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A B S T R A C T

Much of the remarkable advancements in oral peptide delivery have been achieved through the use of chemical 
permeation enhancers, such as sodium caprate (C10) and salcaprozate sodium (SNAC). However, co-formulation 
of peptides with permeation enhancers in an oral product introduces several processing and formulation chal
lenges which require further investigation. This investigation sought to rationalise the development of direct 
compression insulin compacts, using C10 and SNAC as model permeation enhancers, respectively. The physical 
and mechanical properties of C10 and SNAC were first assessed to evaluate their suitability for processing via 
direct compression. Overall, C10 displayed passable flow character, however, poor tabletability, compactibility 
and compressibility profiles were obtained. SNAC, on the other hand, exhibited superior compaction properties, 
though its flow character was poor. Improvement in the compaction properties of both materials were observed 
on addition of commonly used direct compression excipients microcrystalline cellulose (MCC) and poly
vinylpyrrolidone (PVP) K30, and formulations consisting of 72 % C10/ SNAC, 20 % MCC, 5 % PVP and 3 % 
insulin were selected for production of direct compression compacts at compaction pressures of 100 and 200 
MPa. The compacts produced exhibited complete release within 30 min, and this release behaviour was not 
significantly affected by the compaction pressure used. Furthermore, the stability of insulin after compaction at 
200 MPa, and on storage of the compacts at 40◦C/ 75 % RH for 1 month was assessed. Insulin displayed excellent 
physical stability to mechanical stress, where no evidence of unfolding or aggregation was identified. Moreover, 
on storage of the formulations at accelerated stability conditions for 1 month, a significant reduction in overall 
deamidation and aggregation tendency was observed on blending of insulin within the direct compression for
mulations in comparison to raw insulin material stored under the same conditions, independent of the perme
ation enhancer used. These results offer a key insight into the influence that formulation components have on the 
manufacturability of direct compression peptide formulations and the stability of the peptide during compaction 
and storage.

1. Introduction

Recent decades have seen considerable investment in the discovery 

and development of therapeutic peptides for the treatment of a variety of 
chronic indications (Fosgerau and Hoffmann, 2015). Therapeutic pep
tides often demonstrate improved selectivity, efficacy and toxicity 
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profiles in comparison to small molecule therapies, while in some cases 
also offering greater stability and cheaper manufacturing costs than 
larger protein-based therapeutics (Xiao et al., 2025). Despite long
standing bioavailability challenges, substantial advances have been 
made in the development of oral peptide formulations as an alternative 
to injectable products which currently dominate the market (Ganesh 
et al., 2021). Among the leading strategies to enhance the oral 
bioavailability of peptides is the incorporation of permeation enhancers 
(PEs) into dosage forms to facilitate improved peptide permeation across 
the gastric and intestinal epithelia. This approach culminated in the 
breakthrough approval of Rybelsus®, a tablet form of semaglutide, in 
2019 (Maher et al., 2019; Aroda et al., 2022). Due to their success, 
considerable attention has been paid to understanding the mechanisms 
of action and in-vivo efficacies of different PE candidates (Kim et al., 
2022; Maher and Brayden, 2021). However, the unique formulation and 
processing requirements associated with the co-formulation of peptides 
with PEs present several technical challenges that remain insufficiently 
investigated in the literature.

Given their numerous advantages, such as low manufacturing costs 
and good stability, tablets are the most prevalent oral dosage form 
(Sohail Arshad et al., 2021). The tablet manufacturing process can be 
complex, involving several inter-connected unit operations, in which the 
raw material attributes and processing conditions play a critical role in 
determining the quality of the final drug product (Shi et al., 2021). Of 
the main processing techniques used to produce tablets, direct 
compression is the simplest and most cost-effective, where compression 
occurs directly after blending of the drug and excipient powders. 
However, without the use of additional processing steps, such as gran
ulation, the manufacturability of a direct compression formulation is 
fundamentally dependent on the physical and mechanical properties of 
the constituent raw materials (Chen et al., 2019). It has been noted that 
for some of the most widely tested PEs in the clinic, such as sodium 
caprate (C10) and salcaprozate sodium (SNAC), a large concentration is 
required to have a noticeable impact on peptide permeability and, 
therefore, to produce a direct compression formulation would require a 
significant portion to be composed of the PE (Twarog et al., 2019; Niu 
et al., 2025). As a result, the bulk properties of such direct compression 
formulations, e.g. flowability, compressibility and compactibility, will 
be largely dominated by the properties of the individual PE. Although 
investigations have described bile salt and surfactant-based PEs as 
possessing poor cohesive properties, leading to poor compressibility, 
there have been no published studies investigating the compaction 
behaviour and overall suitability of widely used PEs for direct 
compression formulations to date (Fan et al., 2019; Pedersen et al., 
2023).

Beyond understanding the processibility of PE raw materials, the 
sensitivity of peptides to degradation during processing is a primary 
concern in the development of efficacious peptide tablets. The 
compaction of peptides is a relatively understudied area, with little 
known about the effects of the thermal, shear and mechanical stresses 
associated with tableting on the physical and chemical stability of 
peptides. While there is limited data published on the impact of 
compaction on the stability of peptides, proteins have been shown to 
exhibit structure-specific lability to compaction pressure. In an investi
gation by Wei et al., bovine serum albumin (BSA) was found to undergo 
significant pressure-induced aggregation, with the extent of aggregation 
being particle size-dependent, while lysozyme, on the other hand, was 
resistant to degradation at pressures as high as 300 MPa (Wei et al., 
2019). Compaction pressure has similarly been observed to impact the 
secondary structures and bioactivities of trypsin and immunoglobulin G 
(IVIG) (Klukkert et al., 2015; Lu et al., 2021). Moreover, other biologics, 
such as siRNA, have been shown to exhibit a loss in bioactivity after 
tableting (Busignies et al., 2020). A further factor to be considered is the 
susceptibility of peptides to degradation during storage after tableting. 
Our group has previously investigated the impacts of temperature and 
humidity on the rates of human insulin degradation in the solid-state, 

however, the stability of peptides in tablets with high PE contents dur
ing storage has not been investigated (Fagan et al., 2025). As peptide 
stability is intrinsically related to its biological activity, a comprehensive 
understanding of all external factors affecting primary structure, 
conformational state and aggregation tendency is imperative to suc
cessfully develop and control the manufacturing of a direct compression 
formulation (Bock et al., 2013).

