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ABSTRACT

Purpose To achieve sustained peptide delivery via mesoporous
silicon (PSi) microparticles and to evaluate the effects of different
surface chemistries on peptide YY3-36 (PYY3-36) delivery.
Methods PYY3-36 was loaded into thermally oxidized
(TOPSI), thermally hydrocarbonized (THCPSI) and undecylenic
acid treated THCPSi (UnTHCPSIi) microparticles with compa-
rable porous properties. In vitro, PYY3-36 release was
investigated by centrifuge. In vivo, PYY3-36 plasma concen-
trations were analyzed after delivery in microparticles or
solution.

Results Achieved loading degrees were high (12.2 — 16.0% w/w).
PYY3-36 release was sustained from all microparticles; order of
PYY3-36 release was TOPSI > THCPSi > UnTHCPSi both in vitro
and in vivo. In mice, PSi microparticles achieved sustained PYY3-36
release over 4 days, whereas PYY3-36 solution was eliminated in
[2 h. In vitro, only 27.7, 14.5 and 6.2% of loaded PYY3-36 was
released from TOPS), THCPSi and UnTHCPSI, respectively.

Miia Kovalainen and Juha Ménkdre share equal contribution.
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Absolute PYY3-36 bioavailabilities were 98, 13, 9 and 38%
when delivered subcutaneously in TOPSi, THCPSI,
UnTHCPSI and solution, respectively. The results clearly
demonstrate improved bioavailability of PYY3-36 via
TOPSi and the importance of surface chemistry of PSi
on peptide release.

Conclusions PSi represents a promising sustained and
tailorable release system for PYY3-36.
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INTRODUCTION

Recently, porous silicon (PSi) has attracted considerable
interest in drug delivery research due to its beneficial
properties, such as biodegradability and biocompatibility,
as a drug carrier material (1-3). PSi microparticles contain
nanosized pores which tremendously increase the effective
surface area of the particles. In drug delivery applications,
the drug molecules are attached onto the large internal
surface area of PSi, which further allows the adsorption and
delivery of high drug payloads within the nanopores.
Previously, the PSi pore structure and surface chemistry
have been shown to affect the nature of drug adsorption,
dissolution and release n wvitro (4-8). PSi has been
mvestigated for its ability to be used in oral delivery of
small, traditional drug molecules with the aim being to
improve the absorption of poorly soluble drugs, such as
indomethacin (5,9). In addition, PSi has potential for cancer
chemotherapy applications, for example oxidation trig-
gered delivery of doxorubicin has been investigated i vitro
(10). Also proteins or peptides, such as human/bovine
serum albumin (HSA/BSA), papain and insulin, have been
loaded on PSi surfaces with different surface modifications
and investigated in witro, including intracellular protein
delivery (6-8,11,12). Our recent in vwo studies with several
different physiological parameters indicated that THCPSi
microparticles could sustain the i vwo effects of peptides
(13,14). Favorably, peptide loading onto PSi does not
require stressful procedures, which could damage the
molecules leading to their bioinactivation, which has been
a problem with various particulate systems (15-17).

Native PSi is unstable and is therefore typically stabilized
and depending on the type of application, the PSi surface
can be further modified. Partial oxidation of PSi (thermally
oxidized PSi, TOPSI) surface under mild temperatures
produces a hydrophilic surface with moderate stability,
whereas thermal hydrocarbonization of PSi creates more
stable, hydrophobic surface covered with hydrocarbons
(THCPSy) (1,18). A novel surface chemistry procedure,
thermal functionalization of THCPSi with undecylenic acid
(UnTHCPS1) produces a moderately hydrophilic surface
with hydroxyl groups, which can be easily further modified.
As far as we are aware, the pharmacokinetic parameters of
peptides after the administration in PSi and the effects of
different surface chemistries of PSi on those parameters
have not been reported earlier.

