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10 Abstract
11
12
13 Exocrine Pancreatic Insufficiency (EPI), induced by conditions such as cystic fibrosis, chronic pancreatitis, and
14 Crohn's disease, is a frequently overlooked and underdiagnosed gastrointestinal disorder. It leads to inadequate
15 intestinal digestion due to insufficient secretion of pancreatic juice, resulting in discomfort, pain, and ultimately
16 severe malnutrition. Despite numerous treatments proving ineffective over the past three decades, a strictly
17 hydrophobic solid lipid formulation, administered orally, is proposed in this study to restore digestive function. This
18 technology relies on the hydrophobic nature of the matrix to physically protect the hydrophilic active principle from
19 the gastric environment while enabling its immediate release in the duodenum by targeting the amphiphilic nature
20 of bile salts. Results demonstrate that this formulation effectively protects an acid-sensitive active ingredient during
21 gastric passage (Simulated Gastric Fluid or SGF), facilitating its rapid release upon entering an artificial duodenal
22 environment (Simulated Intestinal Fluid or SIF). Furthermore, it has been demonstrated that the preservation of a
23 protein-based active ingredient extends beyond its primary protein structure to include its functional aspects, such
24 as enzymatic activity. This drug delivery technology could enable the protection of hydrophilic active biomolecules,
o5 such as pancreatin, which are sensitive to gastric acidity, while promoting their immediate release upon contact with
26 bile salts in the proximal duodenum, with the ultimate goal of correcting the digestive defect induced by EPI.
27 Keywords: solid lipid-based formulation, biomolecules, drug delivery, therapeutic efficacy, exocrine
28 pancreatic insufficiency, controlled release.
29
30 1. Introduction
31
32
gz Exocrine Pancreatic Insufficiency (EPI) is a pathological condition characterized by a dysfunction of the
35 . . L - . .
36 exocrine function of the pancreas, resulting in insufficient or absent production of pancreatic enzymes,
37
38 bicarbonate ions, or an obstruction of the Wirsung duct[1].
39
40
41 Symptoms associated with EPI encompass digestive disorders such as abdominal pain, steatorrhea,
42
ﬁ diarrhea, flatulence, and bloating, attributed to the malabsorption of dietary fats and the fermentation
45
46 of undigested food in the colon. Significantly, EPI leads to malnutrition, anemia (especially vitamin B-
47
48 12 or iron deficiency), bone pathology (vitamin D deficiency)[2], coagulation dysfunction, and internal
49
50 . . . .. . . . .
51 bleeding (vitamin K deficiency). Its prevalence in the general population remains undetermined,
52
53 although a German survey in 2005 suggested that approximately 11.5% of individuals over the age of
54
22 50 observed in general medical practice exhibited an asymptomatic form of the disease[3]. It is worth
57 : . . : N : :
58 noting that EPI is typically an underlying complication of various pathologies that affect the structure
59 EPI: Exocrine Pancreatic Insufficiency; SGF: Simulated Gastric Fluid;
60 SIF: Simulated Intestinal Fluid; PE: Pancreatin Extract; PEG: PolyEthylene Glycol;
61 SMEDDS: Self-MicroEmulsifying Drug Delivery System; HLB: Hydrophilic-Lipophilic Balance;
62 PEP: Pancreatic Enzyme Preparations; LMP: Lipid MicroParticles; SEM: Scanning Electron Microscopy;
63 USP: United States Pharmacopeia; (B)SA: (Bovine) Serum Albumin; O/W: Qil in Water
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or function of the pancreas, such as chronic pancreatitis, pancreatic cancer, cystic fibrosis, or Crohn's
disease[4]. Fundamentally, EPI results from a deficiency in the breakdown of macronutrients from

food[5] (Figure 1).
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Figure 1: Physiological and pathological condition of Exocrine Pancreatic Insufficiency (EPI) in the gastrointestinal sphere
during food intake. Created with BioRender software.

Unfortunately, EPI remains underdiagnosed and undertreated, despite the availability of screening
tests[6]. This situation is primarily due to the prolonged asymptomatic phase of the disease, the scarcity
of initial symptoms, and the late manifestation of complications. Diagnosis relies on a correlation
between clinical elements, biological data, and the results of stool tests. The treatment of EPI is based
on the use of Pancreatic Extracts (PE), although guidelines may vary among pharmaceutical

companies. Porcine pancreatic extracts used as substitutes are composed of acidic-sensitive pancreatic
enzymes such as lipase, alpha-amylase, and proteases (trypsin, chymotrypsin, carboxypeptidases...),
enabling the replacement of the nutrient degradation mechanisms normally mediated by absent
endogenous pancreatic enzymes. Additionally, adequate nutritional support is crucial to counter
malnutrition and its consequences. Commercial PE products are presented as gastro-resistant
microgranules containing porcine-derived pancreatin, available in free form or as capsules. These
microgranules include various digestive enzymes, with lipase being the primary dosage unit

expressed[7].
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Gastro-resistant microspheres are equipped with a polymeric coating designed to withstand the acidic
environment of the stomach and dissolve in the alkaline conditions of the duodenum([8], [9]. The
coating of the microgranules is pH-dependent, protecting the enzymes from acidic degradation in the
stomach and allowing their release when the pH reaches higher levels in the duodenum (above 5)[10],

[11], [22] (Figure 2).
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Figure 2: The drug delivery technology of current commercial Pancreatic Enzyme Replacement Therapies (PERTSs).
Created with BioRender software.

The polymeric coating-based protection technique, in the context of active ingredient release, has a
major drawback, namely a very slow release of the active ingredients. The slowness of release is largely
attributed to an underlying pathological mechanism. The deficiency in pancreatic juice and bicarbonate
secretion hinders proper chyme buffering in the duodenum. As a result, pH alkalization above 5.5
occurs late in the intestine, significantly reducing the pH-dependent release rate of the active

ingredient and thus impeding nutrient absorption by the body[13].

This slow-release renders 70% of current treatments unsatisfactory, resulting in a high daily dose of up
to 24 capsules per day for patients due to the low availability of enzymes. In addition to its impact on
patient comfort, it is imperative to avoid overdosing as much as possible to reduce the risk of fibrosing

colonopathy[12]. This severe complication can lead to intestinal obstructions resistant to medical
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treatment and massive bleeding[14], [15]. Furthermore, the absence of a suitable formulation for

children raises other concerns regarding administration, both in terms of quantity and dosage form.