In this study, the authors sought to rationalise the development of a 
direct compression peptide formulation, where insulin was used as a 
model peptide and C10 and SNAC were chosen as model PEs for the 
investigation. Furthermore, due to availability and cost constraints of 
insulin, minitablets were chosen as the dosage form of preference. 
Firstly, the flow behaviour and compaction properties of the C10 and 
SNAC raw materials were characterised to assess their suitability for 
tableting via direct compression. Additional commonly used tableting 
excipients, microcrystalline cellulose (MCC) and polyvinylpyrrolidone 
(PVP) K30, were then co-formulated with insulin and the PEs at different 
proportions, and a mixture design of experiments approach was utilised 
to determine an optimal formulation for the production of insulin 
compacts. The chosen formulation was further compacted at two 
different compaction pressures, 100 and 200 MPa, and the impact of 
compaction pressure on the dissolution behaviour of insulin from the 
compacts produced was assessed in simulated intestinal fluid without 
pancreatin (SIF-sp). Finally, insulin stability during compaction at high 
pressure and on storage at accelerated conditions of 40◦C/ 75 % RH for 
1 month was assessed.

2. Experimental section

2.1. Materials

Insulin (recombinant human), obtained from Merck KGaA (Ger
many), was used as a model peptide in this investigation. Sodium dec
anoate (C10) and salcaprozate sodium (SNAC) were acquired from 
Merck KGaA (Germany) and BOC Sciences (New York, USA) respec
tively. Due to the morphology of the C10 material procured being large, 
flaky and brittle agglomerates, manual grinding was performed using a 
pestle and mortar to create uniform particles for processing. A repre
sentative image of the C10 raw material before and after grinding is 
shown in Fig. S1 in the Supplementary Information. SNAC material was 
processed and characterised as received. The solid state of the insulin, 
C10 and SNAC was characterised by powder X-ray diffraction (PXRD), 
with experimental details provided in Supplementary Information S1 
and representative diffractograms shown in Fig. S2. Microcrystalline 
cellulose (MCC), Avicel PH102 grade, and polyvinylpyrrolidone (PVP 
K30), Kollidon 30 LP grade, used for tableting were donated by Inter
national Flavors & Fragrances (IFF) Cork, previously FMC Biopolymer 
(Ireland) and BASF (Germany), respectively. Potassium phosphate 
monobasic (KH2PO4) and sodium hydroxide (NaOH) used for prepara
tion of SIF-sp buffer were reagent grade and were obtained from Merck 
KGaA (Germany). Water (H2O), acetonitrile (ACN), formic acid (FA), l- 
arginine (L-arg), anhydrous sodium phosphate monobasic (NaH2PO4) 
and anhydrous sodium phosphate dibasic (Na2HPO4) used for chroma
tography were all reagent or HPLC grade and were obtained from Merck 
KGaA (Germany).

2.2. Powder characterisation

2.2.1. Particle size analysis
Particle size measurements were performed by microscopic image 

analysis using a Morphologi G3 (Malvern, UK). The circle equivalent 
(CE) diameters representing 10 % (d10), 50 % (d50) and 90 % (d90) of 
the volume-weighted cumulative particle size distribution (vPSD) were 
determined. Span was used as an indicator of particles size distribution 
and particle shape was assessed using the aspect ratio.
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2.2.2. Density
The bulk (ρb) and tapped (ρtap) density of each material was deter

mined using the method described in Tsolaki et al. (Tsolaki et al., 2024). 
True density (ρt) measurements were performed using an AccuPycII 
1340 (Micromeritics Instrument Corporation, USA) helium pycnometer. 
The mean sample volume of 10 measurements was used to calculate true 
density.

2.2.3. Powder flowability
Powder flowability was assessed using Carr’s Compressibility Index 

(CI) and Hausner Ratio (HR), shown in Equations (1) and (2), 
respectively. 

Compressibility Index = 100
(ρtap − ρb

ρtap

)

(1) 

Hausner Ratio =

(ρtap

ρb

)

(2) 

2.2.4. Tableting
Compaction studies were performed using a STYL’One Evo (Medel

pharm, France) compaction simulator fitted with 4 mm flat-faced Euro D 
tooling. Die filling height was kept constant during tableting and die 
filling was performed manually by accurately weighing and transferring 
the required amount of powder to the die prior to compaction to produce 
compacts with a target weight of 25 mg. The top and bottom die were 
lightly brushed with magnesium stearate (MgSt) for lubrication before 
filling. Default compression cycle 1 of the STYL’One Evo (Medelpharm, 
France) at 25 % machine speed was used for the compaction studies, 
with an average dwell time of 7 ms. Compaction pressures of 50, 100, 
150, 200 and 250 MPa were applied. All compaction experiments were 
performed in triplicate.

2.2.5. Compact characterisation
Tablet thickness, diameter and breaking force were measured using a 

PharmaTest PTB511 Hardness Tester (Pharma Test, Germany).
Tablet tensile strength was calculated using Eq. (3). 

σ =
2F

πDT
(3) 

where σ is the tensile strength, F is the breaking force, D is tablet 
diameter and T is tablet thickness.

Tablet porosity (ε) was calculated using Eq. (4). 

ε = 1 −
ρa

ρt
(4) 

where ρa is the apparent density of the tablet and ρt is the true density of 
the powder.

