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ABSTRACT: Postmodification of alginate-based microspheres with polyelectrolytes (PEs)
is commonly used in the cell encapsulation field to control microsphere stability and
permeability. However, little is known about how different applied PEs shape the (@
microsphere morphology and properties, particularly in vivo. Here, we addressed this &
question using model multicomponent alginate-based microcapsules postmodified with PEs Eo
of different charge and structure. We found that the postmodification can enhance or impair L
the mechanical resistance and biocompatibility of microcapsules implanted into a mouse ?
model, with polycations surprisingly providing the best results. Confocal Raman microscopy <
and confocal laser scanning microscopy (CLSM) analyses revealed stable interpolyelec-
trolyte complex layers within the parent microcapsule, hindering the access of higher molar
weight PEs into the microcapsule core. All microcapsules showed negative surface zeta -
potential, indicating that the postmodification PEs get hidden within the microcapsule Droper{\es
membrane, which agrees with CLSM data. Human whole blood assay revealed complex

behavior of microcapsules regarding their inflammatory and coagulation potential. Importantly, most of the postmodification PEs,
including polycations, were found to be benign toward the encapsulated model cells.
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B INTRODUCTION access and insulin release) and the “invisibility” of the graft to
the host immune system. Fulfilling these requirements is
closely tied to the control of key microsphere properties,
including biocompatibility, stability, and permeability.'*
Among different materials used for the preparation of
microspheres for pancreatic islet encapsulation, PE-based
materials, and particularly those containing sodium alginate
(SA) as the main component, have attracted the most
attention.” SA has been applied to fabricate simple ionotropi-
cally cross-linked microspheres (so-called alginate microbe-
ads)" as well as more complex variants involving additional
PEs, embedded via interpolyelectrolyte complex (IPEC)
formation, that are typically denoted as microcapsules."*~"”
Cell encapsulation in alginate microspheres has been the
subject of several clinical trials; however, the expected clinical
benefit is yet to be reached.'” Current efforts in alginate
microsphere development are primarily centered on enhancing
the biomaterial biocompatibility through various approaches,
including microbead size control,'® introduction of antifibrotic

Polyelectrolytes (PEs) are finding extensive applications in
diverse fields, including environmental technologies, biotech-
nology, biomedicine, pharmacy, energy storage and conversion,
and electronics.'~” PE-based materials often take the form of
noncovalently cross-linked hydrogels that can be conveniently
produced via processes such as ionotropic gelation or
interpolyelectrolyte complexation under physiological con-
ditions. Importantly, these materials often show the functional
properties necessary for their applications in vivo. One
prominent application involves the encapsulation of living
cells in PE-based hydrogels, a strategy used in various cell
therapies to prevent graft rejection while avoiding the side
effects of systemic immunosuppression.” The encapsulated
cells continuously secrete therapeutic molecules, such as
hormones, with the hydrogel shielding the cells from the
immune system and ensuring their long-term survival and
function.”

Microencapsulation of insulin-producing cells in PE-based
hydrogel microspheres is considered as a next-generation
treatment for type I diabetes.'” Although the principle of Received:  February 18, 2024
immunoisolated pancreatic islet transplantation was proposed Revised: ~ May 31, 2024
more than four decades ago,11 it still remains unavailable in Accepted:  May 31, 2024
clinical practice. Two contradictory requirements make this Published: June 10, 2024
strategy particularly challenging: the free communication of the
transplanted islets with the host organism (e.g., the nutrient
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moieties onto the microbead surface,'” transplantation site
selection,'”® incorporation of antifibrotic chemokine
CXCL12,”° and the use of sulfated SA*' or zwitterion-
modified SA.>> Nevertheless, the inherent drawbacks of
alginate microbeads, e.g, the long-term structural instabil-
ity”»** or insufficient molar weight cutoff (MWCO) control,”
have not been fully addressed. Importantly, these problems can
be potentially mitigated by introducing an additional interface
into the microsphere through an IPEC formation. Interest-
ingly, the pioneering report by Lim and Sun already proposed
that the stability and permeability of alginate microbeads could
be controlled by coating with poly(i-lysine) (PLL) and
polyethyleneimine, utilizing the residual charges in the alginate
hydrogel network.'' Later, this approach was further
developed, mainly by employing PLL and poly(L-ornithine)
as additional PEs.'*'’® However, the potentially inflamma-
tory character of polycations of the PLL type has been
highlighted in a number of studies.'”">*”*' Consequently,
polycation-containing microspheres tend to be considered as
potentially problematic materials with high inflammation
potential within the encapsulation community. Nevertheless,
the situation is more complex because microsphere properties
and performance may differ dramatically depending on the
polycation structure and its localization within the microsphere
hydrogel network. Indeed, some types of cation-containing
alginate-based microspheres, e.g.,, polyallylamine-coated algi-
nate microbeads’’ and, particularly, the so-called PMCG
microcapsules,'*” consisting of polyanions SA and sodium
cellulose sulfate, SCS, and the polycation poly(methylene-co-
cyanoguanidine), PMCG, showed lower induction of inflam-
mation (complement and inflammatory cytokines) in the
human whole blood assay (WBA) as compared to PLL-coated
alginate microbeads””* and minimal pericapsular fibrotic
overgrowth (PFO) in animal models.”® Especially the
multicomponent systems of the PMCG microcapsule type
may thus represent an alternative design for which the
interaction of different present PEs yet remains to be fully
elucidated. More specifically, additional data are critically
needed in order to assess the interactions of PE-based hydrogel
microspheres with externally applied PEs and to recognize
whether this strategy can improve the key microsphere
properties (e.g, mechanical resistance, permeability control,
or long-term stability in vivo) without significantly compromis-
ing their biocompatibility.

In this work, we synthesized a library of cationic, anionic,
and ampholytic PEs and employed them to postmodify PMCG
microcapsules as model PE-based microspheres. We took
advantage of the PMCG microcapsule’s unique multicompo-
nent character whereby the unsaturated charges in the
polyanionic (SA, SCS) and polycationic (PMCG) components
can be used to form IPEC with the additionally applied PE. We
then applied a battery of methods—an IgG permeability assay,
inverse size-exclusion chromatography (iSEC), confocal
Raman microscopy (CRM), confocal laser scanning micros-
copy (CLSM), zeta potential measurements, cell viability assay,
and human WBA—to study how the postmodification impacts
on the key microcapsule properties and to obtain further
insights into the underlying phenomena. This was comple-
mented by in vivo data, obtained using a mouse model, that
unveiled the potential of the postmodification strategy in the
context of cell therapies. Importantly, we revealed that certain
polycations significantly enhanced the biocompatibility and in
vivo mechanical stability of PMCG microcapsules, while
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keeping the postmodified microcapsules noncytotoxic to the
encapsulated model cells and maintaining a similarly low level
of inflammatory potential as the parent PMCG microcapsules.

B EXPERIMENTAL SECTION

Materials. UltraPure sodium alginate (SA; Pronova UP MVM, lot
# FP-501-04, 54 mol % mannuronic units) was obtained from
NovaMatrix (Sandvika, Norway). The weight-average molar weight,
M,, for this SA lot (271 000 g-mol™’, D = 1.8) was determined in our
laboratory by size-exclusion chromatography equipped with multi-
angle laser-light scattering and refractive index detectors (SEC-
MALS).** Chitosan 95/20 (M,, = 76000 gmol™ and de%ree of
acetylation DA = 2.5%, as determined in our laboratory™) was
obtained from Heppe Medical Chitosan GmbH (Halle, Germany).
Dextran (M,, ~ 100000—150000 g'mol™" as indicated by the
manufacturer), 1,3-propane sultone (PrS, 98%), glycidyltrimethylam-
monium chloride (GTMAC, >90%, 20—25% water content),
fluorescein 5(6)-isothiocyanate (>90%, FITC), Whatman filter
paper type 1450-917, SO;-DMF complex (97%), sodium acetate
(>99%), 1-cyanoguanidine (99%), paraformaldehyde (95%), ammo-
nium chloride (>99.5%), sodium carbonate (>99.5%), sodium
bicarbonate (>99.5%), Dulbecco’s modified Eagle’s medium
(DMEM), RPMI, and CMRL-1066 media, human serum albumin
(HSA), horse serum (HS), and fetal bovine serum (FBS) were
obtained from Sigma Aldrich. Dialysis membrane (Spectra/Por, molar
weight cutoff MWCO, 1 000 and 3 500 g:mol™") was purchased from
Spectrum Laboratories Inc. (New Brunswick, NJ). DMF (>99.5%)
was purchased from Fisher Chemical and stored under argon over 3 A
molecular sieves. An ELISA kit for the human terminal complement
complex was obtained from Hycult Biotech, Uden, Netherlands.
ELISA kit for mice cytokines and Alexa Fluor 488 goat antihuman
IgG (FITC-IgG, 150000 g'mol™') were obtained from Molecular
Probes, Invitrogen. MTT and FDA/PI fluorescence staining assay kits
were purchased from Sigma-Aldrich. NaCl and CaCl,-2H,0
(biotechnology grade) were purchased from Lach-ner, s.r.o
(Neratovice, Czech Republic).

Synthesis of Polymers. Quaternized Chitosan (CQM, CQH). N-
((2-Hydroxy-3-trimethylammonium)propyl) chitosan salts, com-
monly known as quaternized chitosan, were synthesized through the
reaction between chitosan and GTMAC under acidic conditions,
following the procedure described by Heydari et al.*®

Quaternized Dextran (DQM). O-((2-Hydroxy-3-
trimethylammonium)propyl) dextran salt, commonly known as
quaternized dextran, with an average degree of substitution (DS) of
0.34 was synthesized by the reaction between dextran and GTMAC
under basic conditions according to the procedure described by
Heydari et al.*®

Polyampholyte Chitosan (CAM). N-(3-Sulfopropyl) chitosan salt,
denoted as polyampholyte chitosan, was synthesized by reacting
chitosan with PrS under neutral conditions,* resulting in DS of 0.61.