Thus, the polymeric formulation technology appears to be reaching its limits regarding the challenges

of rapid release, thereby impacting the efficacy of treating the digestion impairment induced by EPI.

In order to enhance the protection and delivery mechanisms of pancreatic extract sensitive to gastric
acidity, lipid-based formulation approaches seem to be an interesting alternative. Over the past

decade, oral formulations based on lipids have experienced significant growth[16] (Figure 3).
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Figure 3: Current lipid-based technologies for transporting hydrophobic or hydrophilic compounds and innovative
technology for transporting fragile hydrophilic compounds in oral drug delivery (Inspired by Plaza-Oliver & al, 2021).
Powered by BioRender software.
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Technologies such as self-microemulsifying drug delivery systems (SMEDDS) notably improve the
dispersion and/or absorption of water-insoluble compounds[17]. SMEDDS rely on solubilizing the
lipophilic active ingredient in a liquid mixture of triglyceride oil, surfactant, partial glycerides, or co-
surfactant within a gelatin capsule[18]. This mixture, upon contact with the gastrointestinal
environment, forms a fine emulsion allowing for facilitated absorption of the compound due to a drastic
increase in specific surface area. These formulations have particularly demonstrated their strength in
enhancing the bioavailability of previously poorly assimilated compounds[19]. A solid alternative to
this formulation is known as solid SMEDDS, which has addressed issues such as bitterness, capsule
softening, leaks, and precipitation of the active compound induced by the liquid state of SMEDDS[20].
More recently, a solid lipid formulation with sustained release has been described. It enables controlled
release of a poorly soluble active ingredient over several hours through the tandem action of lipase

inhibitor incorporation and a triglyceride-based matrix[21].

Thus, the latest innovations in lipid drug delivery have significantly advanced the administration of
poorly soluble compounds. However, these formulations may not be suitable for incorporating acid-
sensitive hydrophilic compounds[22]. The presence of surfactants[23], glyceride derivatives (typically
with an HLB greater than 5)[24], or liquid forms[25] would lead to phenomena of wetting and
dispersion of the formulation in the stomach. For the challenge of oral administration of highly soluble
compounds, liposome technologies are at the forefront. However, the instability of liposomes,
combined with poor bioavailability under the extreme conditions of the gastrointestinal tract, poses a
significant barrier to their use in oral delivery[26]. Moreover, in the specific case of incorporating
pancreatin, a mixture of hydrophilic enzymes, into the aqueous compartment of the liposome, the
enzymatic activity of proteases could potentially degrade the structure of the other co-incorporated
enzymes, while lipase could disrupt the lipid organization of the liposome. This phenomenon ultimately

tends to lead to structural and functional loss of the liposome, as well as instability and poor targeting
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of the hydrophilic active principle. Ultimately, these technologies would not allow for the gastric
resistance of the formulation and would ultimately lead to gastric acid degradation of the sensitive
hydrophilic compound before reaching the duodenum. To overcome this, the LMP (Lipid
MicroParticles) formulation consists of various strictly hydrophobic triglycerides (HLB < 2) and an acid-
sensitive hydrophilic active ingredient uniformly dispersed in the matrix. This strictly hydrophobic
configuration prevents access to the active compound sensitive to degradation in the stomach but

allows for its immediate release upon contact with endogenous bile salts in the duodenum (Figure 4).
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Figure 3: The drug delivery strategy of the Lipid MicroParticles (LMP) formulation technology in a simulated gastrointestinal tract.
Created with BioRender software.

The LMP formulation approach would allow for the treatment of exocrine pancreatic insufficiency (EPI),
aiming to address the shortcomings of traditional pancreatic enzyme preparations (PEP) that have
remained unchanged for three decades. Furthermore, it’s entirely composed of naturally digestible

products, thereby avoiding issues of irritation and stenosis in the digestive tract associated with
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polymeric coatings of PEP. The overarching goal of innovative approach is to revolutionize the
treatment of EPI by ensuring optimal efficacy while enhancing the quality of life for patients, without

causing harmful side effects[27].

2. Materials and methods

1. Materials

The lipid matrix of interest consists of a blend of three distinct hydrophobic excipients, Gelucire™
43/01, Gelucire™ 39/01, and Compritol ATO 888™, all caracterized by a low HLB < 2. Gelucire™ 43/01
(Gattefosse, Saint Priest, France) is composed of triglycerides of fatty acids (C8 to C18), with a melting
point of 43°C and Gelucire™ 39/01 (Gattefosse, Saint Priest, France) is mainly composed of triglycerides
of fatty acids (C8 to C18) with a melting point of 39°C. Only the ratio of these different glycerides is
altered between the two excipients. Compritol ATO 888™ , on the other hand, is composed of mono-,

di-, and triesters of behenic acid (C22).

Pancreatin (Merck KGaA, Darmstadt, Germany), composed of a mixture of pancreatic enzymes
(amylase, lipase, proteases) of porcine origin, is akin to pancreatic extracts used in the treatment of

EPI.

The LMP lipid matrix corresponds to an equivalent ratio of 70% Gelucire™ 43/01, 29.5% Gelucire™
39/01, and 0.5% Compritol ATO 888™. The encapsulated active ingredient is dosed at 0.2 g/g of final

product, resulting in a loading rate of 20%.

All products and reagents used in this study were supplied by Merck KGaA (Darmstadt, Germany),
except for the starch, which was provided by Roquette Fréres (Lestrem, France) and all lipid excipients,

which were provided by Gattefossé (Saint-Priest, France).

2. Methods

2.1. LMP Preparation
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The protocol for preparing divided hydrophobic matrices in the form of particles (LMP: Lipid
MicroParticles) containing the active ingredient involves the dry incorporation of the hydrophilic active

ingredient into the hydrophobic lipid matrix through thermal crystallization and cryo-milling.

For this purpose, the various lipid excipients are melted in a double-jacketed reactor at a temperature
of 80°C under stirring at 250 rpm until complete liquefaction phase transition. The addition of the active
ingredient follows, with the stirring rate increased to 500 rpm to achieve homogeneous dispersion of
the product in the formulation. To maintain homogeneous dispersion of the hydrophobic
matrix/hydrophilic active ingredient, agitation is sustained under supercooling until the temperature is
lowered to 38.5°C. The pasty formulation is poured by pressure upon valve opening onto a plate
previously cooled to 4°C. After complete solidification of the formulation, manual cryo-pre-milling is
performed to obtain particle sizes ranging from 1 mm to 1 cm. The obtained pre-milled material is
transferred to a cryo-mill siever (AS22 — 1200um, Atelier de Lasserre, Cadarcet, France) cooled with
liquid nitrogen and milled at 3000 rpm to obtain a particle size ranging from 100 to 1200 um. Finally,

the resultant particles are subsequently stored at 4°C in a dry place away from light.