Peptide YY (PYY) is an endogenous peptide belonging
to the same peptide family as neuropeptide Y (NPY) and
pancreatic polypeptide (PP). PYY consists of 36 amino acids
and 1s a gut peptide secreted by enteroendocrine L-cells of
the gastrointestinal tract in response to a caloric load (19). It
was isolated originally from porcine intestinal and it is able
to cross the blood brain barrier through a non-saturable
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mechanism (20,21). The effects of PYY3-36 on food intake
have been investigated in several animal species and also in
humans (22,23). In rodents, it has been shown that PYY
administration can reduce both food intake and body
weight (24). In obese and normal-weight human subjects
PYY3-36 has a reducing effect on food intake (25-27). In
addition to appetite regulation, PYY3-36 also seems to
have a role in fuel substrate partitioning and energy
homeostasis (28). Due to these actions; the PYY system
has been suggested to be a potential target for the
treatment of obesity (29,30).

In attempts to investigate its physiological functions,
PYY3-36 has been delivered chronically via osmotic
minipumps or infusions using different experimental
arrangements in laboratory animals (30,31). However,
because of the promising characteristics of PYY in the
treatment of obesity, also other suitable delivery systems
have been investigated. For example, reversibly PEGylated
PYY3-36 has been shown to evoke a prolonged inhibition
of food intake in mice (32). In humans, intranasal delivery
of PYY3-36 has been tested in obese adults (33). However,
the administration frequency was three times per day.
Higher doses caused nausea in the test subjects and no
statistically significant weight loss was detected with lower
doses. A longer lasting clinical trial has also been conducted
by Nastech Pharmaceutical Company Inc. (34) using
intranasal PYY3-36 with a similar administration frequency
as in the previous study. Recently, PYY3-36 has been
combined with GLP-1 and the combination was administered
orally with a delivery agent SNAC, but elevated plasma
concentrations could only be detected for 2 h (23). Since
all of these tested delivery systems require repeated
administration, a sustained release system would be
preferable. Furthermore, a sustained release system could
help to overcome the side effects evoked by high doses as
well as eliminating the need for frequent administration.
Due to the interesting physiological features of PYY3-36
and previous promising results achieved using PSi in
peptide delivery (13,14), this peptide was chosen as a
model peptide for pharmacokinetic evaluation of PSi
formulations. In the present study, the effects of three
different surface chemistries of PSi microparticles on
peptide delivery properties were investigated both i vitro
and i vwwo by using PYY3-36.

MATERIALS AND METHODS
Reagents
The silicon wafers were purchased from Cemat Silicon S.A.

(Warsaw, Poland). Ethanol (EtOH, 99.5%) was bought
from Altia (Helsinki, Finland). Hydrofluoric acid (HF)
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(37% — 39%) was acquired from Merck KGaA (Darmstadt,
Germany). The nitrogen (99.999%) and the acetylene (99.6%)
gases were bought from AGA (Espoo, Finland). Sodium
chloride solution (9 mg/ml) for injections was obtained from
B. Braun Melsungen AG (Melsungen, Germany).

Human PYY3-36 (PYY3-36, M,, 4050 g/mol) was
prepared by BCN Peptides (Barcelona, Spain). HPLC
reagents were acetonitrile (HPLC grade, JT Baker,
Deventer, The Netherlands), trifluoroacetic acid (Sigma—
Aldrich, St. Louis, MO, USA). pH 7.4, 0.15 M phosphate-
buffered saline (PBS, £=0.167) was used as a buffer in the
i vitro release experiments. The buffer contained 8.0 g
sodium chloride (JT Baker Deventer, The Netherlands),
0.2 g potassium chloride (Merck KGaA, Darmstadt,
Germany), 1.4 g disodium hydrogen phosphate (Merck
KGaA, Darmstadt, Germany) and 0.2 g potassium
dihydrogen phosphate (Merck KGaA, Darmstadt, Germany)
in 1000 ml of deionized water. In addition, bovine serum
albumin (BSA, Sigma—Aldrich, St. Louis, MO, USA) (0.1%
w/v) was dissolved to the PBS in order to prevent adsorption
of PYY3-36 onto the laboratory materials during the m vitro
experiments (35).