Poly[(2-methyl-2-oxazoline)-co-(ethylene imine)] (POX). The
statistical copolymer POX was prepared by a two-step synthesis,
including the living cationic ring-opening polymerization of 2-methyl-
2-oxazoline followed by partial acidic hydrolysis of the obtained
poly(2-methyl-2-oxazoline) using the conditions providing 18 mol %
of ethylene imine units.*”

Sodium Cellulose Sulfate (SCS). The synthesis of SCS was based
on the method of Schweiger.”® In a typical experiment, cellulose
(Whatman paper 1450-917, nondried, cut to ca. 0.5 X 0.5 cm pieces;
4.313 g, 26.6 mmol) was mixed with dried DMF (121 mL) in a 1000
mL jacketed reactor equipped with a powerful mechanical stirrer and
connected to an argon inlet, and the suspension was left standing
overnight. Then, the mixture was water-cooled to ca. 15 °C, and the
SO; stock solution in DMF (95 mL, 1.12 M, 106.4 mmol of SO5;
prepared from SO;-DMF under inert conditions) was added to the
reactor through a Teflon cannula, under an argon flow, at slow stirring
(50 rpm). After the addition, the reactor was tightly closed, the
stirring speed was increased to 250 rpm, and the cooled mixture was

stirred for 3 h. The filter paper gradually disintegrated and dissolved
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during the reaction, ultimately yielding a homogeneous gel-like,
semitranslucent mixture. Afterward, a solution of sodium acetate
(26.18 g, 0.3192 mol) in water (178 mL) was added to the reaction
mixture, and the formed fine, white suspension was stirred at 500 rpm
for 50 min. Then, the powdery solids were collected on a glass frit,
successively extensively washed with acetone, 95% MeOH, and
MeOH, and finally dried in a vacuum at 30 °C overnight. A white
powdery product (14.662 g) was obtained. The DS value of 2.9 was
determined from the elemental analysis of a sample of the product
from which sodium sulfate was removed via rapid dialysis (4 X 30
min, MWCO = 1000 g-mol™") followed by freeze-drying; note that
prolonged dialysis appears to lead to product degradation (including
loss of sulfate groups). The formula DS = 2.25 X (S/C) was used for
the calculation, where S and C are wt % of sulfur and carbon,
respectively, determined by the elemental analysis. Note that the
product contains sodium sulfate originating from the neutralization of
the residual SO;. The content of sodium sulfate of 27 wt % was
calculated by comparing the elemental analysis data of the
nondialyzed and dialyzed products.

Poly(methylene-co-cyanoguanidine) (PMCG). PMCG was pre-
pared according to the method of Zang and Li*° with some
modifications. In short, formalin solution, freshly prepared from 7.330
g (0.232 mol) of paraformaldehyde and 13.5 mL of water, was added
to a 100 mL flask containing 1-cyanoguanidine (13 g, 0.155 mol) and
ammonium chloride (8.27 g, 0.155 mol). The mixture was stirred at
80 °C for 3 h. Afterward, the clear solution was cooled down to room
temperature, and the product was precipitated in 30-fold (v/v) excess
of isopropyl alcohol, collected on a glass frit, washed thoroughly with
isopropyl alcohol, and dried in a vacuum at 50 °C. The M,, of ~3000
g:mol™"! was determined by SEC-MALS.

FITC-Labeling of Polymers. FITC-labeled CQM, CHM, and
CAM chitosan derivatives were prepared according to Son et al.*’
Briefly, a polymer (0.1 g) was dissolved in 0.5 mol-L™" aqueous
solution of Na,CO; (9 mL), and FITC (5 mg, 0.013 mmol),
dissolved in 0.5 mol-L ™" Na,CO; (1 mL), was added dropwise to this
polymer solution. The reaction proceeded under stirring at room
temperature for 24 h. FITC-labeled DQM and SCS were prepared
according to the published procedure.*’ Shortly, a polymer (0.1 g),
FITC (0.01 g 0.026 mmol), pyridine (40 yL, 0.5 mmol), and
dibutyltin dilaurate (8 uL, 0.01 mmol) were dissolved in dimethyl
sulfoxide (DMSO, 10 mL). The reaction proceeded at 90 °C for 4 h.
FITC-labeled POX was prepared as follows: POX (0.1 g) and
NaHCO, (0.173 g, 2.0S mmol) were dissolved in 10 mL of water.
Then, FITC (S mg, 0.013 mmol) dissolved in DMSO (3 mL) was
added dropwise to the POX solution, and the reaction mixture was
stirred overnight at room temperature. All the FITC-labeled polymers
were dialyzed against water (MWCO of 1000 g:mol™"), and products
were isolated by freeze-drying. All the synthesis and isolation steps
were performed in the dark.

Preparation of PMCG Microcapsules. PMCG microcapsules
were formed by polyelectrolyte complexation between polyanions (SA
and SCS) contained in the polyanion (PA) solution and a polycation
(PMCG) in the polycation (PC) solution, with the latter solution also
containing the SA-gelling ions, following the procedure described
previously®> with some modifications. The PA solution contained
0.81 wt % SA and 0.88 wt % SCS dissolved in 0.9 wt % NaCl solution.
The PC solution contained 1.5 wt % PMCG, 1 wt % CaCl,, and 0.9
wt % NaCl. The pH of both the solutions was adjusted to 7.4, and the
solutions were filter-sterilized using a 0.22 pm cellulose acetate
syringe filter and bottle-top filters for PA and PC solutions,
respectively. Filtration and microcapsule preparation were performed
under sterile conditions in a laminar flow hood.

The PA solution was air-stripped at a flow rate of 0.60 + 0.05 g-
min~' using a custom-designed coaxial nozzle to generate micro-
capsules with a diameter of about 900 gm. The resulting droplets
were allowed to fall into a PC solution flowing in a glass multiloop
reactor,” consisting of 7 loops with an inner diameter of $ mm and a
loop diameter of 11 cm, at a flow rate of 47 + 1 g-min~". The gelling
reaction time was maintained at S0 + 4 s, which was achieved by
controlling the microcapsule residence time in the multiloop reactor.
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The microcapsules were then collected at the end of the reactor in a
beaker with 150 mL of a washing solution (WS), containing 0.022 wt
9% CaCl, (2 mmol-L™!) and 0.9 wt % NaCl solution (pH adjusted to
7.4), to quench the gelling reaction. The WS was replaced at 1 min
intervals, and the microcapsules were washed three times with 150
mL of WS using a stainless-steel sieve after each collection to ensure
an effective exchange of solutions between the washing steps. The
prepared PMCG microcapsules were divided into seven aliquots, with
six aliquots subjected to postmodification and the remaining one used
as a control (parent PMCG microcapsules).

Postmodification of PMCG Microcapsules. The postmodifica-
tion was performed for 10 min at ambient temperature through gentle
mixing of PMCG microcapsules in solutions containing 0.2 wt % of
respective polyelectrolytes (PEs) dissolved in 0.9 wt % NaCl with pH
adjusted to 7.4, at a microcapsules-to-polymer solution volume ratio
of 1:20. Microcapsules were then washed three times with WS. The
prepared postmodified microcapsules were either stored in WS in the
fridge (denoted as “after preparation”), stored in the CMRL medium
at 37 °C for 2 weeks, or shipped in WS to CellTrans, Inc., Chicago,
for the intraperitoneal implantation to CS7BL/6 mice. These
microcapsules were retrieved 2 weeks postimplantation and shipped
in WS back to the Polymer Institute SAS for characterization (marked
as “after retrieval”). The microcapsules were characterized in WS (for
microcapsules after preparation and after retrieval) or in CMRL (the
CMRL-treated microcapsules).

Size-Exclusion Chromatography. The molar weights, MW,
molar weight distributions, MWD, and dispersity, D, of polymers used
for the preparation and postmodification of microcapsules were
obtained by the aqueous-phase SEC-MALS. The conditions
established for the characterization of polyanions®**’ were used to
characterize SA, SCS, and CAM, whereas the conditions established
for the characterization of polycations®** were used to characterize
CQM, CQH, DQM, POX, and PMCG polymers. The refractive index
increment, dn/dc, values were obtained via an online measurement
using the WinGPC Unichrom routine (Polymer Standards Service,
Mainz): SA 0.149 mL-g~",** SCS 0.063 mL-g™!, CAM 0.120 mL-g~",
CQM and CQH 0.187 mL-g"',>** DQM 0.151 mL-g”!, POX 0.182
mL-g_I, and PMCG 0.190 mL-g_l.

NMR. NMR spectra were recorded on a Bruker Avance III HD-
400 spectrometer at 25 °C.

Microcapsule Size and Membrane Thickness. The diameter
and membrane thickness of microcapsules (n = 20) were measured
using an optical microscope from Optika SRL (Ponteranica, Italy)
equipped with a Moticam 1.3MP camera and a Motic Images Plus 2.0
software.

Compression Resistance. The mechanical stability of the
microcapsules (n = 20) in a compression mode was evaluated as a
force required to rupture a single microcapsule (in g) using a Texture
Analyzer XTplus (Stable Micro Systems, Godalming, U.K.) equipped
with a Texture Expert software. Microcapsules were exposed to the
compression force applied by a mobile probe moving vertically at a
speed of 0.5 mm-s™".

Spatial Distribution of Fluorescently Labeled Polymers in
Microcapsules by CLSM. A confocal laser scanning microscopy
(CLSM) microscope Zeiss LSM 510 (Carl Zeiss, Jena, Germany)
equipped with a 10/0.45 NA Apochromat objective was used to
evaluate the spatial distribution of FITC-fluorescently labeled
polymers according to the previously reported protocol.”* The
fluorescence intensity across the equatorial cross-section of micro-
capsules (n > 6) was determined to evaluate the relative local
concentration of labeled polymers. Microcapsules after preparation
and after exposure to CMRL were analyzed in WS and in CMRL,
respectively. To measure fluorescence intensity, an excitation
wavelength of 488 nm and an emission wavelength of S0S nm were
used. The raw data were normalized to the maximum intensity. The
distance along the microcapsule diameter was calculated as a
percentage of the diameter, ranging from 0 to 100% between the
opposite edges of the microcapsule. The data were analyzed using
ZEN software (Carl Zeiss, Jena, Germany) and smoothed using
OriginPro (OriginLab Corp.).
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Spatial Distribution of Polymers in Microcapsules by CRM.
All experiments were performed on the WITec alpha300 R+ confocal
microscope, which was equipped with the WITec UHTS300
spectrometers, at a controlled ambient temperature of 23 °C. The
water immersion objective Carl Zeiss 20x/1NA was used for the
analysis of microcapsules using the 785 nm laser line for the excitation
of the Raman signal. The spectra collection time was typically in the
range of 25 s using a line scan with the stepwise scanning of a step size
from 1 to 20 um, depending on the required level of resolution. The
overall time to create the CRM intensity profile of the respective
polymer along the equatorial microsphere cross-section was
approximately 60 min. The Carl Zeiss 50x/0.8NA objective was
used to analyze the polymers used for the postmodification in a
powder form. The instrument was controlled by WITec Suite
software. All other details of the CRM setup are provided in our
previous work.>*

The absolute SA, SCS, and PMCG concentrations in microcapsules
were determined by adopting the calibration protocol established for
SA.>* Figure S1 shows typical Raman spectra for SCS and PMCG
polymers in saline solutions (0.9 wt % NaCl) that were used for
calibration. The spectra were first background-subtracted in WITec
software using the sixth-order polynomial fit with an automatic noise
filter set to 2. The range intervals without significant vibrations were
used for the definition of the polynomial fit. Once the data were
background-subtracted, the fitting models were used to extract data.
The data ranges for background subtraction are shown in Table SI.
Then, the characteristic peaks for SA, SCS, PMCG, and water were
fitted by Gaussian curves within the ranges and parameters for the
fitting models contained in Table S2.