2.2. Macromorphology Observation

Microscopic examinations were carried out using a scanning electron microscope (JSM 6400, Jeol,
Akishima, Japan). The specimens were meticulously prepared by fixation, dehydration, and a thin
carbon coating to enhance conductivity and mitigate charge-related effects. Prior to examination, the
specimens were affixed to SEM-compatible sample holders and subsequently placed inside the
electron microscope chamber. Observations were conducted under controlled conditions,
encompassing an appropriate acceleration voltage, working distance, and field of view. High-resolution

images of the specimens were captured using the SEM.

2.3. Morphology Distribution

Morphological distribution analyses were executed using a Mastersizer 3000 morphogranulometer

(Malvern Instruments, Malvern, Worcestershire, United Kingdom). The morphology distribution

8
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measurements involved the injection of 20 mg of prepared samples into the Mastersizer 3000 system.
A brief pressure pulse (4 bar) was applied to the sample, followed by projection onto a microscopic
analysis plate, and observations were performed using x2 and x20 objectives. Particle size distribution
data were analyzed utilizing the software provided by the manufacturer (Malvern Mastersizer
Software, Malvern, Worcestershire, United Kingdom). The results were presented in the form of
particle size distribution curves and particle size parameters, including convexity, circularity, and aspect
ratio. CE Diameter is a measure that represents the size of a particle as a circle having the same area
as the actual particle. Convexity is the perimeter of the convex hull perimeter of the object divided by

its Perimeter (1). The Aspect Ratio is the ratio of the Width to the Length of the particle (2).

Perimeter A+B

Convexity = Perimeter A ’ (1)
. width
Aspect Ratio = Length’ (2)

2.4. Release Test

Release testing of the formulations was conducted employing a calibrated dissolution apparatus (Smart
A7, Sotax, Aesch, Switzerland) equipped with paddles rotating (USP2) at 100 revolutions per minute,
while maintaining the bath temperature at 37.0 £ 0.5 °C. The formulations underwent initial exposure
to a simulated gastric medium (pH 1.2) for one hour, followed by a subsequent one-hour immersion in
a simulated intestinal medium (pH 6.8), following established protocols. In cases of single release
measurements, the formulation was exclusively exposed to the intestinal medium (pH 6.8) for one
hour. A simulated intestinal fluid (pH 6.8) containing 16 mM of hydrated sodium cholate was used as
the release medium, exceeding the critical micellar concentration set at 9-15 mM (20-25°C). The
simulated gastric fluid was prepared by dissolving 1 g of sodium chloride (NaCl) in approximately 450
mL of deionized water and adjusting the pH to 1.2 + 0.1 with diluted hydrochloric acid. The preparation
of the simulated intestinal fluid followed a similar procedure, involving the dissolution of 3.55 g of

monobasic potassium phosphate and 3.44 g of hydrated sodium cholate in 450 mL of deionized water,
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with pH adjustment to 6.8 + 0.1 using 1 N sodium hydroxide (NaOH). Finally, the volume of each fluid
was adjusted to 500 mL with deionized water. Samples were extracted from the dissolution vessel at 1,
2.5, 5, 10, 15, 30, 45, and 60 minutes during dissolution in the simulated intestinal fluid, with an
equivalent volume of release medium promptly replaced. Subsequently, the sample solutions were
filtered through a 0.45 um nylon filter (25 mm, Branchia, Labbox France, Rungis, France). The

methodology adhered to the United States Pharmacopeia standards.

2.5. Tolerance Test

Tolerance tests were conducted in a simulated gastric medium of 500 mL (pH 1.2) with agitation at 100
rpm, and the bath temperature was maintained at 37°C. Each sample remained in this simulated gastric
medium for one hour, after which it was transferred to a thermal extraction medium at 46°C containing
1.775 g of monobasic potassium phosphate and 1.72 g of hydrated sodium cholate, with agitation at
750 rpm for three minutes. In cases of extraction alone, the formulation was exclusively exposed to the
extraction medium. A 1 mL sample was ultimately withdrawn using a syringe, then filtered through a

0.45 pum nylon filter (25 mm, Branchia, Labbox France, Rungis, France) into labeled glass tubes.

2.6. Protein Quantification

Internal standards of the protein of interest were prepared by mixing 1 mL of Bradford reagent with a
solution of the protein of interest (1 mg/mL) to achieve final concentrations of 0, 4, 8, 12, 16, or 20
pug/mL. Deionized water was added as needed to maintain a total sample volume of 2 mL. Initially, 20
pL of the protein of interest solution and 80 pL of deionized water were combined with 1 mL of Bradford
reagent. Each sample was briefly agitated for a few seconds immediately after adding the protein. The
samples were then incubated at room temperature for 15 minutes, and the absorbance of each sample
was measured at 595 nm using a UV/Vis spectrophotometer Jasco 730 (Jasco, Jena, Germany). Release

percentages (%) were calculated using the following equation (3):

Release amount

Release (%) = 100 - (3)

Labeled amount

10
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2.7. Activity quantification

The procedure initiates with the preparation of a 10 g/L solution of soluble starch in deionized water,
heated to 95°C for 45 minutes with continuous stirring. For each set of experiments, blank control
samples and certified amylase controls are meticulously prepared. In glass bottles, a mixture is created
by combining 25 mL of the starch solution, 1 mL of the tested amylase at a concentration of 0.25
mg/mL, and 80 mL of phosphate buffer. This blend is then incubated at 37°C for 10 minutes to facilitate

the enzymatic reaction.