Particle Preparation

The preparation of free standing porous silicon films was
described previously (4). The free standing films were ball
milled and dry sieved to a 38 — 53 pm size fraction. Aiming
to remove any remaining small particles, after the dry
sieving the particles were washed on a 38 um sieve with
cthanol. The microparticles were treated with a 1:1 HF:
EtOH solution to replace the oxidized surface formed
during the milling with a hydrogen termination and dried
at 65°C for 1 h.

Thermal hydrocarbonization of PSi microparticles
(THCPSI) was performed under continuous Ny/acetylene
(1:1) flow as described earlier (18). Treatment at 500°C for
10 min was used in order to maintain partial hydrocarbon
terminated and hence a hydrophobic surface.

Functionalization of THCPSi microparticles was made
by thermal treatment of the particles in undecylenic acid
(UnTHCPSI) at 120°C for 16 h adapting the treatment for
the hydrogen terminated PSi introduced by Boukherroub
(36). Due to the stressed and unsaturated carbon-carbon
bonds existing on the hydrophobic surface of THCPS1
particles immediately after the thermal hydrocarbonization,
undecylenic acid covalently binds to the THCPS: surface
and a treatment efficiency of about 50% can be achieved
compared to the hydrogen terminated PSi (Supplementary
data S1). This clearly changes the characteristics of the
particles, such as their drug loading and release properties,
hydrophilicity and zeta potential. In addition, the carboxyl
groups attached onto the surface can be used for further

functionalization of the particles. Thermal oxidation of PSi
microparticles (TOPS1) was performed at 300°C for 2 h in
ambient air immediately after milling without any HF
treatment. The treated particles were characterized using
FTIR measurements (Spectrum BX II, Perkin-Elmer:
Supplementary data S2).

Specific surface area of the microparticles was calculated
using BET-theory (37). The pore volume, average pore
diameter and of the PSi microparticles were calculated from
desorption branch of the nitrogen sorption measurements
(Tristar 3000, Micromeritics) according to BJH-theory (38).
The calculated values for TOPS1 revealed an average pore
diameter of 10.3 nm, specific surface area of 222 m?/g and
pore volume of 0.76 cm®/g, for THCPSi; average pore
diameter of 11.2 nm, specific surface area of 273 m?/g and
pore volume of 0.94 ecm®/g and for UnTHCPSi; average
pore diameter of 10.4 nm, specific surface area of 231 m*/g
and pore volume of 0.76 cm®/ g, which slightly reduce
during the surface treatments (Table I).

Particle Loading

PYY3-36 was dissolved in water and the PSi microparticles
were immersed in the peptide solution (100 mg/ml) for
1.5 h at room temperature. The loading solution was
treated with ultrasound 3 times during the loading to
guarantee homogeneity. The particles were filtered from
the solution and dried for 3 h at room temperature and
then for an additional 30 min in a vacuum. The loading
degree was determined by thermogravimetric (T'G) analysis
(20°C/min, 25°C — 800°C Ny gas purge 200 ml/min, TGA
7, PerkinElmer) (39). The loading degrees are presented in
Table I. Two batches of loaded TOPSi were used in the
experiments. Possible interactions between the peptide and
the different PSi surface chemistries were studied with
attenuated total reflectance (ATR)-FTIR spectroscopy as
shown in Fig. 1.

In Vitro Release

Approximately 2 mg of PYY3-36 loaded TOPSi, THCPSi
or UnTHCPS: microparticles (containing 293, 250 and
347 pg PYY3-36 in TOPSi, THCPSi and UnTHCPS;,
respectively) were suspended in 1.5 ml of pre-warmed
0.15 M PBS buffer containing 0.1% w/v BSA (pH 7.4,
#=0.167, +37°C) in microcentrifuge tubes. These tubes
were placed in a water bath shaker (Grant OLS200,
Cambridge, UK) with orbital shaking at a frequency of
120 strokes/min at +37°C. At pre-determined time
intervals, the tubes were centrifuged for 2 min
(13,000 rpm, 17,000g, Heraues Biofuge Fresco, Osterode,
Germany), and supernatants were collected for the HPLC
analysis of PYY3-36 concentrations. The microparticles
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Table | The Characteristics of PSi Microparticles (38-53 um) and PYY3-36 Release Behavior In Vitro and In Vivo