The elastic behaviours of C10 and SNAC were investigated by 
calculating the axial elastic relaxation index (ER) for each material. This 
was calculated using Eq. (5) (Armstrong and Haines-Nutt, 1972). 

ER(%) = 100
(

h1 − h0

h0

)

(5) 

where h1 is the tablet thickness 24 hr after compaction and h0 is the table 
thickness under maximum pressure inside the die.

To assess the compaction behaviour of the C10 and SNAC raw ma
terials, each powder was compacted at a range of compaction pressures, 
as described in section 2.2.4. The tensile strength and porosity of each 
compact was determined, and the compaction triangle was then used to 
assess the tabletability, compactibility and compressibility of C10 and 
SNAC (Joiris et al., 1998).

Tabletability describes the relationship between the tensile strength 
of a compact and the applied compaction pressure. This was modelled 
using the linear relationship proposed by Newton et al., shown in 

Equation (6) (Newton et al., 1971). 

σ = CpP+ b (6) 

where Cp is the tabletability parameter, P is the compaction pressure and 
b is a constant.

Compactibility describes the relationship between the tensile 
strength of a compact and its porosity. The Ryshkewitch-Duckworth 
equation was used in this study to model compactibility (Ryshkewitch, 
1953; Duckworth, 1953). This is defined as: 

σ = σ0e− kε (7) 

where σ0 is the tensile strength of a tablet at zero porosity and k is a 
constant representing the bonding capacity of a material.

Compressibility describes the relationship between the porosity of a 
compact and the applied compaction pressure. In this study, the Heckel 
model was used to assess compressibility (Ilić et al., 2013). This is 
expressed as shown in Eq. (8). 

ln
(

1
1 − D

)

= lnε = K.P+A (8) 

where D is the relative density of the tablets, K (Heckel coefficient) and A 
are the regression coefficients determined from the linear portion of the 
curve.

The reciprocal of K, 1/K, gives an estimation of the yield pressure 
(Py) of a material, which is a measure of its compressibility.

2.3. Formulation design optimisation

To determine an optimal formulation for the production of direct 
compression insulin compacts, a mixture design of experiments (DoE) 
was employed. In addition to PEs and insulin, MCC and PVP K30 were 
selected as commonly used tableting excipients to assess their impact on 
tableting performance. Given that PEs are required to be present at high 
concentrations to exert an oral bioavailability enhancement, the PEs 
were chosen to constitute the bulk of the formulation, with contents 
ranging from 72 – 97 % w/w. The MCC and PVP K30 contents were 
varied between 0 – 20 % w/w and 0 – 5 % w/w, respectively, while 
insulin was constrained at 3 % w/w for all formulations. Accordingly, a 
constrained extreme vertices design was created using Minitab® 20.2 
(Minitab LLC, United Kingdom), where the proportions of PE, MCC and 
PVP were the components of the design, compaction pressure served as a 
process variable, and tensile strength was the response variable. The 
design was augmented with a centre point and axial points, and 3 rep
licates for each design point were used. The simplex design plot is shown 
in Fig. 1. From this design 9 different formulations were prescribed, as 
shown in Table 1, where identical formulations were evaluated for both 
C10 and SNAC.

Approximately 200 mg of each formulation were prepared by accu
rately weighing the formulation components using an analytical balance 
and blending using a pestle and mortar. Compacts were produced at a 
target weight of 25 mg, as described in Section 2.2.4, at two different 
compaction pressures, 100 and 200 MPa. The TS of the tablets were 
determined using a PharmaTest PTB511 Hardness Tester (Pharma Test, 
Germany). Regression analysis with a stepwise selection of terms (α =
0.05) was performed using Minitab® 20.2 (Minitab LLC, United 
Kingdom) to determine the impacts of formulation components and 
compaction pressure on tablet tensile strengths. Further, multiple 
mixture contour plots were utilised for selection of the optimal formu
lation for both C10 and SNAC containing compacts. The selected 
formulation subsequently underwent further stability and dissolution 
testing.
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2.4. Dissolution testing

Dissolution testing was performed as described previously (Fagan 
et al., 2025). Briefly, a Distek 2100B system (Distek, New Jersey, USA) 
fitted with 100 mL vessels and paddles was used. (Dissolution Acces
sories, the Netherlands). Compacts were placed in 40 mL of SIF-sp in the 
dissolution vessels and stirred at a paddle speed of 150 rpm. 350 µL 
samples were taken manually at 1, 5, 10, 15, 30, 45, 60 and 120 min 
timepoints, with an equivalent volume of buffer being replaced in each 
vessel after sampling to maintain a constant volume throughout. Sam
ples were centrifuged at 18,626 RCF for 2 min using a Mikro 120 
Centrifuge (Hettich Lab, Germany) to remove particulates, and the su
pernatant was collected for analysis. All experiments were performed in 
triplicate.

2.5. Stability testing

To determine if insulin was susceptible to pressure-induced degra
dation, raw insulin powder was compacted at 200 MPa, and changes to 
secondary structure and aggregation state were investigated. Addition
ally, to assess the impact of the formulation chosen in Section 2.3. on the 
stability of insulin over time, compacts were stored at accelerated con
ditions of 40◦C/ 75 % RH for 1 month.

2.5.1. Characterisation of insulin degradants
Prior to analysis, all degraded samples were reconstituted in 0.1 % 

FA (pH 2.6) to a target concentration of 1 mg/ mL. Samples were 
centrifuged at 18,626 RCF for 2 min using a Mikro 120 Centrifuge 
(Hettich Lab, Germany) to remove particulates, and the supernatant was 
collected for analysis.

Quantification of insulin and assessment of aggregation tendency 
during dissolution and stability testing was performed using size 
exclusion chromatography (SEC), and degree of deamidation during 
stability testing was assess using reverse-phase HPLC (RP-HPLC), the 
methods for which have both been described previously (Fagan et al., 
2025; Fagan et al., 2024).