The calibration solutions were made in saline in the concentration
ranges from 0.1 to 3.0 wt % and from 1 to 3 wt % for SCS and PMCG,
respectively. The CRM spectra were acquired from solutions placed in
a Petri dish. The signal was gathered by the direct immersion of the
objective into the solution. Between 64 and 128 sampling points were
used with the exposure time between S and 25 s. The details of these
measurements are contained in Table S3. The concentrations were
evaluated from each Raman spectrum using the areas obtained from
fitting models by the normalization of the area of the characteristic
peak of a given polymer to the area of the water-bending peak.”* Such
a normalized area was used to create a linear equation correlating the
normalized area with concentration. The medians of normalized peak
areas for every concentration were fitted with a linear function (Table
S4). Linear fits of percentiles (S and 95%) for each concentration
were employed as confidence bands for the error evaluation of the
concentration of polymers SA, SCS, and PMCG. For determining the
absolute concentrations of these polymers in microcapsules, the same
sixth polynomial model was used as described above. After the
background subtraction, the spectra of microcapsules were evaluated
with a slight modification of the ranges of interest for SA and PMCG
polymers compared to those used for calibration in order to limit the
interference due to a higher number of peaks in spectra of
microcapsules compared to those for individual polymers. For
PMCG, a summation of two Gaussian curves was used to fit the
data in the region of interest since this region contains vibrations from
both PMCG and SCS. Table SS shows the data ranges and conditions
used for determining the absolute concentrations of individual base
polymers present in PMCG microcapsules.

FITC-IgG Permeability Assay and Spatial Distribution of
Labeled PEs by CLSM. To evaluate the penetration of FITC-IgG
into the interior of microcapsules, microcapsules (n = 6) were
incubated for 24 h at 37 °C in 1 mL of a solution containing 20 ug-
mL™! of FITC-IgG, 0.9 wt % NaCl, and 0.022 wt % CaCl,-H,0 at pH
7.4. The fluorescence intensity was determined by CLSM at the
equatorial cross-section using the excitation and emission wavelengths
of 488 and 505 nm, respectively. Identical CLSM setup and method
were used for the visualization of fluorescently labeled PEs.

Molar Weight Cutoff by Inverse Size-Exclusion Chromatog-
raphy. The molar weight cutoff (MWCO) for selected microcapsules
after their preparation and after the CMRL treatment was determined
by inverse size-exclusion chromatography (iSEC) following the
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principles* and experimental setup®® described previously. In this
study, the eluent consisted of 0.9 wt % NaCl, 0.022 wt % CaCl,, and
200 ppm NaN; with pH adjusted to 7.4. Narrowly distributed
pullulan standards (Polymer Standard Service, Mainz, Germany), with
MW from 180 to 805 000 g-mol™’, and dextran standards (American
Polymer Standard Corp., Mentor), with MW from 1320 to 3 800 000
g-mol ™!, were dissolved in the eluent and injected at the concentration
of 3 mgmL™"' via the 100 uL loop onto the column formed by
microcapsules (packed volume ~8 mL) positioned in a glass column
10 X 250 mm (Omnifit, Cambridge, U.K.) fitted with an adjustable
plunger on each side. The eluent flow rate was 0.2 mL-min~". The
elution volume for each standard was determined as the volume at
which 50% of the standard is eluted. These values were used to
determine the chromatographic partition coeflicients, K¢, for each
standard. The calibration curve was created as a Boltzmann fit of (1 —
Kgrc) vs molecular weight.*” The MWCO value is determined from
the calibration curve as the column exclusion limit.

Zeta Potential. The surface charge of microcapsules was
measured using SurPASS 3 (Anton Paar GmbH, Austria) equipped
with a cylindrical cell. The zeta potential of microcapsules in the “after
preparation” stage was measured using 0.1 mol-L™' NaCl as
electrolyte solution under pressure between 200 and 600 bar at pH
7.4. To remove all salts remaining on the microcapsules and
equilibrate with the measuring media, 0.5 g of microcapsules were
three times rinsed with 50 mL of 100 mmol-L™! NaCl solution before
measurement. The permeability index of samples during the
measurement was adjusted to 100 by changing the number of
microcapsules for each sample. The zeta potential (mV) is reported as
mean + standard deviation (SD) (n = 10).

2D Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis. For focusing, 0.4 ug of the monoclonal antibody in a
volume of 1 uL was mixed with 110.5 uL of IEF buffer 1 (7 mol-L™*
urea, 2 mol-L™" thiourea, 40 mmol-L™" Tris, 1% ASB14, 1% Triton X-
100), 1.5 uL of 3—10 NL IPG buffer (GE Healthcare), 4.0 uL of
DeStreak (GE Healthcare), and 3 uL of 1% bromophenol blue. The
mixture was used to hydrate a 7 cm pH 3—10 NL Immobiline
Drystrip (GE Healthcare) for 12 h. After hydration, the strip was
loaded in the Ettan IPG Phore 3 (GE Healthcare) and focused using
the following program: step 300 V/4 h, gradient 300—1000 V/1 h,
step 1000 V/1 h, gradient 1000—3000 V/3 h, step 3000 V/L.S h,
gradient 3000—5000 V/2.5 h, and a final step of 5000 V/3 h.

The proteins in the strip were then reduced and alkylated by
subsequent 15 min incubations in DTT (10 mg-mL™") and IAA (37.5
mg-mL™") dissolved in an equilibration buffer (6 mol-L™" urea, 2%
SDS, 30% glycerol, 1.5 mol-L™" Tris-HCI pH 8.8). The strip was then
placed on the top of a 11% acrylamide-bis-acrylamide gel, fixed in
place with a mixture of 0.5% agarose and bromophenol blue in ELFO
buffer (25 mmol-L™" Tris, 192 mmol-L™" glycine, 0.1% SDS) and ran
at 15 mA until the blue tracer was released from the gel. The spots
were revealed by SYPRO ruby (Invitrogen) staining. The stained gel
was scanned using a Pharos FX scanner (Bio-Rad), and the molar
weight and pI of the spots were calculated using the ImageMaster 2D
platinum software (Amersham) and the 2D SDS-PAGE standards
from Bio-Rad ran under the same conditions.

BTC3 Cell Encapsulation. fTC3 pancreatic mouse cells (DSMZ,
Braunschweig, Germany) were washed with saline solution and
centrifuged at 1500 rpm for 1 min. The supernatant was removed and
the cells were collected and resuspended in the PA solution at a
density of 1 X 10° celllmL™". Then, microcapsules were prepared and
postmodified as described above for empty microcapsules. The
encapsulated cells were cultured in the DMEM medium supple-
mented with 15% HSA, 2.5% FBS, and 1% penicillin/streptomycin at
37 °C under 5% CO,. The cell proliferation and viability from day 1
to day 28 were assessed by MTT assay and fluorescein diacetate-
propidium iodide (FDI/PI) staining.

The MTT assay was performed as follows: 20 microcapsules were
incubated in 200 L of MTT for 3 h. Afterward, microcapsules were
washed with phosphate-buffered saline (PBS), PBS was aspirated, and
200 uL of DMSO was added to the microcapsules. The microcapsules
were then incubated on an orbital shaker for 15 min to extract

https://doi.org/10.1021/acs.biomac.4c00222
Biomacromolecules 2024, 25, 4118—4138


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

formazan from the encapsulated cells. 100 uL aliquots of the
supernatant were taken to a new 96-well plate and optical density
(OD) at 595 nm was measured using a microplate reader Multiskan
FC (Thermo Fisher Scientific). Data were analyzed using MARS Data
Analysis software Skanlt. The FDA/PI fluorescence staining was used
for determining the viability of encagsulated cells according to the
protocol established by Shalaby et al.** Around 20 microcapsules with
encapsulated fTC3 cells were added to 1 mL of FDA/PI solution and
incubated at ambient temperature for 15 min in the dark. Then,
microcapsules were washed with saline solution and assessed by
fluorescence microscopy (Optika Microscopes, mercury lamp)
equipped with a camera (Canon 350D). The DAPI UV filter was
used to visualize the fluorescent green (alive) and red (dead) cells.

Implantation of Microcapsules. 500 uL of microcapsules of
each type were implanted into the intraperitoneal (IP) cavity of
immunocompetent C57BL/6 mice (n = 4 per microcapsule type)
using the previously described procedure.”* Microcapsules were
retrieved 2 weeks postimplantation, placed into WS, and used for
PFO evaluation and other analyses. The images of retrieved
microcapsules (n = 100 microcapsules per mouse) were assessed
using Cell’imager software.'> Based on the percentage of the
microcapsule surface area covered by PFO, the microcapsules were
divided into four categories (0—25, 26—50, 51—75, 76—100%). All
animal care procedures were followed under the protocol approved by
the Institutional Animal Care and Use Committee (IACUC) at the
University of Illinois-Chicago (UIC).

Human Whole Blood Assay. The in vitro immunogenicity of the
empty microcapsule was evaluated using a human whole blood assay
(WBA). 500 uL of whole blood from healthy donors (n = 3),
anticoagulated with lepirudin, was added to 50 uL of each type of
microcapsules, to a saline solution used as a negative control, and to
Escherichia coli used as a positive control, followed by incubation for 4
h at 37 °C.>"* EDTA (10 mmol-L™") was then added to stop the
reaction, and samples were centrifuged at 3000 rpm for 15 min at 4
°C. Plasma was collected and stored at —20 °C for further study of
complement activation and induction of inflammatory mediators. The
alginate-poly-L-lysine (SA-PLL) microcapsules and sodium alginate
beads (SA-beads), prepared according to the methods described by
Rokstad et al,” were used for a comparison with PMCG-type
microcapsules.

Cytokine Induction. The following cytokines were determined in
plasma samples using a Bio-Plex Human Cytokine 27-Plex Panel (Bio-
Rad, Hercules, California): Interleukin IL-15, IL-1RA, IL-2, IL-4, IL-
5, IL-6, IL-8 (CXCLS), IL-10, IL-17, Eotaxin-1 (CCL11), fibroblast
growth factor (FGF), granulocyte colony-stimulating factor (G-CSF),
granulocyte macrophage-colony-stimulating factor (GM-CSF), inter-
feron-y (IFN-y), monocyte chemoattractant protein-1 (MCP-1,
CCL2), macrophage inflammatory protein-a (MIP-lq, CCL3),
tumor necrosis factor-a (TNF-a), and vascular endothelial growth
factor (VEGF).

Complement Activation. The soluble terminal complement
complex (TCC) in plasma was measured using an ELISA kit for
Human Terminal Complement Complex (Hycult Biotech, Uden,
Netherlands).

