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Abstract

We explored the use of new drug-loaded nanocarriers and their targeted delivery to the
kidney glomerulus and in particular to podocytes, in order to overcome the failure of current
therapeutic regimens in patients with proteinuric (i.e. abnormal amount of proteins in the
urine) diseases. Podocytes are glomerular cells which are mainly responsible for glomerular
filtration and are primarily or secondarily involved in chronic kidney diseases. Therefore, the
possibility to utilise a podocyte-targeted drug delivery could represent a major breakthrough
in kidney disease research, particularly in terms of dosage reduction and elimination of
systemic side effects of current therapies. Four-arm star-shaped polymers, with/without a
hydrophobic poly-e-caprolactone core and a brush-like polyethylene glycol (PEG)
hydrophilic shell, were synthesised by controlled/living polymerisation (ROP and ATRP) to
allow the formation of stable ultrasmall colloidal nanomaterials of tuneable size (5-30 nm),
which are able to cross the glomerular filtration barrier (GFB). The effects of these
nanomaterials on glomerular cells were evaluated in vitro. Nanomaterial accumulation and
permeability in the kidney glomerulus were also assessed in mice under physiological and

pathological conditions. Drug (dexamethasone) encapsulation was performed in order to test



loading capacity, release kinetics, and podocyte repairing effects. The marked efficacy of
these drug-loaded nanocarriers in repairing damaged podocytes may pave the way for
developing a cell-targeted administration of new and traditional drugs, increasing efficacy

and limiting side effects.

1. Introduction

Chronic kidney diseases (CKD) are recognised as a major health threat worldwide. Over 10%
of the global population is currently affected by CKDJ[1], and this number is expected to
steadily increase in the next years [2]. Therapies which are able to treat or slow the
progression of kidney damage are still limited[3, 4]; steroids, immunosuppressive agents, and
drugs interfering with the renin-angiotensin system cause a number of severe side effects,
particularly when a systemic prolonged administration is required. When therapies fail, renal
damage inevitably progresses to end stage renal failure, with the need of life-saving renal
replacement therapies, which are charged with human and social high costs. Therefore,
research is necessary to provide complete information about kidney cell physiology, to unveil
disease mechanisms, and to design new and more specific therapies[5]. Technological
progresses in nanomedicine already offer the possibility to plan a cell targeted administration
of new and traditional drugs, increasing specific efficacy and limiting side effects[6]. Recent
advances demonstrated how the majority of kidney diseases are characterised by damage of
podocytes in the GFB[7]. Podocytes are highly specialised polarised cells composed by a cell
body that bulges into the urinary space, and foot processes which interdigitate with
neighbouring cells to completely enwrap the glomerular basement membrane[8]. Podocytes
are known to be the primary glomerular target for different types of injuries, such as toxic,
metabolic, hemodynamic, oxidant, and immune injury[9], therefore they are primarily or
secondarily involved in all glomerular renal diseases. When podocytes work less efficiently

due to stress or damage, proteinuria - the loss of proteins in the urine - and glomerular
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dysfunction inevitably take place. If not promptly treated, these conditions lead to
progression of glomerular damage and renal failure[8]. Most interestingly, experimental
results have also demonstrated that all drugs which are currently used to treat or slow
progression of glomerular damage, including Angiotensin-converting enzyme (ACE)
inhibitors[10], steroids[11], cyclosporine A[9], and rituximab[12], have a direct action on
podocytes[12-14]. Therefore, the possibility to utilise a podocyte specific delivery of these
therapies could be beneficial in terms of dosage reduction and elimination of systemic side
effects[15].

The most significant challenge in targeting podocytes is to design engineered nanocarriers
which facilitate drug permeation through the GFB[16, 17]. This biological barrier is a three-
layer structure composed of fenestrated glomerular endothelial cells (with pores diameters in
the range of 60-80 nm), podocytes (with interdigitating foot processes that form filtration slits
of 32 nm) and glomerular basement membrane between the two cellular layers (rich in
heparin sulfate and charged proteoglycans which provides size and charge selectivity)[18].
The glomerular filtration apparatus, taken in its entirety, possesses an effective size cut-off of
6-10 nm[19, 20] (still highly debated in the context of renal function and glomerular
pathologies). This size range is generally too small for the permeation of many nanocarriers,
including several proteins, biomedical nanoparticles and liposomes. Taking into account
these limitations, our approach focused on the design of ultrasmall colloidal polymeric
nanomaterials able to permeate through the glomerular barrier (which may also increase its
size cut-off under pathological conditions[21]), and reach podocytes.

