sustainability, 2024, 16, 2382.

44 S. Joudan, A. O. De Silva and C. ]J. Young, Environ. Sci.: Processes Impacts, 2021,
23, 1641-1649.

45 Y. Gao, Y. Kuang, Z.-F. Guo, Z. Guo, 1. J. Krauss and B. Xu, J. Am. Chem. Soc.,
2009, 131, 13576-13577.

46 Y. Gao, J. Shi, D. Yuan and B. Xu, Nat. Commun., 2012, 3, 1033.

47 Y. Gao, Y. Kuang, X. Du, J. Zhou, P. Chandran, F. Horkay and B. Xu, Langmuir,
2013, 29, 15191-15200.

48 X. Du, J. Zhou, J. Shi and B. Xu, Chem. Rev., 2015, 115, 13165-13307.

49 J. F. Miravet, B. Escuder, M. D. Segarra-Maset, M. Tena-Solsona, I. W. Hamley,
A. Dehsorkhi and V. Castelletto, Soft Matter, 2013, 9, 3558-3564.

50 A. D. Ozkan, A. B. Tekinay, M. O. Guler and E. D. Tekin, RSC Adv., 2016, 6,
104201-104214.

51 K. L. Zapadka, F. J. Becher, A. L. Gomes dos Santos and S. E. Jackson, Interface
Focus, 2017, 7, 20170030.

52 M. D. Kirkitadze, M. M. Condron and D. B. Teplow, J. Mol. Biol., 2001, 312,
1103-1119.

53 N. Benseny-Cases, M. Cocera and J. Cladera, Biochem. Biophys. Res. Commun. ,
2007, 361, 916-921.

54 N. Benseny-Cases, O. Klementieva and J. Cladera, Subcell. Biochem., 2012, 65,
53-74.

55 H. Gaussier, H. Morency, M. C. Lavoie and M. Subirade, Appl. Environ.
Microbiol., 2002, 68, 4803-4808.

This journal is © The Royal Society of Chemistry 2025 Faraday Discuss.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j

Open Access Article. Published on 03 Januari 2025. Downloaded on 31/07/2025 16:25:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

56 S. Nejati and L. Mongeau, Sci. Rep., 2023, 13, 14303.

57 E.R. Draper, B. Dietrich, K. McAulay, C. Brasnett, H. Abdizadeh, I. Patmanidis,
S. J. Marrink, H. Su, H. Cui, R. Schweins, A. Seddon and D. J. Adams, Matter,
2020, 2, 764-778.

58 R. E. Ginesi and E. R. Draper, Soft Matter, 2024, 20, 3887-3896.

59 M. C. Nolan, A. M. Fuentes Caparrds, B. Dietrich, M. Barrow, E. R. Cross,
M. Bleuel, S. M. King and D. J. Adams, Soft Matter, 2017, 13, 8426-8432.

60 J. Cornish, K. E. Callon, C. Q. Lin, C. L. Xiao, T. B. Mulvey, G. J. Cooper and
I. R. Reid, Am. J. Physiol., 1999, 277, E779-E783.

61 T.G.Ma, Y. H. Ling, G. D. McClure and M. T. Tseng, J. Toxicol. Environ. Health,
1990, 31, 147-158.

62 C. Ardino, F. Sannio, C. Pasero, L. Botta, E. Dreassi, J. D. Docquier and
I. D’Agostino, Mol. Diversity, 2023, 27, 1489-1499.

63 1. C. Young, I. Massud, M. L. Cottrell, R. Shrivastava, P. Maturavongsadit,
A. Prasher, A. Wong-Sam, C. Dinh, T. Edwards, V. Mrotz, ]J. Mitchell,
J. N. Seixas, A. Pallerla, A. Thorson, A. Schauer, C. Sykes, G. De la Cruz,
S. A. Montgomery, A. D. M. Kashuba, W. Heneine, C. W. Dobard,
M. Kovarova, J. V. Garcia, J. G. Garcia-Lerma and S. R. Benhabbour, Nat.
Commun., 2023, 14, 708.

64 A. 1. Boullerne, P. E. Polak, D. Braun, A. Sharp, D. Pelligrino and
D. L. Feinstein, J. Neurochem., 2014, 129, 696-703.

65 W. Dekant and R. Dekant, Arch. Toxicol., 2023, 97, 1069-1077.

66 X. Wang and D. J. Burgess, Adv. Drug Delivery Rev., 2021, 178, 113912.

67 P. L. Ritger and N. A. Peppas, J. Controlled Release, 1987, 5, 23-36.

68 V. Papadopoulou, K. Kosmidis, M. Vlachou and P. Macheras, Int. J. Pharm.,
2006, 309, 44-50.

69 B. Finan, B. Yang, N. Ottaway, K. Stemmer, T. D. Miller, C.-X. Yi, K. Habegger,
S. C. Schriever, C. Garcia-Caceres, D. G. Kabra, J. Hembree, J. Holland,
C. Raver, R. ]J. Seeley, W. Hans, M. Irmler, J. Beckers, M. H. de Angelis,
J. P. Tiano, F. Mauvais-Jarvis, D. Perez-Tilve, P. Pfluger, L. Zhang,
V. Gelfanov, R. D. DiMarchi and M. H. Tschop, Nat. Med., 2012, 18, 1847-1856.

70 R. C. Elgersma, R. G. Coumans, T. Huijbregts, W. M. Menge, ]J. A. Joosten,
H. ]J. Spijker, F. M. de Groot, M. M. van der Lee, R. Ubink, D. J. van den
Dobbelsteen, D. F. Egging, W. H. Dokter, G. F. Verheijden, J. M. Lemmens,
C. M. Timmers and P. H. Beusker, Mol. Pharmaceutics, 2015, 12, 1813-1835.

71 R. He, B. Finan, J. P. Mayer and R. D. DiMarchi, Molecules, 2019, 24, 1855.

72 S. Capuani, G. Malgir, C. Y. X. Chua and A. Grattoni, Bioeng. Transl. Med., 2022,
7, €10300.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fd00194j

	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j

	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j

	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j
	Impact of counterion and salt form on the properties of long-acting injectable peptide hydrogels for drug deliveryElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4fd00194j