CD11b Expression. CD11b expression was measured after
incubating the microcapsules in lepirudin-anticoagulated human
whole blood for 60 min. PE anti-CD11b and the nuclear dye LDS-
751 were used to stain CD11b in granulocytes and monocytes and
then were measured using a flow cytometer (Beckman Coulter Epics
XL-MCL, Coulter Corp, FL).

Statistical Analysis. A statistical comparison of the data was
performed using one-way analysis of variance (ANOVA) and Tukey’s
post hoc test for comparison of more than two groups. Differences
with p < 0.05 were considered to be statistically significant.

B RESULTS AND DISCUSSION

PE and Microcapsule Preparation. In this work, we
aimed to prepare the parent PMCG microcapsules from well-
defined starting materials. To this end, we combined the
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commercially available medium viscosity ultrapure SA with
newly synthesized SCS and PMCG that replaced the
previously used commercial alternatives that were either
discontinued (SCS) or suffered from batch-to-batch variability
(PMCG). The PMCG microcapsules were prepared according
to a published protocol” with minor changes as detailed in the
experimental section. Subsequently, these parent PMCG
microcapsules were postmodified by immersion in 0.2 wt %
solutions of different PEs. The postmodification conditions
were selected considering the previous literature reports' """’
and our preliminary trials on the detectability of PEs by the
used characterization methods.

A library of PEs was prepared through established synthetic
protocols and included both synthetic and semisynthetic
(polysaccharide-based) PEs differing in their monomeric unit
structure, charge type and density, and molar weight (MW)
(Table 1, Scheme 1). MW values of these PEs were obtained

Table 1. Characteristics of the PEs Used for the
Postmodification of PMCG Microcapsules

ionized group M, 21073
code polymer (DS)“ (gmol™) P
CQM  quaternized chitosan, quaternary 100 1.9
medium DS ammonium
(0.52)
CQH  quaternized chitosan, high  quaternary 130 1.7
DS ammonium
(1.06)
DQM  quaternized dextran quaternary 120 2.3
ammonium
(0.34)
POX  poly[(2-methyl-2- secondary 10 1.5
oxazoline)-co-(ethylene amine (0.18)
imine)]
CAM  ampholytic chitosan sulfonate (0.61) 110 1.8
SCS sodium cellulose sulfate sulfate (2.9) 1030 1.8

“Degree of substitution (DS) defined as the number of ionized groups
(at pH 7.4) per monomeric unit. For POX, the approximate fraction
of hydrolyzed monomeric units is provided instead. “Weight-average
molar weight and dispersity determined by SEC-MALS.

by size-exclusion chromatography using multiangle laser-light
scattering and refractive index detectors (SEC-MALS); the
corresponding MW distributions are shown in Figure S2.
CQH and CQM were synthesized by the quaternization of
chitosan of medium MW, introducing, on average, a
quaternary ammonium group on every or every other sugar
repeat unit, respectively.”> DQM is a dextran derivative® of a
similar MW as CQM and CQH but with comparatively lower
charge density, featuring the quaternary ammonium group
approximately on every third repeat unit. The polyampholyte
CAM is a medium-MW chitosan derivative featuring
sulfopropyl groups.”® Note that the primary/secondary amine
groups in chitosan-based PEs may potentially contribute to the
overall charge, with the extent of this contribution influenced
by the used conditions (pH, salt concentration). For CQM
and CQH, these charge regulation effects will suppress the
amine group ionization while for CAM the ionization will be
enhanced.’” Nevertheless, we expect CAM to retain a negative
net charge under the used conditions. SCS is a high-MW
polysaccharide-based polyanion of MW ~ 10° g:mol™' and
approximately three sulfate groups per each anhydroglucose
repeat unit; therefore, the average content of anionic groups in
the repeat unit is approximately five times higher than for
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Scheme 1. Representative Structures of PEs Used for the Preparation of PMCG Microcapsules and Their Postmodification
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CAM. Note that an identical SCS polymer was used for both
preparation and postmodification of PMCG microcapsules.
POX is a synthetic polycation that features secondary amine
groups as ionizable moieties and has a significantly lower MW
compared to the polysaccharide-based polycations studied
here. The thorough characterization of some of the used
polymers (CQM, CQH, DQM, CAM) is provided in our
recent papers.””*® NMR spectra of the remaining synthesized
polymers used in this study are provided in Figure S3.

Both the parent and postmodified microcapsules were
subsequently studied in vitro by a range of techniques in
order to establish the impact of the postmodification on
various microcapsule characteristics, including size, membrane
thickness, compression resistance, surface charge, spatial
distribution of polymers, permeability, viability of encapsulated
cells, complement activation, and cytokine induction. In
addition, a fraction of the prepared microcapsules was
implanted into the peritoneal cavity of CS7BL/6 mice for 2
weeks to examine how the postmodification influences the
microcapsule biocompatibility characterized by the extent of
PFO in retrieved microcapsules. We also obtained limited
characterization data for these explanted microcapsules to
provide additional insights into their in vivo performance.

Physical Characterization of Microcapsules. Figure 1
reveals the effect of postmodification on microcapsule size,
membrane thickness, and compression resistance for micro-
capsules after preparation and after retrieval from the mouse
model. Note that for PMCG microcapsules, the term
membrane traditionally refers to the outer shell of the
microcapsule, the thickness of which is determined using
optical microscopy images where the distance between the
microcapsule surface and the dark/bright interface line is
measured. The remaining (inner) part of the microcapsule is
then denoted as the core (see Figure S4). For microcapsules
where the interface separating the core and the membrane
becomes diffuse or multiple interfaces are present, the
membrane thickness determination may become less accurate
and more operator-dependent. Note that membrane thickness
could not be evaluated for SCS-postmodified microcapsules
after their retrieval from mice due to the strong PFO (Figure
1d).

The average diameter of the postmodified microcapsules
(determined at the “after preparation” stage) remained very
close to that of the parent microcapsules (Figure 1a). In the
majority of cases, the in vivo environment induced slight
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microcapsule swelling, as evidenced by the registered micro-
capsule size values at the “after retrieval” stage. An exception
was microcapsules postmodified with POX, whose average
diameter remained virtually unchanged, and with SCS that
shrank noticeably. However, the recorded size changes were
generally rather minor.

More pronounced were the changes observed in membrane
thickness (Figure 1b). After preparation, the membrane
thickness of the studied microcapsules was in a relatively
narrow range of ca. 0.07—0.09 mm, with the parent PMCG
microcapsule in the middle of this range at 0.08 mm. The
exposure to the in vivo environment triggered an increase in
membrane thickness for all microcapsules for which this
parameter could be evaluated. While this increase was
relatively minor for some microcapsules (e.g, CQH-post-
modified), it was substantial in other cases (e.g, ca. 35% for
the parent PMCG microcapsule). However, the evaluation of
membrane thickness for some of the microcapsules, partic-
ularly the explanted ones, was difficult due to the complex
character of the membrane-core interface as noted above.

The most significant developments were registered for
compression resistance (Figure 1c), quantified using a Texture
Analyzer as a force (in grams) required to rupture a single
microcapsule.

When evaluated at the “after preparation” stage, the
postmodification had an insignificant impact on microcapsule
mechanical stability as the compression resistance of post-
modified microcapsules remained within approximately 15% of
the value recorded for the parent microcapsule. However, the
in vivo environment triggered a significant drop in compression
resistance values across the board, with the magnitude of this
decrease being very different for individual microcapsules.
Remarkably, the postmodification played a crucial role in
maintaining mechanical resistance for CQM- and DQM-
postmodified microcapsules that both showed compression
resistance of ca. 20 g after retrieval. This effect was not
necessarily related to the high initial (after preparation) values
of compression resistance. For example, the CQH-post-
modified microcapsules, which showed one of the highest
values of compression resistance after preparation, were found
to be rather fragile after retrieval (a decrease from 29 to 8 g).
Strikingly, after retrieval, the mechanically weakest micro-
capsules (~$ g) were the variants postmodified with negatively
charged PEs, CAM, and SCS, despite them showing
compression resistance levels similar to that of the parent
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Figure 1. (a) Size, (b) membrane thickness, and (c) compression resistance of microcapsules after preparation and after retrieval from the
peritoneal cavity of C57BL/6 mice. Data are mean = SD (n = 20 microcapsules per batch). PMCG stands for the parent PMCG microcapsules.
Optical microscopy images of microcapsules (d) after preparation and after retrieval. Bar equals to S00 #m. Statistical comparison is done between

postmodified vs parent PMCG microcapsules, * P < 0.05.

PMCG microcapsule after preparation. The finding that the
PMCG microcapsules can be mechanically reinforced through
postmodification with specific PEs holds high practical
significance as the in vivo environment is often challenging to
the integrity of implanted microspheres.”'

Figure 1d provides the optical microscopy images of the
parent and postmodified PMCG microcapsules at both the
stages studied. Note that darkening of the core and/or the
interface between the core and the membrane are typical
features of PMCG microcapsules exposed to in wvivo
conditions."”

Microcapsule Biocompatibility. In order to assess the
impact of postmodification on microcapsule biocompatibility,
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ie, the lack of fibrotic overgrowth, microcapsules were
implanted into the intraperitoneal cavity of immunocompetent
CS57BL/6 mice. This mouse model is considered to be suitable
for mimicking the PFO observed in both humans and NHPs.>>
The fibrotic response to implanted microcapsules was
evaluated by the visual inspection of retrieved microcapsules
and categorization with respect to PFO degree. The images of
retrieved microcapsules (n = 100 microcapsules per mouse)
were assessed using an image analysis software,'” where the
microcapsules were divided into four categories corresponding
to the percentage of their surface area covered by PFO: 0-25,
25—-50, 50—75, 75—100%. The distribution of microcapsules
in these categories is visualized as pie charts in Figure 2, with
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Figure 2. Pie charts depicting the distribution of microcapsules in the four defined PFO categories in the parent and postmodified PMCG
microcapsules (n = 100 per animal) retrieved 2 weeks postimplantation from the peritoneal cavity of CS7BL/6 mice (n = 4 animals).

histograms facilitating quantitative evaluation provided in
Figure SS. Focusing on the fraction of the heavily overgrown
microcapsules (the 75—100% PFO category), the data show
that the parent PMCG microcapsule triggered severe fibrosis
on close to 20% of microcapsules. DQM-postmodified
microcapsules showed a very similar result while most of the
remaining postmodified microcapsules fared considerably
worse, exhibiting a considerable proportion of heavily
overgrown microcapsules. The PFO was particularly severe
for SCS, for which approximately 95% of microcapsules fell
into the 75—100% PFO category. Most importantly, however,
the postmodification of the parent PMCG microcapsule with
CQM largely mitigated the PFO as evidenced by the low
content (ca. 4%) of heavily overgrown microcapsules in this
particular sample.