A library of multiarm amphiphilic polymers were synthesised by Atom Transfer Radical
Polymerisation (ATRP) of PEG-methacrylate, starting from either commercial 4-Arm ATRP

initiators or custom-made multiarm poly(e-caprolactone) macroinitiators. When dispersed in



aqueous solutions, these macromolecules are able to form ultrasmall nanocarriers, stabilised

by a dense hydrophilic corona of comb-like PEG (Scheme 1).

ATRP kinetics, reaction conditions, degree of polymerisation and final molecular weight
distributions were optimised in order to obtain nearly monodisperse polymers of well-defined
structure and molecular weight, and generate nanocarriers of uniform and tuneable particle
size.

A subset of polymers with optimal physicochemical properties was identified and further
used for biological tests. In particular, nanomaterials of target size < 30 nm (i.e. compatible
with kidney filtration) were selected.

A hydrophobic drug, dexamethasone (DEX), was successfully encapsulated in the
nanoparticle core and release profiles were analysed under sink condition.

In vitro tests on podocytes were carried out to exclude polymer cytotoxicity and possible
damage to cell cytoskeleton.

Podocyte repair by controlled nanodelivery of DEX was assessed. We took advantage of a
recently developed 3D in vitro system, based on a co-culture of endothelial cells and
podocytes[22-24], in mimicking the mechanisms of nanoparticle interaction with glomerular
cells and the repair of the filtration barrier. Finally, in vivo tests on healthy and proteinuria-
induced mice were carried out to investigate the biodistribution of these nanomaterials
following intravenous administration, and their capacity to permeate through GFB and

accumulate in urine.



2. Materials and Methods

e-Caprolactone 97%, Pentaerythritol >99% (PTOL), Tin(Il) 2-ethylhexanoate 92-100% (
Sn(Oct),), a-Bromoisobutyryl bromide 98% (BiBB), Triethylamine >99% (TEA), Sodium
Sulfate >99%, Poly(ethylene glycol) methyl ether methacrylate M, 500 (PEGMA), Copper
(I) Bromide 98% (CuBr), 1,1,4,7,10,10-Hexamethyltriethylenetetramine 97% (HMTETA),
Pentaerythritol tetrakis(2-bromoisobutyrate) 97%, Dichlorometane >99%(DCM), Isopropyl
alcohol (IPA) >99.8%, Methanol >99.8%, Toluene >99.7%, Tetrahydrofuran (THF) (HPLC
grade, inhibitor free, 99.9%) Diethylether >99.5%, Acetonitrile (ACN) >99.5%, Ethylacetate
>99.5%, , Acetone 99.5%, Dimethyl Sulfoxide 99.9%, 2-Hydroxyethyl methacrylate 97%
(HEMA), Rhodamine B 95% (RhB), N,N'-Dicyclohexylcarbodiimide 99% (DCC), 4-
(Dimethylamino)pyridine 98% (DMAP), Pyrene 99% , Sodium Chloride 99%, Potassium
Chloride 99%, Sodium phosphate dibasic dihydrate 98.5%, Potassium phosphate monobasic
98%, Dexamethasone (DEX) 98%, Deuterochloroform 99.8%, Dimethyl sulfoxide-d6 100%
were all purchased from Sigma (Italy) and used as received without further purification
unless stated otherwise. MilliQ water was obtained by filtration of Helix 5 water using Easy
Millipore System. Dialysis regenerated cellulose tubular membrane with 3500 MWCO were
purchased by Orange Scientific (Belgium). 0.45 pm syringe nylon filter were purchased by

Teknokroma (Italy).

2.1 Characterisation

The number-average molecular weight (M, gpc) values and dispersity (D = M,,/M,) values of

the polymers were evaluated using a Jasco LC-2000Plus gel permeation chromatograph
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(GPC) equipped with a refractive index detector (RI-2031Plus, Jasco) using 3 Agilent PL gel
columns, 5 pM particle size, 300 x 7.5 mm (MW range: 5x10° to 17x10° g mol™). THF was
chosen as eluent at a flow rate of 0.5 mL min™ at 35 °C. The GPC samples (4 mg/mL in
THF) were injected using a Jasco AS-2055Plus autosampler. The instrument was calibrated

using polystyrene standards.