Fourier transform infrared (FTIR) spectroscopy was used to investi
gate changes in the secondary structure of insulin in the solid-state after 
compaction. Attenuated total reflectance (ATR) IR analysis was per
formed using a Spectrum Two™ FT-IR Spectrometer (PerkinElmer, 
USA). Analysis was performed over a spectral range of 4000 – 400 cm− 1, 
with a resolution of 2 cm− 1 and intervals of 0.5 cm− 1. 32 scans were 
averaged to give a spectrum for each sample, and analysis was per
formed in triplicate.

Circular dichroism (CD) spectroscopy was also used to analyse the 
secondary structure of insulin in solution, and this method has been 
described previously (Fagan et al., 2024).

3. Results

3.1. Physical and mechanical properties of C10 and SNAC

In the first part of this investigation, the physical and mechanical 
properties of C10 and SNAC were characterised to assess their suitability 
for processing via direct compression.

3.1.1. Particle size analysis and flow behaviour
Automated image analysis was used in this study for particle size and 

morphology analysis of all the powders used during compaction, and the 
results are given in Table 2. As can be seen, C10 particles had a larger 
average size, with a d50 of approx. 35 µm, compared to SNAC particles, 
which had a d50 of approx. 20 µm (vPSDs for C10 and SNAC can be 
found in Fig. S3b and Fig. S4b, respectively, in the Supplementary In
formation). The C10 particles were characterised by a slightly narrower 
size distribution, with a span of 1.21, while SNAC particles had a span of 
1.53 and thus a broader size distribution. Furthermore, both the C10 and 
SNAC particles were observed to be irregularly shaped, as confirmed by 
the low aspect ratios seen in Table 2 and the images provided in Fig. S3a 
and Fig. S4a, respectively.

HR and CI are two commonly used compendial metrics for predicting 
a material’s flow. As seen in Table 2, C10 particles exhibited passable 
flow character, with a HR of 1.31 and CI of 24 %, while SNAC exhibited 
poor flow, with a HR of 1.36 and CI of 26 % (The United States Phar
macopeial Convention, 1174).

Fig. 1. Simplex design plot for constrained mixture DoE with three levels. Each 
numbered point represents a blend with varying concentrations of PE, MCC and 
PVP K30. Insulin concentration was constrained at 3 % w/w.

Table 1 
Overview of component proportions for mixture DoE and compaction pressure levels investigated.

Formulation PE MCC PVP INS Compaction pressure (MPa) Replicates

Low High

1 0.72 0.2 0.05 0.03 100 200 3
2 0.77 0.2 0 0.03 100 200 3
3 0.7825 0.15 0.0375 0.03 100 200 3
4 0.8075 0.15 0.0125 0.03 100 200 3
5 0.845 0.1 0.025 0.03 100 200 3
6 0.8825 0.05 0.0375 0.03 100 200 3
7 0.9075 0.05 0.0125 0.03 100 200 3
8 0.92 0 0.05 0.03 100 200 3
9 0.97 0 0 0.03 100 200 3
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3.1.2. Compaction triangle
To assess the suitability of C10 and SNAC for compaction, their 

tabletability, compactibility and compressibility profiles were evalu
ated. To do this, C10 and SNAC powders were individually compacted at 
compaction pressures of 50, 100, 150, 200 and 250 MPa, and the tensile 
strengths and porosities of the compacts produced were recorded. The 
resultant compaction triangle profiles for C10 and SNAC are shown in 
Fig. 2.

As can be seen from Fig. 2, SNAC powder exhibited comparatively 
good tabletability, with acceptable tablets (>1.7 MPa) formed at 
compaction pressures above 100 MPa, reaching tensile strengths as high 
as 3.8 MPa. C10, on the other hand, displayed poor tabletability. The 
low tensile strength values obtained even at the highest compaction 
pressure suggested that there was poor cohesion between C10 particles, 
preventing the formation of strong compacts. To further quantitatively 
compare the tabletability of SNAC and C10, linear regression was per
formed, and the tabletability parameter, Cp, was derived from the slope 
of the graphs. However, the tensile strengths of the C10 compacts 

appeared to plateau at pressures above 200 MPa, and, therefore, only the 
linear region was used in the regression model. As can be seen in Table 3, 
SNAC exhibited a significantly higher Cp value than C10, further con
firming the better tabletability of the SNAC material.

From the compactibility profiles shown in Fig. 2, SNAC appeared to 
fit the Ryshkewitch-Duckworth model well and exhibited good 

Table 2 
Particle size characterisation, density values, Hausner Ratio and Carr’s Compressibility Index for tableting materials. Density values are given as averages (n = 3 for ρb 
and ρtap, n = 10 for ρt).

Material Particle Size (µm) Span Aspect Ratio ρb (g/cm3) ρtap (g/cm3) ρt (g/cm3) HR CI (%) Flow character

d10 d50 d90

C10 14.29 35.08 56.89 1.21 0.70 0.24 0.31 1.14 1.31 24 Passable
SNAC 6.68 20.18 37.58 1.53 0.66 0.26 0.36 1.3 1.36 26 Poor
Insulin 8.22 16.41 28.51 1.24 0.71 0.25 0.39 1.28 1.54 35 Very Poor
MCC 56.89 139.64 242.66 1.33 0.58 0.31 0.39 1.53 1.23 19 Fair
PVP K30 65.31 130.32 197.24 1.01 0.75 0.25 0.36 1.21 1.43 30 Poor

Fig. 2. Tabletability, compactibility and compressibility profiles for C10 (triangles) and SNAC (circles) materials. Solid line represent fitted regression models, where 
applicable. Error bars represent standard deviation, n = 3.

Table 3 
Fitted tableting parameters obtained from the Newton equation for tabletability, 
Ryshkewitch-Duckworth equation for compactibility and Heckel equation for 
compressibility.