Further, we note that there is almost complete absence of
the intermediately overgrown microcapsules (the 25—50 and
50—75% PFO categories) in the retrieved samples (Figure SS).
Although the main factor responsible for triggering the foreign
body response is currently unknown, our findings suggest that
the actual onset of PFO represents the rate-limiting step, with
PFO progressing relatively rapidly afterward until a high degree
of fibrotic coverage is reached. This leads to the characteristic
observed pattern of overgrown microcapsules present along-
side clean ones.

Interestingly, the excellent in vivo performance of CQM-
postmodified microcapsules in terms of minimal PFO appears
to align well with the previously discussed findings on the
mechanical properties of explanted microcapsules where this
particular microcapsule type also provided superior results. To
study the potential relationship between these two seemingly
distant characteristics, we plotted the percentage of little
overgrown (0—25% PFO) and heavily overgrown (75—100%
PFO) microcapsules against the average compression resist-
ance of the given microcapsule type (Figure S6). In both cases,
there appears to be an apparent correlation, i.e., the
microcapsules that remained mechanically strong when
exposed to the in vivo environment also showed higher
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biocompatibility, while the weakened ones exhibited a
significant degree of PFO. The potential causative factors
behind this relationship remain presently uncertain. For
example, it can be speculated that the formation of a fibrotic
layer on the microcapsule surface deteriorates the mechanical
properties of microcapsules by facilitating crack nucleation/
propagation.53 On the other hand, it is also known that the
mechanical properties (e.g, modulus) of a hydrogel material
can influence its biocompatibility.”* Of course, both enhanced
biocompatibility and compression resistance could simply be
related to another factor. For instance, the postmodification
with a suitable PE could potentially both reinforce the IPEC
network within the microcapsule structure and affect other
structural features, e.g,, surface properties, relevant to the PFO.
Even though the underlying factors remain unclear, the
observation that microcapsule postmodification with a PE
can improve both its mechanical stability and biocompatibility
provides important support to this strategy. It is also
interesting that polycations, previously frequently shown to
enhance inflammatory responses,””*”*" were most effective in
this sense, highlighting that different PE types may be suitable
for enhancing the mechanical properties and biocompatibility
of different microsphere types. Nevertheless, it should be
emphasized that former studies relied mostly on PLL as the
polycation, and the different PEs used here could mount
different outcomes. In the following sections, we applied
various techniques to study which factors could potentially
contribute to the observed differences in the behavior of
postmodified microcapsules.

Microcapsule Permeability. Next, we sought to obtain an
insight into microcapsule permeability. Because the relation-
ship of this parameter to microsphere biocompatibility and
immunoprotective function is complex,10 we use here the
permeability assessment solely as an additional probe into the
postmodification-associated structural changes in microcap-
sules. That is, we assume that the detected differences in
permeability reflect the structure of the hydrogel material in
terms of network density and PE localization and,
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Figure 3. Permeation of FITC-IgG to microcapsules for parent and PE-postmodified PMCG microcapsules: (a) CLSM images visualizing the
spatial distribution of FITC-IgG at the equatorial microcapsule cross-section for microcapsules after preparation (upper row) and after retrieval
from CS7BL/6 mice 2 weeks postimplantation (bottom row), bar is equal to 0.5 mm; and (b) relative fluorescence intensity of FITC-IgG in the
microcapsule core relative to that in the surrounding IgG solution for microcapsules after preparation and after retrieval from C57BL/6 mice 2

weeks postimplantation.

consequently, also relate to factors such as surface properties
that are potentially relevant to microcapsule performance (e.g.,
biocompatibility).

To study the microcapsule permeability toward charged
species, we exposed the microcapsules to fluorescently (FTIC)
labeled IgG. IgG is a polyclonal antibody characterized by MW
of ~150000 g-mol™’, R, ~ 5 nm, and weakly anionic net
charge at the physiological pH as verified by 2D sodium
dodecyl sulfate-polyacrylamide gel electrophoresis revealing
predominantly fractions with pl < 7.4 (Figure S7).
Importantly, in this permeability study, we were also able to
utilize the microcapsules explanted from the mice model,
which allowed for a direct comparison of the microcapsule
properties in the “after preparation” and “after retrieval” stages.

As shown in Figure 3a, IgG tends to concentrate inside the
membrane for microcapsules studied after their preparation,
with different depths of penetration observed depending on
the PE used for the postmodification. This is visually
manifested by the relative increase in the fluorescence intensity
within microcapsules as compared to the surrounding solution
of labeled IgG. In general, IgG showed increased concentration
in the whole membrane volume for the parent PMCG
microcapsule as well as for the POX, CAM, and SCS-
postmodified microcapsules. On the other hand, IgG
concentrated only in the outermost membrane layer for the
microcapsules postmodified with the high-MW polycations
(CQM, CQH, DQM), possibly due to the more efficient IgG
retention in the membrane. Presumably, the observed IgG
accumulation pattern results from the interplay between the
electrostatic interaction of IgG with polycationic microcapsule
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components (PMCG and polycationic polymers used for
postmodification) and the local permeability of the hydrogel
network. It has been shown previously for alginate microbe-
ads™™” and PMCG microcapsules® that the release of
entrapped proteins is controlled by electrostatic interactions
rather than by microbead/microcapsule MWCO or protein
MW. Nevertheless, we also cannot exclude the participation of
other (non-Coulombic) interactions, especially when we
consider the similar IgG uptake pattern for the parent and
polyanion-postmodified microcapsules.

When the explanted microcapsules were studied in the same
way, no IgG accumulation in the membrane was observed for
the majority of microcapsules, indicating either the disappear-
ance, spatial redistribution, or charge saturation of polymers
interacting with IgG, or a significant decrease in membrane
permeability. The only exception was the CQH-postmodified
microcapsule where an onion-type pattern was observed,
characterized by the increased IgG concentration at the outer
and inner edges of the microcapsule membrane. This specific
pattern indicates the increased local concentration of species
(e.g., polycations) that attract IgG at the membrane
boundaries.

Figure 3b depicts the relative fluorescence intensity in the
microcapsule core in relation to the intensity of the
surrounding labeled IgG solution. While none of the
microcapsules studied were completely resistant to IgG
penetration into the microcapsule core, significant differences
could still be observed. Focusing first on microcapsules in the
“after preparation” stage, the IgG permeation into the core was
lower for all the postmodified microcapsules than for the
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parent PMCG microcapsule. The IgG access to the core was
limited particularly for the microcapsules postmodified with
high-MW polycations, ie, CQH, DQM, and partially also
CQM (approximate relative intensity values of S to 15%). For
most explanted microcapsules, the IgG uptake into the core
tended to remain the same or further decrease, the exception
being the SCS-postmodified microcapsules for which the
observed relative fluorescence intensity doubled when
compared to the “after preparation” stage. This considerably
enhanced permeability indicates significant changes to the
hydrogel network structure of the SCS-postmodified micro-
capsule. While this finding could help explain the previously
observed poor mechanical stability of these microcapsules, the
link to the also observed low biocompatibility is currently
unclear. Overall, the obtained data show that the permeation of
IgG to the core of PMCG microcapsules may be suppressed by
postmodification, particularly with high-MW polycations.

To further improve our understanding of the effects
underlying the observed IgG permeability data, we also
performed the iSEC analysis of selected microcapsules to
determine their MWCO. In iSEC, the tested microcapsules
were used as a column packing, and a MWCO value was
obtained as a column packing exclusion limit, expressed by the
lowest MW of the solute fully excluded by the microcapsule
material. ®*” In iSEC, the solutes should be noninteracting
with microcapsules and should separate only based on their
size, which is fulfilled for the used pullulan and dextran
standards.*® Therefore, the electrostatic interaction, as one of
the possible major forces modulating the permeation of IgG in
the microcapsule material, is absent in iSEC as the method is
based on the permeation of neutral molecules.

Herein, we studied the parent PMCG microcapsules
alongside the CQM- and DQM-postmodified variants that
represented the most promising microcapsule (from the
perspective of biocompatibility and in vivo mechanical
stability) and the least permeable microcapsule from the IgG
assay, respectively. Besides studying the microcapsules in the
“after preparation” stage, we also characterized microcapsules
that were placed into the CMRL culture medium for 2 weeks
in order to obtain data for microcapsules exposed to a more
complex environment than the standard saline/CaCl, storage
solution. CMRL medium is used to culture pancreatic islets
before, as well as after, their encapsulation in alginate-based
microspheres®® and thus represents a relevant environment
from an application point of view.

Figure S8 provides the elution curves of pullulan and dextran
standards injected on the columns packed with the respective
microcapsules. MWCO values obtained from the correspond-
ing iSEC calibration curves shown in Figure S9 are then
summarized in Table 2. Based on these data, two major
observations can be made. First, the postmodification by CQM
or DQM has a negligible influence on the MWCO of the

Table 2. MWCO Values for the Parent PMCG Microcapsule
and Microcapsules Postmodified by CQM and DQM after
Preparation and after Exposure to CMRL

MWCO (g:mol™)

microcapsule type after preparation after exposure to CMRL

PMCG 110 000 60 000
DQM 130000 65 000
cQM 110000 50000
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microcapsule hydrogel material as indicated by the very similar
determined MWCO values of around 120 000 g-mol™". This
indicates that the postmodification may not have a significant
impact on the base hydrogel network of the microcapsules, at
least in the studied cases. Additionally, the insensitivity of
MWCO (determined using neutral molecules) to polycation
postmodification points to the important role of electrostatic
interactions in the permeation behavior of labeled IgG
discussed above. Second, the iSEC study revealed that the
CMRL treatment inflicted a substantial drop in microcapsule
permeability, as documented by the MWCO values decreasing
to approximately half of the original ones upon the CMRL
treatment. This difference is illustrated particularly well by the
elution curves for standards with MW of 70 000 and 113 000 g-
mol ™" that are close to the exclusion limit and show higher
permeation in the case of the microcapsules after preparation
compared to those after the exposure to CMRL (Figure S8).
The MWCO values determined with the polysaccharide
standards correspond to the exclusion limit expressed as a
viscosity radius, R,, of approximately 10 nm (after preparation)
and 6 nm (after CMRL).* However, the MWCO values
obtained by iSEC should be considered as approximate and
not representative of a sharp cutoff limit (see the additional
discussion accompanying Figure S8). Nevertheless, iSEC can
still be considered as a useful method because it allows for
microcapsule analysis under physiological conditions. The
obtained results are consistent with those from the IgG
permeation study in the sense that complex environments (in
vivo or culture media) may significantly impact on the
permeation of both charged and uncharged macromolecules
within the microcapsule hydrogel material.