'"H NMR spectra were recorded on a Bruker Avance 400 MHz and 500 MHz NMR

instruments. The solvent residual peak was used as internal standard.
IR spectra was registered on a Nicolet iS 50 FTIR spectrometer (Thermo Scientific).

Transmission Electron Microscopy (TEM) analyses were carried out with a JOEL HR-TEM
(Philips) with liquid nitrogen grid cooler. TEM images were obtained using 80kV electric
gun power and CCD detector. A small volume (~5 pL) of polymer suspensions (0.1 mg/mL)
were spotted on carbon coated copper grid 400 mash using uranyl acetate as negative stain at
3% w/v in dark room.

Particle size distribution, average size, polydispersity index (PDI) of the colloidal
nanocarriers in aqueous suspensions (1 mg polymer dispersed in 1 mL PBS 10 mM pH 7.4)
at different temperatures (10, 25, 37 °C) were evaluated via Dynamic Light Scattering (DLS,
Malvern Zetasizer Nano, Backscattered Angle 173°).

Fluorescence analyses were performed with a Jasco FP-8500 spectrofluorometer in order to
evaluate the emission of HEMA-Rhodamine fluorescent dye and to determine the apparent
Critical Micelle Concentration (CMC) of the polymers by using a pyrene fluorescent probe

(see Supplementary Material).

2.2 General procedure for synthesis of HEMA-Rhodamine B (HEMA-RhB)

1 g of RhB (2.1 mmol, 1 eq.) together with 0.325 g of 2-Hydroxyethyl methacrylate (HEMA,

2.5 mmol, 1.2 eq.) were dissolved in 20 mL acetonitrile under magnetic stirring at room
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temperature. 0.43 g of DCC (2.1 mmol, 1 eq.) and 13 mg of DMAP (106 mmol, 50 eq.) were
dissolved in 20 mL of acetonitrile; this solution was added dropwise to the reacting mixture
in 20 minutes. The reaction was carried out in the dark at 40 °C under magnetic stirring and
nitrogen atmosphere for 24 h and then quenched in an ice bath for 10 minutes.
Dicyclohexylurea, the side product of the coupling reaction, was eliminated from the solution
through filtration and finally acetonitrile was removed under reduced pressure.

The solid was re-dispersed in ethyl acetate and a diluted solution of NaHCO; The water
phase was isolated and washed three times with fresh ethyl acetate and finally saturated with
NaCl, while the pH was maintained neutral by adding drops of a 1M HCI solution. The
product was extracted with a mixture of DCM/IPA 1:2 v/v. The organic phase was collected
and dried with sodium sulphate, and the solvent was removed by rotary evaporator. The solid
was dissolved in small amount of methanol and precipitated into cold diethylether (Yield =
80%).

'"H NMR (400 MHz, DMSO) & 8.26 (dd, J= 7.8 Hz, J = 0.9 Hz, 1H, Hoensoue), 7.92 (ddd, J =
7.8 Hz, J=7.8 Hz, J = 0.9 Hz, 1H, Hyensoute), 7.85 (ddd, J= 7.8 Hz, J= 7.8 Hz, J = 0.9 Hz,
1H, Hpengoate)s 7.50 (dd, J = 7.8 Hz, J= 0.9 Hz, 1H, H penzonre), 7.07 (dd, J=9.5 Hz, J=2.3 Hz,
2H, Hxan), 6.98 (d, J = 9.5 Hz, 2H, Hxay), 6.94 (d, J = 2.3 Hz, 2H, Hxay), 5.80 (s, 1H, -
CCH;CH,), 5.58 (s, 1H, -CCH;CHa), 4.30 — 4.16 (m, 2H, -C(O)OCH,CH,0-), 4.03 — 3.91
(m, 2H, -C(0)OCH,CH,0-), 3.64 (q, J = 6.9 Hz, 8H, -NCH,-), 1.75 (s, 3H, -CCH;CH,), 1.21
(t, J = 6.9 Hz, 12H, -NCH,CH3). *C NMR (100 MHz, DMSO) & 166.11 (C=0), 164.55
(C=0), 157.54 (Cquar), 157.03 (Cquar); 155.10 (Cquar), 135.20 (Cquar), 133.33, 133.18 (Choenzontc)s
130.94, 130.84 (Chenzoates Cxan)s 130.50, 130.48 (Coenzonte)s 129.09 (Cquar), 125.98 (-CCH;CH,),
114.54 (Cxan), 112.85 (Cquar), 95.87 (Cxan), 63.01, 62.29, 61.97 (-C(O)OCH,CH,0-), 45.29 (-
NCH,CH3), 17.79 (-CCH;CH,), 12.38 (-NCH,CH).