PSi type Pore Specific Loading degree Load Pore volume In vitro released PYY3-36 plasma
diameter (nm) surface (% whw) (umol/m?) (cm*/g) PYY3-36 (%) concentration at
area (m?/g) I h (ng/ml)
TOPSI 10.3 222 4.4 —15.2 0.16 0.76 27x27 102.7+10
THCPSI 1.2 273 12.2 0.11 0.94 14.5+3 6.1+0.8
UnTHCPSI 10.4 231 16.0 0.17 0.76 6.2+0.6 4.1+0.7

were re-suspended in fresh pre-warmed (+37°C) PBS
buffer containing BSA (0.1% w/v) after the supernatant
collection. The concentration of water soluble PYY3-36 in
buffer was <10% of its maximum solubility (~100 mg/ml
in water), and therefore sink conditions were maintained
throughout the experiment.

High Performance Liquid Chromatography Analysis
of PYY3-36

The samples from PYY3-36 i vitro release experiment were
analyzed with a Gilson High Performance Liquid Chro-
matograph. The system consisted of an UV detector (UV/
VIS-151), pump (321), autoinjector (234), interface (506 C)
and integrator (Unipoint 3.0). The mobile phase was a
mixture of acetonitrile (31.5% v/v), water (68.5% v/v) and
trifluoroacetic acid (0.1% v/v). The analytical column was
a reverse-phase Supelco Discovery Biowide® C-18 column
(150%4.0 mm 1id, particle size 5 um, Supelco, Bellefonte,
PA, USA) which was placed in a column heater during
the analysis (+40°C). Samples were diluted appropriately
with the mobile solutions before their injection into the
HPLC system. The injection volume was 100 pl, flow
rate 1 ml/min and PYY3-36 was detected at 200 nm.
The concentrations of PYY3-36 were determined by

------------ PYY3-36

Loaded
- — -THCPSi
UnTHCPSi

Amide |
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Fig. I ATR-FTIR spectra of solid peptide PYY3-36 compared with PYY3-36
loaded THCPSi, UnTHCPSi and TOPSI.
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measuring peak areas, which were compared to a linear
calibration curve prepared using known standard PYY3-36
concentrations (1-50 pg/ml).

In Vivo Experiment

The BALB/c x DBA2 hybrid mice, for investigating PYY3-36
plasma concentrations after its intravenous and subcutaneous
delivery in different formulations, were purchased from Lab
Animal Center (Kuopio, Finland) at age of ~8 weeks,
weighing 25 — 30 g. They were group housed in a regulated
environment; temperature 22+ 1°C, relative air humidity
55%15% and 12/12 h light/dark cycle with lights on at 7 am.
Commercial rodent food (Teklad 2016, Harlan Inc.) and tap
water were available ad lLbitum throughout the experiment.
The research adhered to the Principles of Laboratory
Animal Care. The National Animal Experiment Board of
Finland approved the experiments. Procedures were con-
ducted in accordance with the guidelines set by the Finnish
Act on Animal Experimentation (62/2006) and European
Community Council Directives 86/609/EEC.

The different formulations, containing 20 pg of human
PYY3-36 in 1) TOPSi 2) THCPSi 3) UnTHCPSi or 4)
0.9% NaCl-solution were administered subcutaneously in a
volume of 200 pl and 5) 20 pg of human PYY3-36 was
injected in 0.9% NaCl-solution intravenously through
lateral tail vein in a volume of 100 pl. Blood samples were
collected from saphenous vein at predetermined time points
into heparinized microcapillaries (Drummond Microcaps,
Drummond Scientific Co. Broomall, Pa. USA). Plasma was
separated by centrifugation (+ 4°C, 3 min, 12000 rpm,
Heraues Biofuge Fresco, Osterode Germany) and frozen
immediately. Plasma samples were later analyzed using
total human PYY3-36 ELISA following the manufacturer’s
instructions (Millipore Corp., Billerica, MA, USA).