Spatial Distribution of Polymers in Microcapsules.
Key microcapsule properties, such as their compression
resistance, permeability, or biocompatibility, are expected to
be dependent on the localization of polymeric components
within the microcapsule volume. Therefore, we applied two
established methods, CRM and CLSM, to map the polymer
spatial distribution within both parent and postmodified
microcapsules. We sought to address two major questions:
(i) how the postmodification impacts on the spatial
distribution of the base polymers forming the parent PMCG
microcapsule (i.e., SA, SCS, and PMCG), and (ii) where the
PEs used for postmodification are localized. The first question
is important from the perspective of revealing whether the
postmodification with a PE (under the given conditions) has
the potential to disrupt the IPECs present in the parent
microcapsule that are thought to be responsible for the specific
microcapsule properties distinguishing it from simpler systems
such as alginate microbeads (e.g., mechanical resistance or the
potentially tunable MWCO). The second question may then
be relevant from the perspective of microcapsule biocompat-
ibility, particularly when polycations are used.

First, we employed the CRM technique to study the effect of
postmodification on the spatial distribution of the base
polymers. In our previous paper, we introduced CRM as a
tool for mapping polymers in alginate-based hydrogel micro-
spheres, including PMCG microcapsules.”” In the present
study, we introduce a significant advancement in the
application of this technique to multicomponent micro-
capsules, moving from the previously used relative concen-
tration profiles to absolute concentration profiles, a step
enabled by the calibration of the Raman signal intensity
(Figure S1, Tables S1-SS). Figure 4 shows the spatial

https://doi.org/10.1021/acs.biomac.4c00222
Biomacromolecules 2024, 25, 4118—4138


https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00222/suppl_file/bm4c00222_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules pubs.acs.org/Biomac

14 14 14 4
s PMCG
E 12
£
= 8 ——SA
51
Z s -SCS
b ——PMCG
24
£ 2

, A ey

0 20 40 60 80
Diameter (%)

3
3

Polymer concentration (wt%)

PhnsmEngRe AR ST
- ~—77

e ]

" " A 0 rEuaET
0 20 40 60 80 100 0 20 40 60 80 100 "o 20 40 60 80 100
Diameter (%) Diameter (%) Diameter (%)

Figure 4. CRM profiles visualizing the concentration of the base PMCG microcapsule polymeric components (SA, SCS, and PMCG) at the
equatorial microcapsule cross-section in the parent and postmodified PMCG microcapsules (at the “after preparation” stage) plotted against the
diameter expressed as a percentage, where the microcapsule edges are located at 0 and 100% of the diameter.

distribution profiles of SA, SCS, and PMCG for all the studied (containing Ca** and PMCG), the alginate hydrogel network

microcapsule types (at the “after preparation” stage) plotted is quickly formed through the penetration of the small Ca**
against the microcapsule diameter. The microcapsule diameter ions into the droplet volume (hence the slight gradient in SA
is expressed as a percentage, with the microcapsule edges concentration from surface to the microcapsule center).
located at 0 and 100% of the diameter. Using the normalized Further, while the SCS located near the droplet surface can
diameter value allowed us to account for the slight variation in immediately form IPEC with incoming PMCG, most of SCS is
microcapsule size. initially embedded in the forming alginate network through
Focusing first on the spatial distribution of polymers in the which it diffuses toward the surface until it meets PMCG
parent PMCG microcapsule, it is clear that all three polymers diffusing into the microcapsule in the opposite direction, which
show local concentration maxima near the microcapsule forms the PMCG-SCS IPEC layer visualized by CRM above.”*
surface. While this maximum is a global one for SA (ca. 3 wt The residual SCS in the microcapsule core is presumably the
%), both SCS and PMCG exhibit additional (global) maxima high-MW fraction that became trapped within the quickly
(ca. 12—14 wt %) between 10 and 20% of the diameter developing alginate matrix, unable to reach the PMCG
beneath the microcapsule surface. This position presumably polycation. Note that we do not consider secondary
corresponds to the layer of IPEC between SCS and PMCG interactions (e.g, PMCG-SA or SCS-Ca®") in this simplified
created during the microcapsule fabrication. While it is picture.
tempting to equate this layer with the border of the Considering the CRM results, the PMCG microcapsule can
microcapsule membrane observed in the optical microscopy be viewed as an alginate microbead bolstered with two IPEC-
images (Figure 1d), there appears to be a mismatch between based layers that lend the microcapsule its specific mechanical
the membrane thickness determined by optical microscopy properties and visual appearance. It can be envisaged that the
(ca. 10% of the microcapsule diameter) and the IPEC layer IPEC-based layers act as additional interfaces (semipermeable
localization (ca. 15% of the diameter). The CRM result would membranes) modulating the overall microcapsule permeability.
place the IPEC layer onto the inner side of the dark band This may result in a complex permeation regime where
region separating the microcapsule core and membrane (see different parts of the microcapsule are characterized by
Figure S4). Nevertheless, the insufficient precision of the different MWCO values and different affinity toward charged
determination of the boundary positions from both the CRM species, as indicated by the permeability results obtained using
and optical microscopy data, as well as the variation in the the labeled IgG/CLSM and iSEC methods.
microcapsule size and membrane thickness, did not allow us to Figure 4 reveals that the changes to the concentration
precisely match the data obtained from different techniques. profiles of SA, SCS, and PMCG in postmodified microcapsules
Further, the CRM analysis revealed that the microcapsule core were not particularly pronounced in most cases. For micro-

predominantly consists of SA (ca. 1 wt %), with the presence capsules postmodified with high-MW polycations (CQM,
of some SCS (ca. 0.5 wt %). On the other hand, PMCG is CQH, DQM), the concentration of the base polymers

barely detectable within the microcapsule core. apparently increased in the microcapsule surface region. This
The overall spatial distribution profile of polymers within the is true especially for the concentration of SA in CQM- and
microcapsule volume corroborates the assumed mechanism of CQH-postmodified microcapsules that almost doubled when
microcapsule formation, based on two parallel noncovalent compared to the parent microcapsule. This may be interpreted
cross-linking processes.”> That is, when the polyanion solution as an increase in the density of the hydrogel network in the
droplet (containing SA and SCS) enters the gelling solution membrane region and related to the decreased membrane
4128 https://doi.org/10.1021/acs.biomac.4c00222
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Figure 5. CLSM intensity profiles (normalized to the maximum intensity) expressing the spatial distribution of FITC-labeled PEs at the equatorial
microcapsule cross-section in postmodified microcapsules (“after preparation”) plotted against the diameter expressed as a percentage where edges
of the microcapsule are set at 0 and 100%. The insets show the individual fluorescence microcapsule images. Bar equals to 0.5 mm.

thickness previously observed for these microcapsules (Figure
1b). The postmodification did not have a significant impact on
the concentration of the base polymers in the surface region
for the remaining studied microcapsules. Focusing on the
PMCG and SCS global maxima (the inner IPEC layer), we can
observe a similar development for CQM, CQH, DQM, and
CAM-postmodified microcapsules, consisting in a minor
decrease in SCS concentration (that still reaches ca. 13 wt
%) and a more pronounced drop in PMCG concentration to
approximately 10 wt %. In the case of POX-postmodified
microcapsules, the changes were qualitatively similar, but the
decrease in the SCS and, particularly, PMCG concentration
was more pronounced. Remarkably, the microcapsule post-

4129

modification with SCS resulted in clear spatial redistribution of
PMCG and SCS in the microcapsule volume, which is
visualized as splitting of the PMCG/SCS maximum in the
concentration profile (Figure 4). The fact that only SCS was
found to substantially disrupt the original PMCG-SCS IPEC
can be ascribed to the strong Coulombic interaction between
SCS and PMCG (a guanidine-based polycation). Recent
studies have shown that guanidine-based polycations, such as
guanylated poly(allylamine), form exceptionally strong IPECs
due to the formation of contact ion pairs between guanidinium
groups, creating >* charges along the polycation chain.””®
Polycations used for microcapsule postmodification are
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probably considerably less effective in disrupting the original
strong PMCG-SCS IPEC owing to their lower charge density.

On the whole, it can be concluded that the microcapsule
postmodification with PEs has an impact on the distribution of
the base polymers within microcapsule volume. The extent of
this impact depends on the charged group identity and charge
type/density of the PE used. Surprisingly, the observed
changes to the spatial distribution of base polymers do not
seem to significantly influence the mechanical properties
(compression resistance) of the microcapsules when studied
in the “after preparation” stage (Figure 1lc). This observation
holds true even for the SCS-postmodified microcapsule, as this
variant shows, after preparation, compression resistance
basically identical to that of the parent PMCG microcapsules.
Nevertheless, we presume that the base polymer spatial
redistribution makes some of the microcapsules susceptible
to additional structural changes when exposed to the
challenging in vivo environment, which ultimately leads to
the marked differences in mechanical properties observed for
the explanted microcapsules (Figure 1c).

As it proved difficult to find characteristic Raman vibrations
suitable for following the spatial distribution of all polymers
used for microcapsule postmodification via CRM, we resorted
to the CLSM imaging of microcapsules postmodified with
FITC-labeled polymers. We validated this approach by
comparing the CLSM- and CRM-based relative intensity
profiles for CQM- and CQH-postmodified microcapsules,
observing a good qualitative match (Figure S10). The
experimental approach used to obtain the CRM data is
covered in Table S6, Figure S11, and in the accompanying
discussion.

Figure 5 provides the fluorescence intensity profiles obtained
by the CLSM analysis of microcapsules postmodified with
FITC-labeled PEs. Additionally, fluorescence images of the
individual studied microcapsules are shown to facilitate their
comparison. In general, three spatial distribution patterns can
be observed, featuring the labeled polymers: (i) localized in a
thin shell close to the microcapsule surface (CQH, CAM,
SCS), (ii) distributed throughout the membrane (CQM,
DQM), and (iii) penetrating the entire microcapsule volume
(POX). The observed distribution patterns indicate that MW
and charge jointly control the PE permeation within the parent
microcapsules. This is particularly well-visible for the
polycationic PEs where CQH, as the polycation of the highest
MW and charge density, is found only in a thin layer close to
the microcapsule surface while the less densely charged CQM
penetrates deeper into the membrane. DQM, which has even
lower charge density and also contains a significant low-MW
fraction (Figure S2), is then able to permeate throughout the
whole membrane region, with its progress further into the core
probably limited by the PMCG-SCS IPEC layer that has been
previously identified by CRM. Presumably, this IPEC layer
plays the role of an additional inner interface characterized by a
lower MWCO value than the outer interface located close to
the microcapsule surface (represented by the other local base
polymer concentration maxima identified by CRM).