2.3 Synthesis of 4-arm poly(e-caprolactone) (A4CL10 and A4CL20)
4-arm poly(e-caprolactone) was synthesised by ring opening polymerisation in bulk

conditions at 130 °C, using pentaerythritol as multi-arm initiator and tin(II) 2-ethylhexanoate



as catalyst. 20 g of e-caprolactone monomer and pentaerythritol were added to a flask and
stirred for 15 min at 130 °C to obtain a homogeneous solution. The initiator amount was
calculated according to the target degree of polymerisation ([M]/[I]=10 for A4CL10 polymer,
and [M]/[I]=20 for A4CL20 polymer, where [M] and [I] are the concentrations of the
monomer and the OH- functional groups in pentaerythritol, respectively). The polymerisation
started by adding tin(II) 2-ethylhexanoate (1/200 mol catalyst / mol OH- functional groups).
The reaction mixture was stirred for 8 h at 130 °C, then cooled down, and the polymer was
purified by precipitation from a concentrated dichloromethane solution into hexane. The final
solid product was dried via rotary evaporator (yields >95%).

'H NMR (400 MHz, CDCls) & 4.05 (t, J= 6.7 Hz, 2H x (n — 1), -CH,CH,0C(0)-), 3.63 (t, J =
6.5 Hz, 2H, -CH,0OH), 2.29 (t, ] = 7.5 Hz, 2H x n, -OC(O)CH,CH;-), 1.71 — 1.53 (m, 4H x n, -
OC(O)CH,CH,-, CH,CH,0C(0)-),1.44 — 1.34 (m, 2H x n, -CH,CH,CH,-), where n is the degree
of polymerisation.

FT-IR: 2948 (v,sCHy); 2864 (vsCH,); 1721 (vVC=0); 1293 (C-O and C-C); 1238 (v,5COC); 1182
(v OC-0); 1168 (v,COC).

2.4 Synthesis of A4CL10Br and A4CL20Br macroinitiators

Functionalisation of A4CL10 and A4CL20 was obtained by esterification of the OH terminal
group with a-bromoisobutyryl bromide (BIBB).

5 g of polymer was dissolved in 25 mL of toluene and mixed with triethylamine (Et;N, 3.0
mmol/arm) into a three-neck flask under nitrogen atmosphere. 3.0 mmol/arm of BIBB was
added dropwise, while the reaction flask was cooled into an ice bath. The reaction was
performed under stirring and nitrogen atmosphere at room temperature overnight. The
reaction mixture was filtrated through a small pad of neutral alumina column, washing with
toluene, to remove triethylammonium chloride, and the solvent evaporated at the rotary

evaporator. The resulting viscous oil was dissolved in dichloromethane, washed with water



(pH was kept neutral by adding sodium bicarbonate), dried over sodium sulfate and finally
precipitated in cold diethyl ether. Conversion = 100% (from 'H NMR data). Yield = 80 %.

'H NMR (400 MHz, CDCls) & 4.15 (t, J = 6.5 Hz, 2H, -CH,OC(O)C(CH3),Br), 4.04 (t, J =
6.7 Hz, 2H x (n - 1), -CH,CH,0C(0)-), 2.28 (t, J = 7.5 Hz, 2H x n, -OC(O)CH,CH;-), 1.90
(s, 6H, -CH,OC(O)C(CHs3),Br), 1.69 — 1.58 (m, 4H x n, -OC(O)CH,CH,-, -CH,CH,OC(0O)-),
1.40 — 1.36 (m, 2H x n, -CH,CH,CH,-), where n is the degree of polymerisation.