Pharmacokinetic Analysis

Pharmacokinetic parameters for PYY3-36 were determined
from plasma concentration-time data by using WinNonlin
software (WinNonlin Professional, 5.3, Pharsight Corp,
USA) and non-compartmental model for extravascular or
bolus intravenous injection in the cases of s.c. or iwv.
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administration, respectively, and with uniform weighing.
Crax and tg,, —values were obtained directly from the
plasma concentration —time data and area under the
concentration time curve-value (AUGC ) was determined
by the linear trapezoidal rule and AUC_,-value as follows:
AUC a5+ Cras /K., where Ci,q is the last measured
plasma concentration and K, is the terminal elimination
constant. Absolute and relative bioavailabilities were calculated
by using AUCq.o-values, Fapsonie”o=AUCpsi/sc.  solution)/
AUG; g solution X 100%, Frepaiive 0= AUCpsi/ AUC ¢ solution X
100%.

Statistical Analysis

Statistical differences of PYY3-36 plasma concentrations were
analyzed using 2-way Anova with Bonferroni post test for
multiple comparisons. Pharmacokinetic parameters analyzed
using 1-way Anova with Bonferroni post-test (GraphPadPrism
4.03 for Windows, GraphPad Software Inc., CA, USA).
P-value <0.05 was considered to be statistically significant.

RESULTS

In the present work, PSi microparticles with three different
surface chemistries, showing comparable porous properties,
were investigated for their abilities to sustain PYY3-36
release i vitro and in vivo. PYY3-36 was successfully loaded
into all the three types of investigated PSi microparticle
surfaces and high loading degrees were obtained for the
microparticles z.e. 12.2, 15.2 and 14.4, 16.0% (w/w) of
PYY3-36 in THCPSi, two batches of TOPSi and
UnTHCPSi, respectively. Sustained PYY3-36 delivery
was achieved with all the microparticles, TOPSi, THCPSi
and UnTHCPSi but the surface chemistry strongly
affected the PYY3-36 release both in vitro and i vivo. The
characteristics of PSi microparticles and their PYY3-36
releasing behavior i vitro and i viwo are summarized in

Table I.
In Vitro Release

PYY3-36 release from TOPSi, THCPSi and UnTHCPSi
microparticles was measured for 14 days wm vitro (Fig. 2).
There was sustained but incomplete PYY3-36 release from
all the investigated surfaces and the surface chemistry
affected the fraction of peptide released. The highest
peptide fraction was released from TOPS1 (27.71+2.7% of
loaded PYY3-36, mean=SEM) followed by THCPSi
(14.5£3.0%) and UnTHCPSi (6.2£0.6%) microparticles,
indicating weaker n vitro interactions between PYY3-36
and TOPSi than between PYY3-36 and THCPS:i or
UnTHCPS.. This hypothesis is supported by an ATR-FTTR

35 4 —=— TOPSI
1 —=&— THCPSI
—¥— UnTHCPSI

Released PYY; 55 (%)

OF—T—— T T T T T 1
0 2 4 6 8 10 12 14
Time (d)

Fig. 2 In vitro PYY3-36 release from PSi microparticles with three
different surface chemistries (PBS, pH 7.4, 37°C) (Mean =SEM, n=4).

analysis of the peptide loaded PSi. The spectral features
of PYY3-36 are superposed on the characteristic spectra
of the different PSi surface chemistries after the peptide
loading, as presented in Fig. 1. The most notable features
are appearance of the broad amide I and II bands
centered at 1650 em™ and 1550 cm™. Compared with
the solid PYY3-36, used as a reference, the adsorption into
PSi does not cause major alterations to the F'TIR spectra
of the peptide. The PYY3-36 loaded TOPSi shows
practically no detectable changes in the characteristic
amide band regions, for example, the amide I band at
1650 cm™ does not indicate appreciable shift compared
with the reference spectra. Similarly, the amide II band
appears unchanged. However, The PYY3-36 loaded
THCPSi and UnTHCPSI spectra show small changes in
both, the amide I and II band regions. In both cases, there
appears to be a general shift of 4-5 cm™ towards higher
wavenumber. These small shifts are considered to be
related to local changes in a particular conformation (40).
As the main difference between the PSi surface chemistries
is their hydrophilicity, the shift in the amide bands
presumably indicates that peptide has a slightly different
orientation after the adsorption to the pore wall surface of
THCPS:1 or UnTHCPSI microparticles.