Tabletability Compactibility Compressibility

Material Cp 

(MPa)
R2 σ0 

(MPa)

− k R2 Py 

(MPa)
R2

C10 0.01* 0.9986* − − − 327.01 0.9978
SNAC 0.02 0.9783 6.44 4.31 0.9965 128.27 0.9912

*tensile strength values at 250 MPa removed due to deviation from linear model.
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compactibility. This was evidenced by the formation of tablets with 
acceptable tensile strengths within the desirable porosity range (0.15 ±
0.05) (Leane, 2015). C10, on the other hand, did not fit the Ryshkewitch- 
Duckworth model well. Instead, there appeared to be an inversely pro
portional relationship between tensile strength and porosity until the 
plateau in tensile strength described previously. Interestingly, compacts 
with very low porosity were formed at low compaction pressure, and 
consequently the porosity range over which the measurements were 
taken was very narrow. This suggested that the C10 particles formed a 
highly dense packing arrangement even at low compaction pressures. 
However, given the low tensile strength values achieved at such low 
porosities, it is apparent that there was not significant bonding between 
C10 particles, at least during the period over which the compaction 
pressure was applied in this investigation (7 ms average dwell time).

The compressibility of C10 and SNAC materials were assessed using 
the Heckel model. As can be seen from Table 3, the compaction data for 
both C10 and SNAC were well described by the Heckel model. The slope 
of the SNAC data appeared to be steeper, as seen in Fig. 2, therefore 
resulting in a lower Py and overall better compressibility compared to 
C10. In general, higher compressibility and low Py in the Heckel model 
suggests that the particles undergo more pronounced plastic deforma
tion (Ilić et al., 2013). As such, the SNAC material used in this investi
gation can be described as more plastic than the C10 material.

3.1.3. Elastic recovery
The axial elastic relaxation indices (%ER) of the C10 and SNAC 

compacts at each compaction pressure are given in Table 4. The C10 
compacts showed a higher elastic recovery after tableting than SNAC, 
where no apparent pressure dependent relationship was observed.

3.2. Formulation selection

To evaluate the impact of commonly used tableting excipients on the 
tensile strength of C10 and SNAC compacts, MCC PH102 and PVP K30 
were incorporated into the compacts as model direct compression ex
cipients (see Table 2 for particle size analysis). The impacts of each 
formulation component on the tensile strength of the compacts for the 
C10 and SNAC formulations, as expressed by the coefficients of the 
regression model, are given in Table S1 in the Supplementary Infor
mation. For the C10 formulations, MCC was found to have the largest 
impact on tensile strength, while C10 and PVP K30 had smaller effects. 
This effect of MCC on tensile strength was found to be pressure depen
dent, where a positive interaction between MCC and compaction pres
sure was noted. A negative interaction term between MCC and C10 was 
also observed.

To visualise the contribution of each mixture component to the 
tensile strength as a function of compaction pressure, the Cox response 
and mixture contour plots are given in Fig. 3a–d. The data indicated that 
an increase in the proportion of MCC present in the formulations 
resulted in compacts with higher tensile strengths. Similarly, increasing 
PVP K30 content caused an increase in tensile strength, although to a 
lesser extent. The direct opposite effect was observed for C10, where 
tensile strength was observed to decrease as C10 content increased. 

Although all formulations compacted at 200 MPa produced tablets with 
tensile strengths > 1.7 MPa, this was not observed at 100 MPa. The 
highest tensile strengths achieved at a compaction pressure of 100 MPa 
was 1.6 ± 0.08 MPa for the formulation consisting of 72 % C10, 20 % 
MCC, 5 % PVP K30 and 3 % insulin. While this is below 1.7 MPa, which 
is generally accepted as the minimum desirable tensile strength for a 
tablet, it does represent an approx. 20 % increase in tensile strength 
relative to pure C10 powder compacted at the same pressure, high
lighting the positive effect the additional excipients had on the tablet
ability of C10 (Leane, 2015). As this formulation resulted in the 
compacts with the highest tensile strengths at both pressure levels, this 
was selected for further dissolution and stability testing.

For the SNAC formulations, MCC had the highest regression coeffi
cient of the mixture components, followed by PVP and SNAC. Similarly 
to the C10 formulations, the effect of MCC was pressure dependent and 
there was a negative interaction between MCC and SNAC. Other sig
nificant terms included in the model were the positive interaction be
tween SNAC and compaction pressure, and the positive ternary 
interaction between SNAC, PVP K30 and compaction pressure.

From the Cox response plots shown in Figs. 4a and 4b, at both 
compaction pressures increasing the MCC content of the formulations 
caused an increase in compact tensile strength. This contrasts with the 
negative effect that SNAC had on tensile strength at both compaction 
pressures. Further, unlike the C10 formulations, PVP K30 exerted a 
strong positive influence on the tensile strengths of the compacts at both 
compaction pressures. Tablets of tensile strengths > 1.7 MPa could be 
achieved for formulations with > 15 % MCC at a compaction pressure of 
100 MPa, while all formulations formed satisfactory compacts at 200 
MPa. Similarly to the C10 tablets, formulations with 20 % MCC 
exhibited the highest tensile strengths, and, therefore, the formulation 
composed of 72 % SNAC, 20 % MCC, 5 % PVP and 3 % insulin was also 
chosen in this case for further investigations.

3.3. Dissolution testing

The chosen formulations were compacted into approx. 25 mg com
pacts at 100 and 200 MPa, and their weights, tensile strengths and po
rosities are reported in Table 5. The dissolution profiles of each of the 
formulations in SIF-sp are given in Figs. 5a and 5b.

For the C10-containing compacts, similar dissolution profiles were 
observed at both compaction pressures, where > 90 % insulin release 
occurred after approx. 30 min. Similar release profiles were observed for 
the SNAC-containing compacts. Although it may be expected that drug 
release would be prolonged by the near doubling of tensile strengths of 
the compacts observed in Table 5, these finding suggest that higher 
compaction pressures did not significantly alter the release of insulin 
from formulations containing C10 and SNAC.