FT-IR: 2947 (v,sCHy); 2866 (vsCH»); 1721 (vC=0); 1367 (vsCHs3); 1292 (C-O and C-C);
1241 (v,sCOC); 1162 (v,COC).

2.5 ATRP of PEGMA from 4-arm initiators

PEGMA (4.5 g, 9 mmol), and the 4-arm macroinitiator (either Pentaerythritol tetrakis(2-
bromoisobutyrate), A4CL10Br or A4CL20Br) were added to a schlenk flask wrapped in
aluminum foil, which was evacuated and backfilled with nitrogen three times. The initiator
amount was calculated according to the target degree of polymerisation ([M]/[1]=5,10,20, where
[M]/[I] represent the molar ratio between PEGMA and the single arm ATRP initiator). CuBr,
HMTETA and 10 mL of degassed and inhibitor free THF were finally added to the reactor, which
was sealed with a rubber septum. The molar ratios between single-arm initiator, catalyst and
ligand was maintained at [[]:[CuBr]:[HMTETA]=1:1:1 in all polymerisations. When required, a
small amount of HEMA-RhB was also added as co-monomer (HEMA-RhB/M = 1:100 mol/mol)
to obtain fluorescent polymers for biological experiments.

The reaction mixture was stirred for 6 hours at 50 °C under nitrogen atmosphere, and then
quenched by exposing it to air and cooling the flask with an ice bath. The mixture was passed
through a pad of neutral alumina to remove the catalyst. The filtrate was concentrated by
rotary evaporator and the residue was precipitated in cold diethyl ether. The polymers
obtained were dried under vacuum (Yield> 80%), and characterised by '"H NMR and GPC.

'H NMR (400 MHz, CDCl3) § 4.16 — 3.99 (m, 2H x n, -CH,CH,OC(0)-), 3.75 — 3.50 (m,
Hpeama x p, -OCH,CH,0O-), 3.37 (3H x p, -OCHs), 2.29 (t, J = 7.5 Hz, 2H x n, -

OC(0)CH,CH,-), 1.72 — 1.57 (m, 4H x n, -OC(O)CH,CH,-, -CH>CH,0C(0)-), 1.45 — 1.33
9



(m, 2H x n, -CH,CH,CH>-), 1.16 — 0.80 (m, 3H x p, CH3packbone), Where n is the CL degree of

polymerisation and p is the PEGMA degree of polymerisation.

2.6 Characterisation of PEGMA ATRP kinetics.

PEGMA polymerisations were carried out as described above. Aliquots (100 pL sample)
were withdrawn from the reaction mixture at intervals during the course of the reaction,
filtered through a pad of neutral alumina and analysed by 'H NMR spectroscopy using CDCl;
as deuterated solvent to measure conversion and to examine the evolution of molecular
weight. The concentrations of the reactants (monomer vinyl signals at 6= 5.5 and 6.0 ppm
CH,=C(CHj3)-) compared to the product (broad singlet at 0=4.07, -CH,C=0) were calculated

with respect to reaction time by 'H NMR analysis.

2.7 Dexamethasone (DEX) loading and release

5 mg of DEX and 50 mg of polymer were dissolved in 1 mL of acetone under magnetic
stirring (500 rpm) at room temperature. Then the solution was dropped in to 1 mL of Milli-Q
water under stirring. Evaporation of volatile solvent was performed by rotary evaporator at 40
°C, and the suspension was filtered through a 0.45 pm syringe nylon filter to remove any
precipitate formed by oversaturation of DEX. After DEX loading, samples were characterised
by dynamic light scattering (I mg/mL) to evaluate changes in the hydrodynamic diameters.
Afterwards, samples were freeze dried, weighted to determine the mass of the solid phase, re-
dissolved in 2 ml of acetonitrile, diluted 1:10 and analysed by HPLC to estimate the amount
of encapsulated DEX in each polymer. The encapsulation efficiency (EE) and drug loading
(DL) were calculated as follows: EE = (weight of DEX loaded [mg])/(total weight of DEX

used [mg]), DL = (weight of DEX loaded [mg])/(total weight of the solid phase[mg]).
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Release studies were conducted via HPLC by dialyzing 3 mL of DEX-loaded NPs in water
(prepared starting from 15 mg of DEX and 150 mg of polymer, according to the loading
procedure described above) against 200 mL of PBS buffer (10 mM, pH 7.4) at 37 °C
(regenerated cellulose dialysis membrane, 3500 Da cut-off). At selected times, small aliquots
(100 pL) were withdrawn and replaced with an equal volume of PBS. The samples were
analysed by HPLC to determine the concentration of DEX.