To halt the enzymatic reaction, 2 mL of 1M hydrochloric acid is introduced. In the same vials, a
simultaneous addition of 10 mL of a potassium iodide solution and 45 mL of sodium hydroxide takes
place. The solution is then allowed to incubate in the dark for 15 minutes. Finally, to stop the reaction
between potassium iodide and the reducing ends, 4 mL of 4N sulfuric acid is added. Any excess iodine
in the vials is subsequently titrated with a 0.1N solution of sodium thiosulfate. The volume of
thiosulfate required to reach the point of complete colorimetric extinction in the reaction is recorded.
The determination of the enzymatic activity of amylase (in USP/mg) in accordance with the
specifications of the United States Pharmacopeia (USP) is determined by the following definition: one
USP unit of amylase activity is contained in the amount of amylase that decomposes starch at an initial
rate such that 0.16 pEq of glycosidic linkage is hydrolyzed per minute under the conditions of the USP
method. This step allows for the quantification of the quantity of reducing ends liberated by the
amylase. Amylase activity (USP/mg) is then determined using the formula (4). The variables used
correspond to volumes for n (in mL), masses for m (in mg), and amylase activities for A (in USP/mg of
enzyme), as follows. n is the volume of thiosulfate added during titration for the test sample, while n;
corresponds to the same volume for the reference sample. The variables n' and n'; refer respectively
to the volume of thiosulfate added for determining the blank of the sample (n') and the reference (n'1).

Additionally, m and m; are the variables for the mass added to the enzymatic reaction of the sample

11
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(m) and the reference (mi). Finally, A corresponds to the enzymatic activity of the standardized

amylase.

activity of amylase = A - -2 —™

()

(n'1—n1)-m

3. Results and discussion

3.1. Granulometric properties of the LMP particle

As there is limited existing information about this formulation, a particle size analysis was conducted
to provide a better understanding of its physical properties. In addition to its release technology
following a chemical mechanism, the intrinsic physical properties are equally involved in this

phenomenon.

During macroscopic observation, the particles appear to have a somewhat irregular parallelepiped
shape. This organization is likely induced by the manufacturing process, which involved low-

temperature grinding, resulting in distinct structural fractures, as illustrated in Figure 5.

MAG: 100 x HV: 20.0 KV WD: 27.0 mm MAG: 100 x_HV: 20.0 kV_WD: 27.0 mm

Figure 4: SEM micrographs showing the macrostructure of the LMP formulation and its surface state,
performed using a Cryo-SEM (1) or a conventional SEM (1, Ill and 1V).

12
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Parameters such as size, convexity, or aspect ratio have a definite impact on the release kinetics and
gastric resistance of the LMP formulation. In fact, these parameters are intimately linked to the specific

surface area of a particle, exerting influence on both release and tolerance kinetics.

Replicate 1 Replicate 2 Replicate 3 Mean Standard deviation
Particles count 302650 491658 221329
CE diameter D [4.3] (um) 660.90 520.10 653.20 611.40 79.16
CE diameter D [v.0.1] (um) 144.50 104.30 152.60 133.80 25.87
CE diameter D [v.0.5] (um) 690.90 492.70 691.90 625.17 114.72
CE diameter D [0.9.v] (um) 1081.00 983.90 1071.00 1045.30 53.41
Aspect Ratio Mean 0.69 0.69 0.69 0.69 0.00
Convexity D Mean 0.982 0.98 0.98 0.98 0.00

Table 1: Morphological distribution (CE diameter, aspect ratio, and convexity) of the LMP formulation.

As seen in Table 1, 80% of the particles have sizes ranging between [133.8 < n < 1045.3] um with an
average value of 611.4 um. Moreover, we observe a standard deviation ranging between 5% and 20%
for all size classes, indicating a good uniformity in the size distribution of this powder. Furthermore, the
aspect ratio of the formulation, which indicates the width-to-length ratio, reveals that the particles
have a predominantly elongated shape. With an average value of 0.69, the particles are 31% longer
than they are wide. Finally, convexity, as an indicator of overall shape regularity, exhibits a value close
to 1, indicating a macroscopically regular character devoid of indentations, despite a visually rough

surface texture.

3.2. Properties safeguarding the primary structure of proteins and controlled release

The objective of this study is to determine whether the LMP formulation, as such, would protect a
protein of interest, serving as a model for a generic hydrophilic active principle, from gastric
degradation while maintaining rapid release in an intestinal environment.

To achieve this, assays for total cumulative protein quantification and total cumulative enzymatic
activity were conducted relative to the theoretical total incorporated reference value for gastric
degradation tests and active ingredient encapsulation (All the figures labeled "A" in the manuscript),

which amounted to 200 mg of total proteins, equivalent to 0.4 g/L, and 105.78 USP/mg of enzyme
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corresponding to the total amylase activity. Meanwhile, formulation release tests were compared to
the measured total quantity/activity of encapsulated protein/enzyme. (All the figures labeled "B" in the
manuscript).

In this case, bovine serum albumin (BSA) is the best candidate for this study as it is considered a well-
known reference hydrophilic protein for this purpose[28]. However, BSA is only minimally sensitive to
acidic conditions[29]. Therefore, a simulated gastric fluid (SGF) medium with gastric enzymes, pepsin
(3.2g/L), had to be used[30]. It has been demonstrated that the residence of BSA alone in an SGF gastric
medium (with enzymes) significantly degraded its protein primary structure by more than 95%.
Furthermore, the BSA formulation process had no significant impact on this same structure. Finally, the
gastric protection of the formulation is significantly more effective at over 84% compared to gastric

residence alone (Figure 6.A).
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In terms of the release of formulated BSA in an in vitro intestinal environment, an equivalent amount
of protein was found to be 58.41% (+ 11.5) at 1 minute, 85.9% (+ 8.1) at 5 minutes, with a maximum
value of 92.7% (+ 17.7) at 30 minutes. This notably demonstrates a very rapid release kinetics during

the first five minutes (Figure 6.B).

3.3. Properties safeguarding functional protein activity and controlled release.

With the established protection of a model protein, it remains that, in the context of a hydrophilic
active ingredient, its functionality is often the central element of therapeutic technology. Thus,
preserving this function is of paramount importance to ensure the efficiency of enzymatic treatment.
Therefore, the choice was made for a well-described intestinal enzyme in the literature[31], relevant

to the targeted hydrophilic active ingredient, pancreatic a-amylase.

For this study, quantification of a-amylase protein was coupled with enzymatic activity measurement.
The determination of the protein quantity after simulated gastric medium exhibited a significant
decrease of over 28% compared to the reference value. Furthermore, no significant difference was
detected either between the quantity of the formulated protein and the reference, or between the
guantification of the formulated enzyme and the enzyme alone, following the simulated gastric

medium (Figure 7.A).
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Figure 6: The impact of formulation on post-production protein primary structure and on the enteric
resistance of a model enzyme, a-amylase (7.A), as well as its release rate in a simulated intestinal fluid
(SIF) medium (7.B). The reference value corresponds to the theoretical total amount of incorporated
alpha-amylase (200 mg/g of formulation), while the total value of encapsulated alpha-amylase
corresponds to the measured post-production protein quantification. The caption for figure 7.A is
described as follows: 1. Raw a-amylase; 2. Raw a-amylase in SGF; 3. Formulated oa-amylase; 4.
Formulated a-amylase in SGF. *ns p >0.05, * p < 0.05, *** p < 0.001, **** p < 0.0001 vs Raw a-amylase;
"aX p < 0.001 vs Raw a-amylase in SGF. The described p-values obtained using t-student test.