3.4. Stability testing

To determine the impact of compaction pressure on the physical 
stability of insulin, 25 mg insulin powder was compacted at the higher 
compaction level of 200 MPa. Secondary structural changes were 
assessed in the solid-state using ATR-IR, and in solution upon reconsti
tution to 1 mg/ mL in 0.1 % FA solution (pH 2.6) using CD spectroscopy. 
SEC was used to identify the presence of higher molecular weight species 
in solution. The results are given in Fig. 6.

As can be seen from the inset in Fig. 6a, there were no detectable 
changes in the amide I, II or III bands in the IR spectra of insulin after 
compaction compared to a reference sample. Similarly, from the CD 
spectra in Fig. 6b, there was no indication of a reduction in helical 
content, or an increase in disordered structures for the samples com
pacted at 200 MPa. As a result, there was no evidence to suggest any 
secondary structural changes occurred in the solid-state or indeed on 
reconstitution after compaction. Furthermore, the insulin molecules 
were not observed to undergo aggregation during compaction, as 

Table 4 
Elastic relaxation index for C10 and SNAC studied at compaction pressures 
ranging from 50 to 250 MPa. Measurements are given ± standard deviation, n =
3.

% ER

Material 50 MPa 100 
MPa

150 
MPa

200 
MPa

250 
MPa

Average

C10 5.9 ±
0.5

7.8 ±
1.4

6.5 ±
1.2

6.9 ±
0.6

8.0 ±
0.5

7.0 ± 1.2

SNAC 3.3 ±
0.4

5.5 ±
0.2

3.7 ±
0.9

5.2 ±
0.2

7.1 ±
0.3

5.0 ± 1.4
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confirmed by SEC. As can be seen from Figs. 6c, a single monomer peak 
was present at approx. 7.6 min in the chromatograms of both the com
pacted insulin sample and the control sample, indicating that insulin 
was monodisperse in solution and there were no aggregates present.

To further assess the impacts of storage conditions on the stability of 
insulin after compaction, the C10- and SNAC-containing compacts were 
exposed to 40◦C/ 75 % RH for 1 month. Additionally, to determine if 
compaction pressure played a role in the degradation profiles observed, 
the uncompacted formulations were also stored at the same conditions. 
The extent of insulin chemical and physical degradation was then 
monitored using RP-HPLC and SEC, respectively, and the results are 
given in Fig. 7. There was no evidence of insulin undergoing any 
chemical or physical degradation in the C10- and SNAC-containing 
compacts prior to storage, suggesting that neither compaction pres
sure, nor the excipients triggered insulin degradation. For the C10- 
containing compacts stored at 40◦C/ 75 % RH for 1 month, compara
ble levels of insulin degradation, approx. 2 % deamidation and 5.5 % 
aggregation, were observed at each compaction pressure, suggesting 
that increasing compaction pressure did not alter the susceptibility of 
insulin to degradation. In contrast, the insulin present in the uncom
pacted formulation underwent a slightly higher degree of degradation, 
approx. 2.5 % deamidation and 7 % aggregation. Similar behaviour was 
observed for the SNAC-containing formulation, where approx. 2 % 
deamidation and 6 % aggregation was detected for the compacts at both 
compaction pressures, while this increased to 3 % deamidation and 9 % 
aggregation for the uncompacted samples. In comparison to unformu
lated insulin raw material stored at the same conditions, there was an 
approx. 68 % reduction in deamidation products and 45 % reduction in 
the amount of aggregates detected in the C10- and SNAC-containing 
compacts. Although a greater amount of degradation was detected in 
the uncompacted C10 and SNAC formulations, this was also significantly 

reduced in comparison to the insulin raw material.
Finally, to determine if storage of the compacts under the accelerated 

conditions had an impact on their release performance, further disso
lution testing was performed, as shown in Figs. 5c and 5d. Insulin release 
did not appear to be inhibited, where maximum release was again 
observed to occur after 30 min. A reduction in the total insulin release 
was observed, however, likely due to the formation of the degradation 
products described above.

4. Discussion

Chemical PEs play a critical role in the successful delivery of peptides 
via the oral route. Of these, C10 and SNAC have proved two of the most 
successful in the clinic, with the use of SNAC in the Rybelsus® formu
lation enabling improved oral bioavailability of semaglutide (Lewis 
et al., 2022). It is widely known that to have a notable enhancing effect, 
C10 and SNAC must be present at the gastric and intestinal epithelia in 
high millimolar concentrations, therefore, requiring large quantities to 
be present in oral delivery systems (Maher et al., 2016). As the perfor
mance of a direct compression formulation is intrinsically related to the 
properties of the individual components, high quantities of these PEs 
may pose a challenge to process development. However, while there has 
been considerable attention given to understanding the bioavailability 
of peptides released from oral dosage forms containing C10 and SNAC, 
there have been no previous publications reporting the compaction 
behaviour of the PEs (Twarog et al., 2019). As a result, this investigation 
sought, in part, to contribute to the understanding of C10 and SNAC as 
direct compression excipients for oral peptide formulations.

Overall, C10 and SNAC displayed distinct physical and mechanical 
properties. C10 had a larger average particle size and narrower size 
distribution than SNAC. The C10 particles also exhibited fair flow 