The HPLC system (Jasco) was equipped with a Restek C18 column and a photodiode array
PDA detector. Detector wavelength was set at 254 nm, the mobile phase was composed of

water and acetonitrile (70/30 v/v) in isocratic condition at a flow rate of 1 mL/min at 30 °C.

2.8 LDH Cytotoxicity tests

NPs cytotoxicity was measured using LDH-Cytotoxicity Colorimetric Assay Kit (BioVision
Incorporated). Briefly 6000-8000 per well of conditionally immortalised murine kidney
podocytes SV1 (CLS Cell Line Service Ltd, Eppelheim, Germany) were plated on a 96-well
plate and cultured at 37 °C in DMEM/F-12 medium supplemented with 10 % FCS, 5 ng/mL
transferrin, 107 M hydrocortisone, 5 ng/mL sodium selenite, 0.12 U/mL insulin, 100 U/mL
penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine, and without y-interferon for 3-4
days. Then, the culture medium was replaced by medium containing different concentrations
of polymers (0.01-2 mg/mL) which was incubated with cells for 24 hours. For positive
control (high control), 10 puL of cell Lysis solution was added and incubated for 24 hours,
while the low control was referred to cells incubated only with standard medium. At the end
of incubation, the plate was gently shacked for some minutes and centrifuged at 600 x g for
10 min. 10 pL of culture medium from each well was transferred into a new optically clear
96-well plate, and 100 pL of LDH Reaction Mix was added to each well and incubated at

room temperature for 1 to 2 hours (depending on the colour development). The absorbance of
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all controls and samples was measured with 450 nm filter using SAFAS spectrophotometry
(Monaco). The cytotoxicity was calculated using the equation: Normalised Cytotoxicity =
(Test sample-Low control)/( High control-Low control); Low control: normal cells; High

control: cells treated with lysis buffer.

2.9 Phalloidin-FITC Staining

Podocytes cultured on coverslips were fixed with 4 % of Paraformaldehyde at room
temperature for 10 minutes. After washing, cells were permeabilised with 0.3 % of Triton in
PBS for 5 minutes and incubated with 1 % of BSA in PBS at room temperature for 30
minutes. Phalloidin-FITC (Sigma-Aldrich) at 1:100 dilution together with DAPI at 1:1000
dilution (Sigma-Aldrich) was added and the cells were incubated for 1 hour, in order to stain
actin fibres of podocyte cytoskeleton. After 3 times washing with PBS, the cells were
mounted with Fluorsave aqueous mounting medium (Merck, Milano, Italy). Images were
acquired by Zeiss AxioObserver microscope equipped with high resolution digital
videocamera (AxioCam, Zeiss) and Apotome system for structured illumination, and

recorded by AxioVision software 4.8.

2.10 Primary Podocytes Culture

For primary podocytes cultures, kidneys taken from 7- to 10-d-old C57BL/6 mice were
decapsulated and washed in cold Ca®" and Mg*" free Hanks medium. Glomeruli were isolated
by sieving, then seeded in culture flasks (Corning, Sigma-Aldrich) pre-coated with collagen
type IV (Sigma-Aldrich) at 37 °C in 5% CO, atmosphere and covered by DMEM-F12
medium supplemented with 10% FCS, 5 pg/mL transferrin, 107 M hydrocortisone, 5 ng/mL
sodium selenite, 0.12 U/mL insulin, 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM L-

glutamine. After 1 week, first-passage podocytes were separated from glomeruli by an
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additional sieving through the 36-um mesh. Second passage podocytes were seeded on flasks
and thermanox coverslips (Nunc, VWR Int., Milan, Italy). Cell characterisation was
performed by morphology and immunofluorescence, using podocyte (nephrin, podocin),
epithelial (cytokeratins), smooth muscle (a-smooth muscle actin), and endothelial cell

(CD31) markers.