Pharmacokinetics of PYY3-36 After Subcutaneous
Delivery via PSi Microparticles in Mice

A dose of 20 pg of PYY3-36 was administered using the
differently surface treated PSi microparticles (TOPSi n=5,
THCPSi =6 and UnTHCPS1 n=6, s.c.). Subcutaneous
(n=4) and intravenous (n=6) PYY3-36 (dose 20 pg)
solutions were studied as controls. First, there was
sustained PYY3-36 release from all the microparticles
(Fig. 3). When PYY3-36 was injected in a subcutaneous or
intravenous solution, the peptide had been eliminated
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within 12 h from the plasma (Fig. 3). On the contrary,
after administration of the PYY3-36 loaded microparticles,
PYY3-36 could be detected in plasma up to 96 h after
the injections (Fig. 3). After administration of the PSi
formulations, there are many simultaneous pharmacokinetic
processes; PYY3-36 release from the PSi, absorption to
the blood circulation and elimination. When terminal
half-lives (t;,o) were calculated for circulating PYY3-36,
the results were 7£1 (mean+SEM), 21+£2 and 20+1 h
after subcutaneous administration of TOPSi, UnTHCPSi
and THCPSi, respectively, whereas the half-life of the
PYY3-36 solution was a mere ~25 min (Table II). This is
evidence for so-called flip-flop pharmacokinetics for
PYY3-36 delivery via PSi microparticles since the peptide
release from the microparticles controls the detected
PYY3-36 plasma concentrations (41).

Secondly, the particle surface chemistry strongly affected
the release rate of PYY3-36 and hence modified the
pharmacokinetics (Table II). The highest PYY3-36 peak
concentration (Cp,,,) was obtained for TOPSi being 103 +
8 ng/ml, when the corresponding values for THCPS1 and
UnTHCPS1 were 2216 ng/ml and 13+2 ng/ml, respec-
tively. However, the time when the G, was reached (t;.x)
with TOPSi (51+9 min) was significantly delayed when
compared with t,,,, values of THCPSi and UnTHCPSi
(11£2 min and 19£8 min, respectively), but not from that
of the s.c. solution (2611 min). PYY3-36 plasma
concentrations were significantly higher until 4 h after
the administration with TOPS1 microparticles compared
with THCPSi and UnTHCPSi.

Thirdly, the extent of released fraction of PYY3-36
exhibited the same rank order TOPSi>THCPSi>
UnTHCPSI @ vitro and i vivo, but the absorbed fractions
were higher  vivo than the released fractions i vitro (Figs. 2

1000
—=— 20 g PYY + TOPS
£ 1003 —— 20 ug PYY + THCPSI
k= —¥— 20 ug PYY + UnTHCPSI
g -4 20 g PYY
o
£
(2]
©
Qo
g
Ny
Z 014
»
0.01 T T T T T T T 1
0 12 24 36 48 60 72 84 96

Time (h)

Fig. 3 Sustained PYY3-36 release after delivery in PSi microparticles is
affected by surface chemistry of the microparticles (THCPSi and
UnTHCPSi n=6, TOPSI n=15, PYY3-36 solution s.c. n=4, mean = SEM).
*TOPSi vs. THCPS/UnTHCPSI p<0.001 O-I h; p<0.005 TOPSI vs.
THCPSIAUNTHCPSI at 4h.
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and 3). The absolute bioavailability of PYY3-36 after
administration in TOPSi was 98 £ 16% indicating complete
peptide release and absorption from the particles, while the
absolute bioavailabilities after PYY3-36 delivery in THCPSi
and UnTHCPSi were 13%£2 and 9%1%, respectively
(Table II). Interestingly, the bioavailability of s.c. PYY3-36
solution was only 38%7%. The relative bioavailabilities,
when compared with s.c. solution, of PYY3-36 after
administrations in TOPSi, THCPSi and UnTHCPSi were
256+41%, 34+3% and 25£2%, respectively (Table II).