Regarding the release of the formulated a-amylase in an in vitro intestinal setting, the protein content
was measured at 54.6% (+ 8.6) at 1 minute, 87.2% (+ 5.9) at 5 minutes, reaching a peak value of 104.1%
(x 2.5) at the 15-minute mark. This notably illustrates a swift release trend within the initial five minutes

(Figure 7.B).

Thus, the primary structure of pancreatic a-amylase is minimally affected by the acidity of the gastric

environment simulated by SGF medium.
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But the challenge in studying pancreatic a-amylase (a-amylase 2) as a model enzyme is its function
thermolability[32]. However, it was the only pancreatic enzymatic candidate, as lipase and proteases
introduced too much autocatalytic bias and/or variability in the assays. Nevertheless, the loss of

function due to thermal denaturation of its tertiary structure can be delayed by the presence of Ca?*
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cations as well as proteins derived from SA (serum albumin)[33].
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Figure 7: The impact of the formulation on the post-production and post-enteric enzymatic
functional activity of a model enzyme, a-amylase (8.A), as well as on its rate of release of
enzymatic activity in a simulated intestinal fluid (SIF) medium (8.B). The reference value
corresponds to the theoretical total amylase activity of the incorporated alpha-amylase (200 mg/g
of formulation), while the total value of encapsulated alpha-amylase corresponds to the measured
post-production amylase activity quantification. The caption for figure 8.A is described as follows:
1. Raw a-amylase; 2. Raw a-amylase in SGF; 3. Formulated a-amylase; 4. Formulated a-amylase
in SGF.*ns p > 0.05, * p < 0.05, *** p < 0.001, **** p < 0.0001 vs Raw a-amylase ; #ax p < 0.001
vs Raw a-amylase in SGF. The described p-values obtained using t-student test.
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In the case of pancreatic a-amylase activity, a significant decrease of over 68% is observed when the
enzyme has a one-hour gastric residence time prior to enzymatic measurement. Furthermore, amylase
is not significantly denatured during the formulation process, although a declining trend is evident,
likely due to its thermolability. Finally, the activity of the formulated a-amylase is significantly better
preserved, with an increase of over 44%, during an gastric passage compared to its isolated activity.
Despite the presence of a loss in enzymatic activity during the formulation, the protection of this

function by the formulation during an gastric stay is far superior to the enzyme alone (Figure 8.A).

As for the release kinetics of the functional formulated pancreatic a-amylase, characterized by its
enzymatic activity, it reaches a value of 85.8% (+5.2) in the first minute and 103% (+11.1) in the fifteenth
minute. However, starting from the thirtieth minute, enzymatic activity experiences a sharp decline
down to 32.6% (£3.8) of the reference activity, which is indicative of the thermolability of a-amylase
even in a 37°C environment. Nevertheless, this experiment effectively demonstrates the rapid release
of the enzyme of interest as well as the preservation of its enzymatic activity in a simulated intestinal

fluid (Figure 8.B).

3.4. Properties preserving the bioactivity of therapeutic molecules.

Having demonstrated the effectiveness of the lipidic microparticle (LMP) formulation in preserving
protein structure and maintaining its function in an unfavorable gastrointestinal environment, as well
as its rapid release at the intended target, it was then possible to move to a more advanced stage
targeting a complex hydrophilic gastro-sensitive therapeutic molecule. Therefore, pancreatin, a
biological mixture containing porcine pancreatic enzymes, was an ideal candidate to test the limits of
this formulation method. Indeed, current formulations are suboptimal in delivering this active
substance rapidly to the targeted site. The aim of this study was to determine whether the LMP
formulation could be a serious contender to these existing formulations. However, incorporating an

enzyme such as lipase poses a real challenge for a formulation composed mainly of lipids since this
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matrix constitutes a substrate hydrolysable by this enzyme. The advantage of this hydrophobic solid
reformulation method is to significantly limit the incorporation of water, preventing the hydrolytic
mechanisms of lipases. Thus, the following experiments will demonstrate whether this reformulation

would be a viable strategy for the controlled release of pancreatin during gastrointestinal passage.

Firstly, it was essential to ensure the reproducibility of the result concerning this therapeutic target of
interest. Thus, a significant decrease of over 44 % in the quantity of proteins derived from the biological
mixture was observed after a one-hour gastric residence time. Furthermore, no significant difference
was noted regarding the effect of the formulation process on protein degradation. However, a
significant increase of more than 33% was found in the total protein quantity of the formulated active
ingredient compared to the active ingredient alone, after an acid treatment. This result confirms the
ability of this formulation in gastro-protective mechanisms for the raw protein structure without loss

during manufacturing, even in the case of potential therapeutic biomolecules (Figure 9.A).
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Figure 8: The impact of formulation on post-production protein primary structure and on the enteric
resistance of a model active biomolecule, pancreatin (9.A), as well as its release rate in a simulated
intestinal fluid (SIF) medium (9.B). The reference value corresponds to the theoretical total amount of
incorporated pancreatic enzyme preparations (200 mg/g of formulation), while the total value of
encapsulated pancreatic enzyme preparations corresponds to the measured post-production protein
quantification. The caption for figure 9.A is described as follows: 1. Raw pancreatin; 2. Raw pancreatin
in SGF ; 3. Formulated pancreatin ; 4. Formulated pancreatin in SGF. *ns p > 0.05, * p < 0.05, ***p <
0.001, **** p < 0.0001 vs Raw pancreatin; 7 p < 0.001 vs Raw pancreatin in SGF. The described p-
values obtained using t-student test.

In the study of the release kinetics of this active compound over time, a total release of 71.2% (+ 7.8)

was observed at the end of the first minute, reaching a maximum value after ten minutes of 99.7% (+
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8.1). The result from this figure once again suggests a rapid release of our hydrophilic active principle

of interest in a simulated intestinal environment (Figure 9.B).