The results from the IgG permeability assay presented above
also support this hypothesis. Consequently, in the iSEC
experiments discussed earlier, permeation of standards may be
limited to the microcapsule region between these two
interfaces, with the obtained MWCO value related exclusively
to the outermost interface. Furthermore, POX contains a
considerable low-MW fraction (MW ~ 10° based on the SEC
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data in Figure S2) that is obviously able to penetrate through
the inner IPEC layer interface into the microcapsule core. We
presume that the permeation and retention of (sufficiently low-
MW) polycations within the whole microcapsule volume is
prevalently mediated by electrostatic interactions with the
omnipresent SA, with some contribution of the (unbound)
residual SCS located in the microcapsule core also possible. On
the other hand, the polycations do not appear to colocalize
with SCS participating in the PMCG-SCS IPEC formation.
This supports our former notion of the high stability of the
PMCG-SCS IPEC. The low MW of PMCG probably facilitates
the high degree of saturation of negative charges on SCS,
making the PMCG-SCS IPEC mostly electro-neutral and
“invisible” for other PEs, particularly those that are unable to
disrupt the strong PMCG-SCS interactions. This may explain
why some fractions of the high-MW labeled SCS seem to
penetrate deeper into the microcapsule membrane when
compared to the much lower-MW CAM polyanion.

Finally, it can be observed in the CLSM intensity profiles
that the fluorescence signal maxima are located under the
microcapsule surface (approximately at 5% of the microcapsule
diameter), possibly indicating that the postmodification PEs
are effectively “hidden” beneath a thin shell of hydrogel
material. In some cases, this observation could be ascribed to
technical limitations of the method, particularly when
considering the partial misalignment of the CRM and CLSM
profiles shown in Figure S10. However, in the case of POX-
postmodified microcapsule (Figure S), the negligible presence
of labeled POX at the microcapsule surface is clearly visible in
both the relative intensity profile and the provided fluorescence
image of the microcapsule. Clearly, the actual localization of
the postmodification PEs may be highly relevant with respect
to the actual surface charge and, consequently, the micro-
capsule biocompatibility. This aspect is further discussed in the
section on zeta potential analysis.

In an attempt to rationalize the aforementioned impact of
the CMRL treatment on the MWCO values determined by
iSEC, we briefly investigated the CMRL-treated CQM-
postmodified microcapsules by CRM and CLSM. In Figure
S12, the concentration profiles of the base polymers obtained
by CRM are shown for CQM-modified microcapsules
alongside the parent microcapsules (both treated with
CMRL). Interestingly, the CMRL treatment inflicted only
negligible changes to both profiles when compared to the data
obtained for the “after preparation” microcapsules shown
previously in Figure 4. Further, Figure S13 provides the
comparison of the CLSM relative intensity profiles of CQM-
postmodified microcapsules in the “after preparation” and
“after CMRL treatment” phases. The differences are marginal
also in this case. These findings suggest that the sharp drop in
MWCO values caused by the CMRL treatment is not caused
by the redistribution of polymeric components within the
microcapsule volume. Instead, it can be envisaged that some of
the more than 50 components of the CMRL medium
(including amino acids, vitamins, inorganic salts, or glucose)
trigger additional cross-linking reactions in the hydrogel
network, leading to the observed decreased MWCO. As
discussed above, the MWCO value is thought to be defined by
the polymeric network layer located close to the microcapsule
surface. We therefore assume that the additional CMRL-
triggered cross-linking mainly occurs in this outer microcapsule
region. On the whole, these findings highlight the complexity
of processes underlying microcapsule behavior in different
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environments and determining its potential success in the
target application.

Zeta Potential Analysis. We expected that the parent
microcapsule postmodification with different types of PEs
could have a significant impact on the microcapsule surface
charge, with possible consequences for microcapsule bio-
compatibility. To study this important parameter, we
determined the zeta potential®" for all the microcapsule types
studied herein. Surprisingly, both the parent and postmodified
microcapsules exhibited net negative charge regardless of PEs
used for the postmodification (Figure 6). The zeta potential
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Figure 6. Zeta potential values determined in 0.1 mol-L™" NaCl at pH
7.4 for parent (denoted as PMCG) and postmodified microcapsules
and for alginate microbeads.

values ranged from approximately —32 mV for the parent and
DQM-postmodified microcapsules to approximately —15 mV
for the POX-postmodified microcapsule. It is difficult to
rationalize the specific values obtained for different micro-
capsule types. Nevertheless, the observed negative charge of
the microcapsule surface could be ascribed to SA representing
the major charged polymeric component in this region, with
the charges of the PMCG-SCS IPEC being largely
compensated as discussed above. This assertion is supported
by the apparently low presence of postmodification PEs in the
outermost microcapsule layer as indicated by the CLSM data
above. For comparison, we also determined zeta potential for
standard alginate microbeads prepared according to Veiseh et
al,'® with the obtained value (=20 mV) found to be close to
the values measured for the studied microcapsules (Figure 6).
Negative zeta potentials were previously determined also for
other alginate-based microcapsules involving IPEC between
alginate and chitosan®" or poly(1-lysine).”” However, in these
studies the 0.001 mol-L™' concentration of a background
electrolyte was used, exposing microcapsules to hypoosmotic
conditions, which may affect zeta potential values. In our work,
0.1 mol-L™" NaCl was used as the background electrolyte to
provide close-to-physiological ionic strength and to suppress
possible artifacts stemming from hypoosmotic conditions. The
finding that the postmodified PMCG microcapsules retain
negative surface charge irrespective of the PE used for the
postmodification could be of importance to protein absorption
profiles.”®
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Human Whole Blood Assay. The impact of the
postmodification with PEs on the microcapsule inflammatory
and coagulation potentials was assessed by the human WBA.”
This model is well-suited for revealing the inflammatory
potential of various microsphere types and can be helpful in
designing low-inflammatory microspheres for human recipi-
ents.'” Alongside the differently postmodified PMCG micro-
capsules, we also evaluated alginate microbeads (Ca/Ba beads)
and alginate-PLL microcapsules (AP) for comparison.”* >’
This allowed us to assess the performance of postmodified
PMCG microcapsules in the context of related, but composi-
tionally much less complex, microsphere types.

Figure 7a shows that both the parent and postmodified
microcapsules increased the prothrombin fragment 1 + 2
(PFT1.2) level as compared to saline and Ca/Ba beads, which
indicates an increased potential of coagulation activation for
these microcapsules. Particularly, coagulation activation by
SCS-postmodified microcapsules was comparable to the level
of E. coli. The obtained results agree with the previous study by
Gravastrand et al., who demonstrated that PTF1.2 was rapidly
and signiﬁcantlgf induced by PMCG microcapsules but not by
Ca/Ba beads.” In the former study, PMCG microcapsules
were found to activate the intrinsic pathway of coagulation via
the activation of factor FXII. Figure 7a reveals that this effect
was significantly reduced for microcapsules postmodified with
CQM, CQH, POX, and CAM.

Figure 7b illustrates that the plasma concentration of soluble
terminal complement complex (TCC) slightly increased in the
presence of microcapsules postmodified with polycations
containing quaternized amino groups (CQM, CQH, and
DQM) as well as with SCS, when compared to the parent
microcapsule. Moreover, the TCC levels induced by the parent
microcapsules and by CAM- and POX-postmodified micro-
capsules were similar to Ca/Ba beads, i.e., lower than the
negative control (saline). Note that TCC induction by the
saline control is related to the background activation by the
polypropylene tubes.”’ In previous studies, PMCG micro-
capsules induced TCC at lower levels when compared to AP
microcapsules.”®*” In the present study, this behavior was
confirmed for the parent microcapsules as well as for
microcapsules postmodified by PEs, which may be ascribed
to the generally higher strength of interactions holding the
participating PEs in the microcapsule as compared to the
relatively weak IPEC between alginate and PLL.

Figure 7c highlights that some of the studied microcapsules
increased the level of CD11b on both monocytes and
granulocytes as compared to the saline control. The expression
of CD11b is a sensitive marker for leukocyte activation, with
common triggers being complement anaphylatoxin CSa or
LPS.°* An increase in CD11b was observed for CQM-, CQH-,
DQM-, and SCS-postmodified microcapsules, reaching the
level obtained for AP microcapsules. On the other hand, POX-
and CAM-modified microcapsules behaved similarly to Ca/Ba
beads. We have previously shown for the earlier version of
PMCG microcapsules that low amounts of highly positively
charged anaphylatoxins are present,” possibly reflecting their
enhanced adsorption to the microcapsule surface. The data in
Figure 7c may thus indicate the postmodification influence on
the highly positively charged anaphylatoxins binding to the
negatively charged microcapsule surface (Figure 6) and on the
CD11b expression. Nevertheless, we cannot completely
exclude the possibility that a polycation release triggered the
CD11b expression directly.
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Figure 7. Inflammatory potential of microcapsules measured in a lepirudin-based human WBA (n = 3 donors, dots represent the individual
measurements): (a) coagulation activation reflected by prothrombin fragment 1 + 2 (PTF1.2), (b) complement activation by plasma concentration
of soluble terminal complement complex (TCC), and (c) expression of CD11b on monocytes and granulocytes given as the mean fluorescence
activity (MFI) after 1 h incubation. Saline solution was used as a negative control, and E. coli and glass were employed as positive controls.

Figures 8 and S14 reveal that cytokine induction by both the
parent and postmodified microcapsules was generally at a
similar level as for the saline control. The only exception was
the SCS-postmodified microcapsules that showed a compara-
tively higher degree of cytokine induction. CQM-postmodified
microcapsules showed proinflammatory cytokines (IL-6, IL-1/3,
MIP-1@, and TNF-a) induction at levels comparable to AP
microcapsules, i.e., slightly higher than for the parent PMCG
microcapsule. Further, Figure 8 also shows comparatively
increased MIP-1a concentrations for the parent as well as most
of the postmodified microcapsules. MIP-1a is considered as a
proinflammatory chemokine due to its role in recruiting
monocytes, macrophages, neutrophils, and T-lymphocytes,
initiating the production of other proinflammatory cyto-
kines.”*®® In addition, the parent and the postmodified
microcapsules, with the exception of SCS, showed decreased
induction of cytokines such as Eotaxin, PDGF-BB, IL-4, and
INF-y, as compared to saline control (Figures 8 and S14). The
CQM-, DQM-, and SCS-postmodified microcapsules showed
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slightly elevated induction of proinflammatory cytokines (IL-6,
IL-13, MIP-1a, TNE- @, MIP-15, MCP-1, and INF-y), anti-
inflammatory cytokines (IL-10 and IL-1Ra), growth factors
(VEGF, G-CSF, GM-CSF, and FGF), and T cell activating
cytokines (IL-S, IL-2, IL-4, and IL-17) compared to the
remaining studied microcapsules. The chemokine IL-8 is
influenced by complement activation; the production of
complement factor CSa enhances IL-8 production through
the MAPK signaling pathway.”” The low IL-8 induction b
microcapsules could thus reflect low complement activation.*®
The WBA data show that the PE postmodification of the
parent PMCG microcapsule resulted in only slight changes to
the inflammatory properties and more pronounced changes to
the coagulation patterns. Overall, these findings reflect that the
microcapsule composition impacts on the initial innate
immune response. It has been previously demonstrated that
the activation of surface complement (C3 activation) is a key
characteristic for inducing fibrosis of the AP microcapsules.”!
The surface activation of C3 in AP microcapsules has also been
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Figure 8. Effect of postmodification of PMCG microcapsules on plasma concentrations (pg/mL) of inflammatory cytokines (IL-15, TNF-a, IL-6,
and INF-y), chemokines (IL-8 (CXCL8), MIP-1a (CCL3), Eotaxin), and the growth factor PDGF-BB, following 4 h incubation in the human
WBA (n = 3 donors, dots represent the individual measurements). Saline solution reflects the background activation, and E. coli and glass were

included as positive controls.