DISCUSSION

The experimental protocol and the results are summarized
in Fig. 4. In general, the drug molecules are adsorbed non-
covalently onto PSi and released from the surface and the
pores by simple diffusion as PSi wetted by the solvent or
when PSi dissolves (14,42,43). The structure of the pore
wall surface and the functional groups of the drug affect the
adsorption interactions (4,5). Here, the investigated
THCPSi, UnTHCPS: and TOPS: microparticles had
comparable porous properties, e specific surface area,
pore diameter and pore volume, and PYY3-36 loading
degree (12—16% w/w) as presented in Table I. Therefore,
the effect of porous properties of the investigated PSi
microparticles on PYY3-36 release can be excluded and
the results are explained by the surface chemistry of PSi.
Previously, effect of PSi surface chemistry on i wvitro
release of a protein (papain) from PSi powders was
demonstrated (8). In the present study, three PSi surfaces
were characterized for i vitro and m vivo peptide (PYY3-36)
delivery; TOPSI surface is the most hydrophilic, whereas
UnTHCPSi is moderately hydrophilic and THCPS:i is
hydrophobic.

The ATR-FTIR analysis of the loaded TOPS1, THCPSi
and UnTHCPS1 do not indicate strong interactions
between the PSi surface and the loaded PYY3-36. Instead,
the negligible differences observed with TOPSi may
indicate that combined with the better wettability of the
material, the peptide is readily desorbed from the surface,
while with more hydrophobic THCPSi and UnTHCPS:
PYY3-36 may be oriented towards the surface of the PSi
according to its hydrophobic segments. The carboxylic acid
terminated UnTHCPSi surface additionally indicates
slightly stronger conformational changes than THCPSi, as
the o-helix structure and random conformation related
peaks at 1654 cm™ and 1641 cm’™
pronounced (44). The presence of possible hydrogen

become more

bonding between the surface carboxyl groups and the
peptide amine groups cannot be excluded, as both the
amide I band and the adjacent carbonyl peak at 1715 em™
overlap considerably.
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Table Il Pharmacokinetic Values of PYY3-36 (Dose 20 ug) after Subcutaneous (s.c.) and Intravenous (i.v.) Administration in Mice. PYY3-36 was
Delivered in Solutions (i.v., s.c.) and in Mesoporous Silicon (PSi) Microparticles (s.c.) with Different Surface Chemistries; Thermally Oxidized (TOPSI),
Thermally Hydrocarbonized (THCPSI) and Thermally Functionalized THCPSi with Undecylenic Acid (UnTHCPSI). (Mean = SEM, n=4-6)

PYY sol i.v. PYY sol s.c. TOPSI s.c. THCPSI s.c. UnTHCPSI s.c.

Crnax (ng/ml) 2327 +725 137 +35° 103 +87° 22 +670< 13+29¢

tax (MIN) 3+ 26+ 11 51 +97 I =29 19+87

t,, () 0.4 +0.02 0.4+0.02%¢ 7+ 19 20+ |°¢ 21 +20¢
AUCq. 1t (h ng/ml) 471 +75 181 =31° 457 +73° 59 +59 44+5°
AUCq... (h ng/ml) 471 +75 181 =31° 462+73° 61 =67 45457

F(%) 38+7° 98+ 167 13 +2° 9+ |°

Freiative, 5.c.(%) 256 +41° 34+37 25+2°

“p<0.001 TOPSi vs. THCPSI/UnTHCPSI/S.c. solution
®p<0.01 TOPSi vs THCPSI

“p<0.001 S.c. solution vs THCPSI/UnTHCPS
9p<0.05 TOPSi vs THCPS//UnTHCPSi/S.c. solution