Having established the protection of the primary structure of pancreatin through gastric resistance and
rapid intestinal release, the critical determinant for ensuring the potential therapeutic efficacy of this

hydrophilic active biomolecule is the assessment of its enzymatic function.
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Figure 9: The impact of the formulation on the post-production and post-enteric enzymatic functional activity
of a model active biomolecule, pancreatin (10.A), as well as on its rate of release of enzymatic activity in a
simulated intestinal fluid (SIF) medium (10.B). The reference value corresponds to the theoretical total amylase
activity of incorporated pancreatic enzyme preparations (200 mg/qg of formulation), while the total value of
encapsulated pancreatic enzyme preparations corresponds to the measured post-production amylase activity
quantification. The caption for figure 10.A is described as follows: 1. Raw pancreatin; 2. Raw pancreatin in SGF;
3. Formulated pancreatin; 4. Formulated pancreatin in SGF.*ns p > 0.05, * p < 0.05, *** p < 0.001, **** p <
0.0001 vs Raw pancreatin ; 7 p < 0.001 vs Raw pancreatin in SGF. The described p-values obtained using t-
student test.
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In this case, amylase activity remains the best indicator of the bioactivity of our extract.

Based on this premise, the study of amylase activity demonstrated a significantly weak gastric
resistance of over 96% compared to the reference alone. Once again, no significant difference in
enzymatic activity quantification was observed between pancreatin alone and formulated. Lastly, a
significant increase of over 79% in the hydrolytic activity of the formulated enzyme compared to the

enzyme alone was noted after the gastric residence (Figure 10.A).

The quantification of the release of the hydrophilic active ingredient while maintaining its function was
subsequently examined. The results revealed a release of 85.2% (£ 5.2) within the first minute and an
optimal release of 103% (+ 11.1) at the fifteenth minute, indicating an effective release of the full
enzymatic function (Figure 10.B). These results suggest the protection of hydrophilic sensitive
compounds such as pancreatin from gastrointestinal environmental stresses while facilitating its
release kinetics under more favorable intestinal conditions. In addition to the preservation of the
primary structure, the formulation enables the protection of enzymatic function without significant

loss.

3.5. Simulated in vivo conditions

In order to closely replicate in vivo conditions in humans, a combination of a one-hour residence step
in a simulated gastric fluid (SGF) followed directly by a residence step in a simulated intestinal fluid (SIF)
was implemented. This study model has the advantage of mimicking the inherent parameters of the

gastrointestinal tract during a standard cycle.
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Figure 10: The impact on the quantity of proteins from residence in a simulated gastric fluid (SGF) followed by
dissolution in a simulated intestinal fluid (SIF) of the formulated pancreatin. The total value of encapsulated
pancreatic enzyme preparations corresponds to the measured post-production protein quantification. The
caption for this figure is described as follows: €©: Dissolution kinetics ; &: Gastro-resistance followed by
dissolution kinetics. ** p<0.01, *** p<0.001, **** p<0.0001 vs dissolution kinetics. The described p-values
obtained using t-student test.

The gastro-dissolution shows that the formulated pancreatin exits at 52.6% (x 6.9) at 1 minute, which
remains significantly lower than the dissolution output alone. At 5 minutes, the reduction remains
significant for the gastro-dissolution with an average at 72.3% (+ 14). However, at 30 minutes, no
significant difference stands out between gastro-resistance followed by dissolution and dissolution
alone, with a maximum value at 45 minutes reaching 92% (+ 2) (Figure 11). This result suggests a loss
of approximately 8% due to residence in a simulated gastric environment with significant release
kinetics in the first 30 minutes. However, this release delay could hypothetically be coupled with re-
aggregation phenomena due to the hydrophobic nature of the formulation immersed in an aqueous
environment. Indeed, the hypothesis of a decrease in specific surface area could lead to this release

delay.

Despite this phenomenon, the formulation fulfills its role in protecting the hydrophilic biomolecule

sensitive to acidic environment while releasing it relatively quickly during the intestinal passage.

3.6. Proof of concept of the controlled release technological mechanism
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This controlled release technology is not directly dependent on conditions such as pH, as in current
commercial formulations, but rather on the presence of naturally occurring surfactant compounds in
the body. Indeed, the lipid composition of the reformulation grants it rapid disintegration properties
upon contact, particularly with cholate and its derivatives, excreted in the proximal segment of the

duodenum.
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Figure 11: The impact of the presence of a surfactant on the release rate of the formulated active ingredient in a
simulated intestinal fluid (SIF). The total value of encapsulated pancreatic enzyme preparations corresponds to
the measured post-production protein quantification. The caption for this figure is described as follows: ©*:
Dissolution kinetics ; &: Dissolution kinetics without surfactant. **** p<0.0001 vs dissolution kinetics. The
described p-values obtained using t-student test.

In the absence of a surfactant, the release kinetics are significantly reduced across all time points, with
an output of 32.3% (£ 12.3) at 5 minutes and a maximum value at 60 minutes of 34% (+ 4.6). Therefore,
the presence of a surfactant is essential for a rapid and complete release of the active ingredient. This
release mechanism takes advantage of the bile vesicle and its place of excretion to induce the

disintegration of the formulation "at the right place, at the right time".

4. Conclusion

This research marks a pioneering stride toward the formulation of a process aimed at delivering fragile
hydrophilic active biomolecules. This approach effectively mitigates challenges associated with gastric
degradation and delayed release, showcasing promising potential for advancements in oral drug
delivery. This formulation presented in this paper enables the protection of a fragile hydrophilic active
principle, preventing the degradation of its primary structure and neutralizing potential functional
denaturation effects induced by the environment. Hence, its matrix organization, composed of

triglycerides, confers insensitivity to the gastric tract due to its strictly hydrophobic nature.
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It has been shown that the manufacturing process developed has no impact on the active principle,
either in terms of structure or functional folding. The lipid matrix liberates rapidly in an intestinal
environment since its composition allows facilitated disintegration in the presence of a surfactant. This
mechanism enables complete release within a few minutes, facilitating the onset of enzymatic activity
in the intestine. This phenomenon is crucial as the absorption of various nutrients from the diet is

inversely proportional to the progress of chyme.

5. Perspectives

In a simulated in vivo context, the formulation allows for passage through the gastric barrier for
hydrophilic active biomolecules such as pancreatin, providing rapid release in the proximal duodenum
to initiate its function at the earliest. This drug delivery mechanism paves the way for the oral
administration of hydrophilic active principles sensitive to the gastric environment, currently
administered via more invasive routes such as intravenous or intramuscular injections and nasogastric

methods.