Fig. 3. Cox response plots showing contribution of C10, MCC and PVP K30 to tensile strength at (a) 100 MPa and (b) 200 MPa. Also shown are mixture contour plots 
for the formulations at (c) 100 MPa and (d) 200 MPa.
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character under compendial tests. However, these characteristics did not 
translate to good compaction properties. Instead, C10 powder exhibited 
poor tabletability and compressibility, and its compactibility profile 
deviated from the traditional Ryshkewitch-Duckworth model, as seen in 
Fig. 2. Given the low tablet porosities observed, it is clear that C10 
particles formed a densely packed arrangement under the applied 
pressures, although, this did not result in strong compacts, likely due to 
limited interparticulate bonding. This is in agreement with the results of 
a previous investigation into the compression properties of sodium 
dodecyl sulphate (SDS), a molecule with a similar surfactant-like 
structure to C10. On compaction at a range of pressures from 0-300 
MPa, SDS was found to exhibit poor cohesive properties resulting in 
compacts with low tensile strengths (Chantraine et al., 2007; Chantraine 
et al., 2007). Conversely, SNAC showed good tabletability, compacti
bility and compressibility profiles, forming strong compacts with 

desirable porosities. The SNAC material exhibited a greater plastic 
deformation tendency, as indicated by the lower Py value compared to 
C10. Further evidence of this was provided by the lower average elastic 
recovery of the SNAC compacts relative to the C10 compacts. The lower 
tensile strengths of the compacts formed by C10 compared to SNAC 
suggests a difference in the number and/ or strength of interparticulate 
interactions occurring during compaction. This may be attributable in 
part to the differences in chemical structures of C10 and SNAC, shown in 
Fig. 8. While C10 has a fatty acid structure, consisting of a saturated 10- 
carbon chain, SNAC contains additional aromatic, hydroxyl and amide 
functional groups which may undergo a greater degree of intermolecular 
hydrogen bonding and van der Waals interactions during compaction 
(Patel et al., 2006). Moreover, the smaller size of the SNAC particles and 
their greater tendency to deform plastically likely also contributed to the 
larger tensile strengths observed. However, this further gave rise to the 
poor flow character of SNAC.

The poor compaction properties of C10 were found to be improved 
on addition of the commonly used direct compression excipients MCC 
and PVP. MCC is known to possess good flow and compaction behaviour, 
and PVP was chosen as a binder to improve interparticulate interactions 
(Lahdenpää et al., 1997; de Backere et al., 2021). Increasing the pro
portion of MCC and, to a lesser extent, PVP caused a significant 
improvement in the tensile strength of C10-containing compacts, where 
an average increase in tensile strength of 25 % was achieved at 
compaction pressures of 100 and 200 MPa for formulations containing 
20 % MCC and 5 % PVP K30 in comparison to compacts consisting of 
C10 alone. This enhancement in the tabletability of C10 was likely due 
to greater interparticulate bonding and improved plastic deformation 
due to the presence of the PVP and MCC particles. An even greater 
improvement in tabletability was observed for SNAC, where an 80 % 
increase in tensile strength was observed for formulations containing 20 

Fig. 4. Cox response plots showing contribution of SNAC, MCC and PVP K30 to tensile strength at (a) 100 MPa and (b) 200 MPa. Also shown are mixture contour 
plots for the formulations at (c) 100 MPa and (d) 200 MPa.

Table 5 
Characterisation of compacts produced at 100 and 200 MPa compaction pres
sures for formulations composed of 72 % C10/20% MCC/5% PVP/3% insulin 
and 72 % SNAC/20% MCC/5% PVP/3% insulin. Measurements are given ±
standard deviation, n = 3.

Formulation Compaction 
pressure (MPa)

Weight 
(mg)

Tensile strength 
(MPa)

Porosity

C10 100 24.1 ±
0.2

1.5 ± 0.2 0.08 ±
0.00

200 24.3 ±
0.3

2.5 ± 0.2 0.05 ±
0.01

SNAC 100 24.7 ±
0.1

2.2 ± 0.2 0.20 ±
0.01

200 23.0 ±
0.1

4.4 ± 0.2 0.13 ±
0.01
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% MCC and 5 % PVP K compacted at 100 MPa in comparison to the pure 
SNAC compacts, and a 40 % increase was observed for those compacted 
at 200 MPa. Given the marked improvements in tabletability, formula
tions consisting of 72 % C10/20% MCC/5% PVP/3% insulin and 72 % 
SNAC/20% MCC/5% PVP/3% insulin were further compacted at 100 
and 200 MPa and their release profiles were assessed. In contrast to PEs 
such as SDS and sodium laurate, which have been reported to adversely 
impact the disintegration properties of tablets and slow dissolution, a 
previous investigation in our group found that C10 and SNAC had a 
significant positive impact on the release of insulin from tablets (Maher 
et al., 2016; Chantraine et al., 2007; Fagan et al., 2025). This was 
determined to be due to high local concentrations of C10 and SNAC 
causing an elevation in pH at the surface of the compacts, which resulted 
in increased insulin solubility and, therefore, increased release. Similar 
behaviour was observed in this study, where > 90 % release of insulin 
was observed from all compacts by 30 min. Minimal differences were 
observed in the release profiles of the compacts compacted at 100 MPa 
compared to 200 MPa, indicating that increasing tablet tensile strength 
did not inhibit insulin release. It is probable that the surfactant-like 
properties of C10 and SNAC, in combination with their high solubil
ities at pH > 5, enabled unaltered release of insulin from the more 
densely packed compacts.

These results offer a valuable insight into processability of C10 and 
SNAC for direct compression formulations. Of the two, SNAC appears to 
have a higher potential, as highlighted by its ability to produce tablets 
with adequate tensile strengths and desirable porosities over a range of 
compaction pressures. However, its poor flow character will likely 
hinder any progression to production scale. While it is possible that 
careful selection of suitable direct compression excipients may alleviate 
this, as evidenced by the positive effects of MCC and PVP in this study, 
the use of additional particle engineering approaches, such as granula
tion, may prove a more effective strategy going forward. Moreover, such 
approaches may aid in overcoming the poor compaction properties of 

C10 and decrease the associated risk of defects, such as capping and 
lamination, occurring during tableting.