4133

https://doi.org/10.1021/acs.biomac.4c00222
Biomacromolecules 2024, 25, 4118—4138


https://pubs.acs.org/doi/10.1021/acs.biomac.4c00222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00222?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00222?fig=fig8&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biomacromolecules

pubs.acs.org/Biomac

shown to mediate the leukocyte adhesion through activated
CD11b/CD18% and, thus, could be a starting point for
fibrosis. While we did not determine the surface complement
patterns on the current PE-modified PMCG microcapsules, we
have previously shown that earlier versions of the parent
PMCG microcapsules exhibited a rapid, yet modest and
decreasing C3-stain,”” which could relate to an initial
activation that is inhibited further. The lower TCC induction
by the PE-modified PMCG microcapsules in the current study,
as compared to the AP microcapsules, could be related to a
generally lower complement activation potential. Both the
complement and coagulation activation patterns for other
alginate-based microspheres have been recently demonstrated
to depend on the complex interplay of activating and inhibitory
proteins.”’ The variability in the inflammatory and coagu-
lation-inducing patterns registered herein could thus be caused
by the complexity of protein absorption patterns.

An ultimate goal of the human whole blood model is to
predict the fibrotic outcome by the initial inflammatory
potentials. Our data demonstrate, however, that this is not
straightforward, which could be related to the complexity of
the underlying (and possibly counteracting) mechanisms.
While some of the PFO-inducing postmodified microcapsules
(SCS) showed the highest coagulation activation (PTF1.2)
and complement (TCC) of all the tested microspheres, others
(CAM and POX) were among the lowest TCC inducers.
Further, the CQM-postmodified microcapsules, showing great
promise with regard to PFO reduction, exhibited intermediate
PTF1.2 induction while being among the highest TCC
inducers. In addition, this microcapsule induced the CD11b
and inflammatory cytokines IL-1f, TNF, and IL-6. Since the
endotoxin content was not measured, we cannot fully exclude
its impact on the CQM profile. The AP microcapsules are
known to induce PFO,*! which could be related to their
prominent building of the complement C3-convertase on the
microcapsules surface, representing a cell-adhesion ligand
through leukocytes CD11b/CD18.°” Inhibitory studies by
Orning et al. demonstrated that the inflammatory cytokine
induction potential was directly dependent on the activated C3
at the material surface and the binding of the leukocyte
CD11b/CD18.% In contrast, in earlier studies, PMCG
microcapsules promoted only minor C3 deposition causing
the formation of C3-convertase at their surface;*’ therefore,
the surface activation of complement is probably less relevant
for PMCG microcapsules. This points to the mechanistic
difference in surface activation of complement for these two
microcapsule types.

Another interesting aspect, potentially connected to fibrosis,
relates to the coagulation activation by FXIL. FXII has the
potential to activate plasminogen to plasmin, and thus FXII
binding to the surface has been su%%ested to be involved in
lowering the fibrin deposition.”””" We have previously
demonstrated that PMCG microcapsules induce coagulation
through FXIL;*® therefore, these mechanisms could be in play
at the surface of PMCG microcapsules, which, however,
remains to be elucidated.

Interestingly, the cytokines Eotaxin and PDGF-BB were
found in low concentrations for the parent and most of the
postmodified PMCG microcapsules while being elevated by
the Ca/Ba beads. The chemokine Eotaxin (CCL11) and the
growth factor PDGF-BB have both been linked to fibrosis,” ">
but not to complement.” Since the Ca/Ba beads are inducing
PFO in the C57BL/6 mouse model despite their low
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complement activation potential,”’ one entrance point could
be their potential induction of profibrotic cytokines. Interest-
ingly, the current study demonstrated that the SCS-post-
modified microcapsules, previously found to promote the most
prominent PFO, were the only studied microspheres inducing
elevated Eotaxin and PDGEF-BB. Overall, this study and
previous studies demonstrate a complexity of responses linked
to the material properties.

Viability and Proliferation of Encapsulated ATC3
Cells. In order to assess the possible influence of microcapsule
postmodification with PEs on encapsulated cells, we studied
the viability and proliferation of encapsulated fTC3 pancreatic
mouse cells. BTC3 cells were previously shown to be a suitable
model for studying the effect of encapsulation within a
hydrogel environment on cell survival.”> Figure 9 shows the
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Figure 9. Viability of encapsulated fTC3 cells in the parent (denoted
PMCG) and postmodified microcapsules up to 28 days postencap-
sulation assessed by the MTT assay. Absorbance correlates with the
number of viable cells inside the microcapsules. Data points are
presented as mean + SD for three independent measurements at each
time point. The statistical comparison is done between the parent and

postmodified microcapsules: * P < 0.05, ** P < 0.01, *** P < 0.001.

viability and proliferation on days 1, 3, 7, 10, 14, and 28
postencapsulation, as quantified using the MTT colorimetric
assay. The microcapsule postmodification did not have a
negative impact in most cases as cells survived and proliferated
equally (CAM) or better (CQM, CQH, DQM, POX) in the
postmodified microcapsules when compared to the parent
PMCG microcapsule, in particular, on days 3, 7, and 10
postencapsulation. In contrast, the survival of cells encapsu-
lated in SCS-postmodified microcapsules was already signifi-
cantly lower by day 1, which accounted for the low cell viability
and proliferation observed at later time points. This
observation indicates that the postmodification with SCS
creates a cytotoxic environment for encapsulated cells. While
the reasons are not immediately clear, we speculate that the
additionally introduced SCS that does not get bound within an
IPEC may be susceptible to the autocatalytic acidic hydrolysis
of its or§anic sulfate ester groups, leading to the sulfuric acid
release.”” The resulting acidic environment could additionally
lead to the hydrolysis of acetal linkers within the present
polysaccharides (SCS, SA). Currently, we cannot completely
rule out that this factor is, at least partially, responsible for the
distinct properties and behavior of the SCS-postmodified
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microcapsules observed in most parts of this study. Never-
theless, Figure 9 demonstrates that the parent microcapsule
and a majority of the postmodified microcapsules represent a
noncytotoxic environment for encapsulated cells. This is in
agreement with previous in vivo studies that demonstrated the
survival and performance of encapsulated pancreatic islets in
the PMCG microcapsules.'”**”>”® The decreased cell viability
in all microcapsules after 14 days is presumably caused by the
restricted access of cells to nutrients due to the formation of
large cell aggregates as seen in Figure S15, which is t);pical for
cells proliferating in the alginate-based microspheres.”””””®

B CONCLUSIONS

In conclusion, this is the first study that comprehensively
evaluates the complex effects of postmodification with PEs on
the properties and behavior of multicomponent alginate-based
microcapsules. The postmodification was found to have a
relatively limited impact on the physical properties of
microcapsules when assessed immediately upon microcapsule
preparation. However, this impact was significantly more
pronounced for microcapsules evaluated after their retrieval
from a mouse model whereby certain PEs (particularly the
polycations) largely offset the generally observed drop in
microcapsule compression resistance. Moreover, the post-
modification showed a dramatic influence on microcapsule
biocompatibility, as evaluated by the extent of PFO in vivo.
Surprisingly, the polycation CQM-postmodified microcapsules
were found to be almost free of PFO, thus manifesting better
biocompatibility than the parent PMCG microcapsules.
Opverall, polycations provided better results than polyanions
in this respect, which contrasts with some of the previous
results obtained with other polycation-containing alginate-
based microcapsules.

Furthermore, we conducted CRM mapping of absolute
concentrations of the base PEs in the parent and postmodified
microcapsules for the first time, revealing two principal
PMCG-SCS IPEC layers (shells) within the microcapsule
volume. The complementary CLSM mapping of the labeled
postmodification PEs pointed to the important barrier function
of the inner IPEC interface that restricts the access of medium-
and high-MW PEs to the microcapsule core. In general, the
IPEC layers proved to be resistant to disruption by most of the
PEs used for postmodification; however, CRM detected that
the use of SCS (a high charge density polyanion) triggered
significant spatial redistribution of the IPEC polymers, which
may correlate with the poor results of these microcapsules in
the mechanical and biocompatibility assessments. The
obtained data also suggest that the significant decrease in
microcapsule permeability in complex environments (e.g., in
vivo or in a culturing medium), detected by the IgG/CLSM
and iSEC assays, is more likely caused by additional cross-
linking of the hydrogel matrix rather than by the base PE
redistribution.

Notably, the surface zeta potential was found to be negative
for all the studied microcapsules, including those treated with
polycations, with the determined values similar to that found
for alginate microbeads used as a control. This indicates that
the surface charge of microcapsules is mainly defined by the
charge of SA that is concentrated in the surface layer, with the
charges of the also present PMCG-SCS IPEC being largely
mutually compensated. The postmodification PEs (particularly
polycations) may then be effectively “hidden” underneath this
surface layer as indicated by the CLSM mapping data.

Finally, with the exception of the polyanionic SCS, the PEs
used for postmodification did not show a negative impact on
the viability of model encapsulated cells, and the human WBA
analysis generally revealed similar inflammatory properties and,
for some of the PEs, lower coagulation potential when
compared to the parent PMCG microcapsules.

On the whole, our findings highlight the complexity of
processes defining the properties of alginate-based micro-
capsules and determining their potential success in target
applications. The prepared microcapsules should not be
considered as a final product but instead, as dynamic objects
responding to the surrounding environment that ultimately
shapes their final functional properties. Microcapsule post-
modification with PEs can be both advantageous and
detrimental, with even relatively small changes to the PE
parameters leading to a significant impact on the final
microcapsule behavior. Therefore, depending on the structure
and composition of the postmodified microsphere, even the
application of polycations can lead to significant enhancement
of key properties. These conclusions are likely applicable to all
hydrogel microspheres whose polymeric network is based on
noncovalent interactions.

The main limitation of this study is the limited analytical
data collected on explanted microcapsules. We believe that
further advancements in techniques such as CRM will help to
overcome the technical difficulties associated with the
characterization of explanted microcapsules and provide
essential information, e.g, on how the in vivo environment
influences the spatial distribution of polymers within the
microcapsule volume.
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