However, the screening of this new formulation technology is still partial. First, it would be necessary
to deepen the study of protein structure under these various conditions, particularly through circular
dichroism analysis, in order to confirm any potential phenomena of degradation, denaturation, and
protection of proteins inherent to the gastrointestinal environment and the formulation of interest.
Furthermore, it is undeniable that surfactant activity is not the only physical parameter at play. Other
parameters such as temperature, re-aggregation phenomena, buoyancy, or even self-hydrolysis due to
the incorporation of lipolytic enzymes in the formulation are equally involved in the protective and
release mechanisms of this drug delivery technology. Thus, the study of these parameters to better
understand the mechanisms inherent to the protection and release of the biomolecule of interest,
coupled with the determination of the formulation's stability profile under controlled storage
conditions, constitutes the final steps prior to preclinical efficacy and non-inferiority trials in animals.

Finally, the ultimate goal would be to bring this formulation to clinical trials in humans, with the main
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focus on inducing increased treatment efficacy without side effects, thereby improving patient comfort

and compliance.

6. Acknowledgments

This study was conducted at the Toulouse Biotechnologies Institute (TBI) academic laboratory in
collaboration with the Regional Center for Innovation and Technology Transfer in Bio-Industries (CRITT
Bio-Industries) and was financially supported by the private company Eneapharm and ANRT.
Additionally, | would like to express my gratitude, with a special mention to Stéphanie Reynal from
INSAT for the Scanning Electron Microscopy (SEM), to Luc Fillaudeau from INRAE-TBI for the physical
characterization of particles, the FERMaT Federation for providing the morphogranulometer and finally

to Jessica Tran and Cloé Fabre from Eneapharm for the biological study itself.

7. References

[1] C. Diéguez-Castillo, C. Jiménez-Luna, J. Prados, J. L. Martin-Ruiz, and O. Caba, “State of the Artin
Exocrine Pancreatic Insufficiency,” Med. Kaunas Lith., vol. 56, no. 10, p. 523, Oct. 2020, doi:
10.3390/medicina56100523.

[2] E.C. M. Sikkens et al., “The prevalence of fat-soluble vitamin deficiencies and a decreased bone
mass in patients with chronic pancreatitis,” Pancreatol. Off. J. Int. Assoc. Pancreatol. IAP Al, vol.
13, no. 3, pp. 238-242, 2013, doi: 10.1016/j.pan.2013.02.008.

[3] D.Rothenbacher, M. Léw, P. D. Hardt, H.-U. KI6r, H. Ziegler, and H. Brenner, “Prevalence and
determinants of exocrine pancreatic insufficiency among older adults: results of a population-
based study,” Scand. J. Gastroenterol., vol. 40, no. 6, pp. 697—704, Jun. 2005, doi:
10.1080/00365520510023116.

[4] V. K.Singh, M. E. Haupt, D. E. Geller, J. A. Hall, and P. M. Quintana Diez, “Less common etiologies
of exocrine pancreatic insufficiency,” World J. Gastroenterol., vol. 23, no. 39, pp. 70597076,
Oct. 2017, doi: 10.3748/wjg.v23.i39.7059.

[5] B. Lindkvist, J. E. Dominguez-Mufioz, M. Luaces-Regueira, M. Castifieiras-Alvarifio, L. Nieto-
Garcia, and J. Iglesias-Garcia, “Serum nutritional markers for prediction of pancreatic exocrine
insufficiency in chronic pancreatitis,” Pancreatol. Off. J. Int. Assoc. Pancreatol. IAP Al, vol. 12, no.
4, pp. 305-310, 2012, doi: 10.1016/j.pan.2012.04.006.

[6] E.C.M.Sikkens, D. L. Cahen, C. van Eijck, E. J. Kuipers, and M. J. Bruno, “Patients with exocrine
insufficiency due to chronic pancreatitis are undertreated: a Dutch national survey,” Pancreatol.
Off. J. Int. Assoc. Pancreatol. IAP Al, vol. 12, no. 1, pp. 71-73, 2012, doi:
10.1016/j.pan.2011.12.010.

[7] B. Lindkvist, “Diagnosis and treatment of pancreatic exocrine insufficiency,” World J.
Gastroenterol., vol. 19, no. 42, pp. 7258-7266, Nov. 2013, doi: 10.3748/wjg.v19.i42.7258.

[8] A. Fieker, J. Philpott, and M. Armand, “Enzyme replacement therapy for pancreatic insufficiency:
present and future,” Clin. Exp. Gastroenterol., vol. 4, pp. 55-73, 2011, doi:
10.2147/CEG.S17634.

27



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

[19]

(20]

(21]

[22]

(23]

[24]

R. Pezzilli et al., “Exocrine pancreatic insufficiency in adults: a shared position statement of the
Italian Association for the Study of the Pancreas,” World J. Gastroenterol., vol. 19, no. 44, pp.
7930-7946, Nov. 2013, doi: 10.3748/wjg.v19.i44.7930.

P. Desnuelle, “La lipase pancréatique,” Biochimie, vol. 53, no. 8, pp. 841-852, Jan. 1971, doi:
10.1016/S0300-9084(71)80146-3.

P. Layer, V. L. Go, and E. P. DiMagno, “Fate of pancreatic enzymes during small intestinal aboral
transit in humans,” Am. J. Physiol., vol. 251, no. 4 Pt 1, pp. G475-480, Oct. 1986, doi:
10.1152/ajpgi.1986.251.4.G475.

J. Keller and P. Layer, “Human pancreatic exocrine response to nutrients in health and disease,”
Gut, vol. 54 Suppl 6, no. Suppl 6, pp. vi1-28, Jul. 2005, doi: 10.1136/gut.2005.065946.

J. E. Dominguez-Mufoz, J. Iglesias-Garcia, M. Iglesias-Rey, and M. Vilarifio-Insua, “Optimising
the therapy of exocrine pancreatic insufficiency by the association of a proton pump inhibitor to
gastric coated pancreatic extracts,” Gut, vol. 55, no. 7, pp. 1056—1057, Jul. 2006, doi:
10.1136/gut.2006.094912.

S. R. Naikwade, R. N. Meshram, and A. N. Bajaj, “Preparation and in vivo efficacy study of
pancreatin microparticles as an enzyme replacement therapy for pancreatitis,” Drug Dev. Ind.
Pharm., vol. 35, no. 4, pp. 417-432, Apr. 2009, doi: 10.1080/03639040802422104.