In addition to the processibility of PEs, the inherent instability of 
peptides represents another key challenge in the design and develop
ment of effective oral peptide dosage forms. The complex structures of 
peptides endow them with several unique therapeutic properties, how
ever, this also leaves them highly sensitive to external stressors, such as 
heat, humidity and mechanical stress. A number of investigations have 
highlighted the effects of different storage conditions on the solid-state 
stability of peptides to date, however, little work has been performed 
to assess the effects of mechanical stress on peptide stability in the solid- 
state (Lai and Topp, 1999). From compaction studies on proteins, the 
impacts of mechanical stress on protein stability appear to be structure- 
and size-dependent, and this is likely applicable to peptides also. In this 
way, insulin is an interesting case study for investigating this behaviour 
as it has the higher order structural features associated with proteins, 
while often being categorised as a peptide (Brange and Langkjoer, 
1993). As seen in Fig. 6, insulin did not undergo any noticeable changes 
in conformation or aggregation state in the solid- and solution-states 
upon compaction at 200 MPa in this study, suggesting that the insulin 
molecule was stable to the high compaction pressures used during tab
leting. Furthermore, blending of insulin with the PEs, MCC and PVP had 
an apparent positive effect on its physical and chemical stability during 
storage at 40◦C/75% RH for 1 month. As seen in Fig. 7, there was a 
reduction in the amount of deamidation and aggregation that occurred 
in the insulin molecules present in the blended formulations in com
parison to pure insulin powder. The reduction in aggregation tendency 
may be due to dilution of the insulin molecules in the formulation, 
which restricted their capacity to interact with one another and self- 
associate, while the reduction in deamidation may be due to the hy
groscopic nature of MCC and PVP (Yassin et al., 2015). It is well known 
that water plays a critical role in the deamidation of asparagine residues 
of solid-state insulin samples, either through reaction with a cyclic 

Fig. 5. Release profiles of insulin from compacts composed of (a) 72 % C10/20% MCC/5% PVP/3% insulin and (b) 72 % SNAC/20% MCC/5% PVP/3% insulin, 
compacted at 100 and 200 MPa. Release profiles for (c) C10- and (d) SNAC-compacts stored at 40◦C/ 75% RH for 1 month are also given. Error bars represent 
standard deviation, n = 3.
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intermediate or via direct hydrolysis (Strickley and Anderson, 1996; 
Strickley and Anderson, 1997). Therefore, absorption of moisture by 
MCC and/ or PVP may have limited the amount of water that was freely 
available to react, thus limiting the deamidation pathway. Another 
possible explanation for the observed reduction in deamidation may lie 
in the ability of C10 and SNAC to influence solution pH. It has been 
noted previously that for amorphous lyophilised insulin samples, the pH 
at which the samples are prepared prior to drying plays a major role in 
the degradation pathway observed on storage at different moisture 
contents. For example, Strickley and Anderson found that increasing the 
‘effective’ pH of lyophilised samples from 3 to 5 resulted in a decrease in 
overall degradation rates, particularly the deamidation rate (Strickley 
and Anderson, 1997). A similar mechanism may be occurring in this 
case, where the ability of C10 and SNAC to elevate the local ‘effective’ 
pH of the blends to > pH 7 on sorption of large amounts of moisture 
could reduce the favourability of the deamidation pathway in compar
ison to the covalent aggregation pathway. Moreover, insulin exhibited 
greater stability in the compacts during storage than in the uncompacted 
formulations, suggesting that the compaction of the molecules into a 
densely packed arrangement had a stabilising effect. This is likely the 
result of a decrease in the amount of moisture that could penetrate the 
compacts due to their low porosity, coupled with reduced molecular 
mobility. It was also evident that the type of PE used did not influence 
the stability of insulin.

5. Conclusion

This investigation sought to assess the suitability of commonly used 
permeation enhancers, C10 and SNAC, for direct compression peptide 
formulations. Of the two, SNAC displayed superior tabletability, com
pactibility, and compressibility profiles. This was hypothesised to be due 
to its greater plasticity and capacity to form stronger interparticulate 
interactions. However, its poor flow character poses a challenge for its 
use at production scale. C10, in contrast, displayed fair flow character 
but poor tabletability, compactibility and compressibility, as indicated 
by the formation of low tensile strength tablets with very low porosities. 
The compaction properties of both PEs were found to be substantially 
improved on addition of MCC and PVP, where formulations consisting of 
72 % PE, 20 % MCC, 5 % PVP and 3 % insulin enabled production of 
acceptable direct compression compacts. These compacts exhibited 
immediate release behaviour, which did not appear to be affected by the 
compaction pressure at which they were produced. Furthermore, the 
stability of insulin to high compaction pressures and accelerated storage 
conditions was assessed. As such, the physical stability of insulin after 
compaction at 200 MPa was analysed. No evidence of unfolding or ag
gregation was observed, indicating that the insulin molecule was stable 
to mechanical stress experienced during tableting. Moreover, blending 
of insulin in the direct compression formulation appeared to have a 
positive effect on stability during storage at accelerated conditions. A 
reduction in overall deamidation and aggregation tendency was 
observed in comparison to raw insulin powder stored under the same 

Fig. 6. Representative (a) ATR-IR spectra (b) CD spectra and (c) SEC chromatograms of insulin compacted at 200 MPa. For CD and SEC analysis, insulin samples 
were reconstituted in 0.1 % FA at a target concentration of 1 mg/ mL prior to analysis.
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conditions, where higher stability was observed for the tablets com
pacted at 100 and 200 MPa than for the uncompacted formulations. 
These results highlight the key role that formulation components play 
not only in the processibility of direct compression peptide formulations, 
but also the overall stability of the peptide during compaction and 
storage.
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Fig. 7. Degraded species as a percentage of the total peak areas in RP and SEC chromatograms of compacts and uncompacted formulations consisting of 72 % C10/ 
20% MCC/5% PVP/3% insulin and 72 % SNAC/20% MCC/5% PVP/3% insulin stored at 40◦C/ 75% RH for 1 month. Percent insulin and percent deamidant were 
calculated from the peak areas of the RP chromatograms, while percent aggregates were calculated from the peak areas of the SEC chromatograms. Error bars 
represent standard deviation, n = 3.

Fig. 8. Structures of C10 and SNAC.
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