Different surface
chemistries of PSi

Loading of human microparticle nanopores
PYY3-36
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Fig. 4 Peptide YY (PYY3-36) was loaded into the nanopores of porous silicon microparticles with three different surface chemistries. The formulations
were investigated both in vitro and in vivo. The surface characteristics clearly influence the PYY3-36 delivery. TOPSi improves the relative bioavailability and
UnTHCPSI shows the most sustained release.
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Surface chemistry of PSi clearly affected i vitro (Fig. 2)
and i vivo release of PYY3-36 (Table II). Both & vitro and
viwo results indicate that TOPSI released PYY3-36 most
efficiently but the absorbed fraction of PYY3-36 was higher
i viwo than the released fraction in witro. These results
demonstrate the importance of both surface chemistry and
release medium in the release of PYY3-36 from PSi. The
interactions between PYY3-36 and PSi surface control the
peptide release, which is further affected by compounds
present in the release medium that may influence diffusion-
controlled peptide release or dissolution rate of PSi. As
mentioned earlier, in addition to the diffusion, the drug
release can take place as the PSi degrades as was shown by
doxorubicin release from oxidized PSi nanoparticles
during their dissolution (42). Of the PSi microparticles
investigated here, the degradation rate of TOPSI is the
fastest while THCPSi is the most stabile. The faster
degradation of TOPSI could partially explain the differences
seen in the bioavailabilities values (9816, 9+ 1 and 13+2%,
respectively). To illustrate the complexity between the PSi
i vitro and n vivo results, it was recently shown that PSi
degrades faster in serum, than in phosphate buffered
saline (PBS) (45), supporting our observations of significantly
faster i vwo degradation of THCPSi (unpublished data).
Therefore, the PSi degradation might not affect significantly
the peptide release m vitro in the time frame of the
experiment (14 days), but it may play a role i vio. In
addition, more hydrophobic particle surface of THCPS1 and
UnTHCPS! decreases their wetting which might slow down
the peptide release.

Recently, interactions of three proteins, HSA, lysozyme
and papain with TOPS1 microparticles were investigated i
vitro and TOPS1 was shown to be able to preserve the native
structure of the proteins and therefore the investigated
proteins were suggested to maintain their biological activity
(46). In addition, a recent study regarding the adsorption of
lysozyme on silica nanoparticles indicated that even the
conformation of a peptide may change due to the
adsorption, these changes are reversed during desorption
(47). The method used in the present study, for detecting
PYY3-36 from plasma (ELISA), is based on specific
antibody binding to active human PYY. Therefore, the
assay confirms the activity of the delivered peptide. In the
present study, PYY3-36 loading into PSi microparticles
protected PYY3-36 from degradation before its release from
the particles, since the peptide could be detected during
several days from the blood circulation. The interesting result
1s that the TOPSI microparticles significantly improved the
absolute bioavailability of PYY3-36 (98 16%) from that of
the s.c. solution (38+7.5%). These results suggest that a
complete absorption of subcutaneous PYY3-36 requires a
tailored controlled release formulation instead of an immediate

@ Springer

release formulation, such as solution. Also a permeation
enhancing feature of PSi could also account for improved
bioavailability since PSi has been reported to improve the
vitro permeation of furosemide (48) and insulin through
Caco2-monolayers (11). However, it must be noted that,
despite the promising earlier and present results, TOPSi
might not be optimal for all peptides and proteins, because it
is more reactive than more hydrophobic PSi surfaces. In
addition, further studies are needed to clarify the mechanism
of subcutancous PYY3-36 absorption.

CONCLUSION

This work demonstrates that PSi microparticles are
capable to achieve a high a peptide loading degree and
sustained m vivo PYY3-36 delivery over several days. In
addition, the peptide releasing properties can be modified
with different surface chemistries and therefore the release
can be optimized as needed for the particular peptide. In
the case of PYY3-36, TOPSi microparticles are capable of
significantly improving the absolute bioavailability when
compared with subcutaneous administration of PYY3-36
solution.
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