T. Trang, J. Chan, and D. Y. Graham, “Pancreatic enzyme replacement therapy for pancreatic
exocrine insufficiency in the 21(st) century,” World J. Gastroenterol., vol. 20, no. 33, pp. 11467-
11485, Sep. 2014, doi: 10.3748/wjg.v20.i33.11467.

T. Gershanik and S. Benita, “Self-dispersing lipid formulations for improving oral absorption of
lipophilic drugs,” Eur. J. Pharm. Biopharm., vol. 50, no. 1, pp. 179-188, Jul. 2000, doi:
10.1016/50939-6411(00)00089-8.

V. Jannin, J. Musakhanian, and D. Marchaud, “Approaches for the development of solid and
semi-solid lipid-based formulations,” Adv. Drug Deliv. Rev., vol. 60, no. 6, pp. 734746, Mar.
2008, doi: 10.1016/j.addr.2007.09.006.

C. W. Pouton, “Lipid formulations for oral administration of drugs: non-emulsifying, self-
emulsifying and ‘self-microemulsifying’ drug delivery systems,” Eur. J. Pharm. Sci., vol. 11, pp.
$93-598, Oct. 2000, doi: 10.1016/50928-0987(00)00167-6.

S. Kalepu, M. Manthina, and V. Padavala, “Oral lipid-based drug delivery systems —an
overview,” Acta Pharm. Sin. B, vol. 3, no. 6, pp. 361-372, Dec. 2013, doi:
10.1016/j.apsb.2013.10.001.

K. Vithani, A. Hawley, V. Jannin, C. Pouton, and B. J. Boyd, “Inclusion of Digestible Surfactants in
Solid SMEDDS Formulation Removes Lag Time and Influences the Formation of Structured
Particles During Digestion,” AAPS J., vol. 19, no. 3, pp. 754-764, May 2017, doi:
10.1208/s12248-016-0036-6.

M. Murshed, A. Pham, K. Vithani, M. Salim, and B. J. Boyd, “Controlling drug release by
introducing lipase inhibitor within a lipid formulation,” Int. J. Pharm., vol. 623, p. 121958, Jul.
2022, doi: 10.1016/j.ijpharm.2022.121958.

M. Plaza-Oliver, M. J. Santander-Ortega, and M. Victoria. Lozano, “Current approaches in lipid-
based nanocarriers for oral drug delivery,” Drug Deliv. Transl. Res., vol. 11, no. 2, pp. 471-497,
Apr. 2021, doi: 10.1007/s13346-021-00908-7.

D. Q. M. Craig, H. S. R. Lievens, K. G. Pitt, and D. E. Storey, “An investigation into the physico-
chemical properties of self-emulsifying systems using low frequency dielectric spectroscopy,
surface tension measurements and particle size analysis,” Int. J. Pharm., vol. 96, no. 1, pp. 147—-
155, Jul. 1993, doi: 10.1016/0378-5173(93)90222-2.

N. H. Shah, M. T. Carvajal, C. I. Patel, M. H. Infeld, and A. W. Malick, “Self-emulsifying drug
delivery systems (SEDDS) with polyglycolyzed glycerides for improving in vitro dissolution and
oral absorption of lipophilic drugs,” Int. J. Pharm., vol. 106, no. 1, pp. 15-23, May 1994, doi:
10.1016/0378-5173(94)90271-2.

28



O J o U bW

OO DTG UTUITUTUTUTUTUTOTE BB DD DDA DS DNWWWWWWWWWWNRNNNNNONNNONMNNNR R R RR PR PR
O™ WNFROWVWOJdNT D WNRPOW®O-JIAAUTDRWNR,OW®O®JdNTIBRWNRFROWOW-TJMNUB®WNROWO®W-10U D WN R O WO

[25]

(26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

K. J. Palin, A. J. Phillips, and A. Ning, “The oral absorption of cefoxitin from oil and emulsion
vehicles in rats,” Int. J. Pharm., vol. 33, no. 1, pp. 99-104, Nov. 1986, doi: 10.1016/0378-
5173(86)90043-8.

T. X. Nguyen, L. Huang, M. Gauthier, G. Yang, and Q. Wang, “Recent advances in liposome
surface modification for oral drug delivery,” Nanomed., vol. 11, no. 9, pp. 1169-1185, May
2016, doi: 10.2217/nnm.16.9.

K. loualalen and R.-A. Raynal, “Formulation gastroprotectrice de complexes d’enzymes
permettant de restaurer la fonction digestive,” FR3079146B1, Apr. 17, 2020 Accessed: Apr. 04,
2023. [Online]. Available:
https://patents.google.com/patent/FR3079146B1/en?inventor=loualalen&oqg=loualalen&sort=
new

T. Dyrda-Terniuk et al., “The Study of Protein—Cyclitol Interactions,” Int. J. Mol. Sci., vol. 23, no.
6, p. 2940, Mar. 2022, doi: 10.3390/ijms23062940.

T. Estey, J. Kang, S. P. Schwendeman, and J. F. Carpenter, “BSA Degradation Under Acidic
Conditions: A Model For Protein Instability During Release From PLGA Delivery Systems,” J.
Pharm. Sci., vol. 95, no. 7, pp. 1626-1639, Jul. 2006, doi: 10.1002/jps.20625.

D. Guerin, J.-C. Vuillemard, and M. Subirade, “Protection of Bifidobacteria Encapsulated in
Polysaccharide-Protein Gel Beads against Gastric Juice and Bile,” J. Food Prot., vol. 66, pp. 2076—
84, Dec. 2003, doi: 10.4315/0362-028X-66.11.2076.

S. Janetek, B. Svensson, and E. A. MacGregor, “a-Amylase: an enzyme specificity found in
various families of glycoside hydrolases,” Cell. Mol. Life Sci. CMLS, vol. 71, no. 7, pp. 1149-1170,
Apr. 2014, doi: 10.1007/s00018-013-1388-z.

L. A. Donaldson, M. J. Brodie, W. B. Mcintosh, and S. N. Joffe, “Amylase thermolability as a
screening test for pancreatic pseudocysts,” Br. J. Surg., vol. 65, no. 6, pp. 413-415, Jun. 1978,
doi: 10.1002/bjs.1800650613.

A. J. Tessier, G. W. Dombi, and D. L. Bouwman, “Thermostability of purified human pancreatic a-
amylase is increased by the combination of Ca2+ and human serum albumin,” Clin. Chim. Acta,
vol. 252, no. 1, pp. 11-20, Aug. 1996, doi: 10.1016/0009-8981(96)06316-4.

29