2.11 DEX release on podocytes

2x10% SV1 cells or 1x10° primary podocytes were plated on a 35 mm petri containing 4 cell
culture coverslips and cultured at 37 °C for 3-4 days. Afterwards, cells were incubated with
0.8 uM Adriamycin (ADR, Sigma- Aldrich) in cell culture medium for 24 hours. After
incubation, ADR was replaced by fresh medium (as control group) or medium with different
concentration of NPs loaded with DEX and incubated for another 24 or 48 hours. Finally,
cells were washed 3 times with PBS, fixed with 4% of Paraformaldehyde and stained with

DAPI and phalloidin-FITC, as described above.

2.12 Analysis of fibre orientation

In order to extract quantitative data on actin fibre orientation in podocytes, images from
phalloidin-stained cells were processed by Imagel] software [25] supported with FibrilTool
plugin [26], which was designed to quantify the orientation and anisotropy of fibrillary
structures in raw images. Once a region of interest (ROI) was selected (corresponding to a
single cell), the Anisotropy score was calculated to evaluate the green fibrils orientation in a
preferred direction. The following convention was used: 0 for no order (purely isotropic array

of fibrils) and 1 for perfectly ordered (parallel fibrils, purely anisotropic array)[26].

2.13 Co-culture system and permeability assessment
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1 pum porous Biopore membranes (Millicell hanging cell culture inserts, made of
Polyethylene Terephthalate (PET), Millipore, Milan, Italy) were coated on both sides with
collagen type IV, as previously reported[23, 24]. 1.5 x 10° of endothelial cells (EOMA, CRL-
2586, LGC Standards S.r.l., Italy) were seeded on the lower side of the membrane and
exposed to VEGF 5 ng/mL for one week before 65000 SV1 cells were seeded on the upper
side of the membrane and incubated in their own medium.

In order to assess albumin permeability, cells were carefully washed on both sides with PBS.
Podocyte damage was induced by adding to the podocyte medium Adriamycin (0.8 pM) and
incubating for 24 hours. Then, the upper (podocyte) compartment was filled with either
standard medium (as control) or DMEM/F-12 containing DEX-loaded A4CL10PEG20
nanoparticles (DEX 1.5% w/w, total nanoparticle concentration range 0.4+20 uM) and the
system was incubated for 24+48hr. Afterwards, the lower (endothelial) compartment was
filled with DMEM/F12 supplemented with 40mg/mL of Bovine serum albumin (BSA,
Sigma-Aldrich). Medium was taken from the upper compartment after 2 hours incubation and
albumin content was measured by spectrometry using the DC protein assay kit (Bio-Rad,
Milano, Italy). Results were expressed as percentage of BSA permeability versus control
conditions. Data were presented as mean * standard deviation of three different replicates and
analysed for statistical significance by Student’s t-test. Coomassie-stained gels were used to
confirm that BSA was the only protein present in the medium, excluding the contribution

from cellular proteins.

2.14 Biodistribution of nanocarriers in healthy mice
2-3 month-old male Balb/c mice (Charles River Italia, Calco, Lecco, Italy) were divided into
3 groups (3 mice each). Each group received one type of rhodamine-labelled nanocarrier

(A4PEGS, A4PEG20, A4CL10PEG20). 200 pL of polymer at concentration of 2 mg/mL
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(corresponding to 0.4 mg of polymer) in physiological solution (0.9% NaCl ) was injected via
tail vein and housed into a metabolic cage for the collection of urine. Mice were sacrificed
on 24 hours after injection, the spleen, liver, lung and kidney were removed and embedded
in optimum cutting temperature cryo-embedding matrix (OCT, Tissue-Tek, Electron
Microscopy Sciences, Societa Italiana Chimici, Roma, Italy), snap-frozen in a mixture of
isopentane and dry ice and stored at —80 °C. Mice which received an injection of

physiological solution were used as control.

2.15 Biodistribution of nanocarriers in mice with Adriamycin nephropathy

Adriamycin nephropathy was induced by a single injection of 10 mg/Kg doxorubicin
hydrochloride (Sigma) in the tail vein of 3-month-old male Balb/c mice (Charles River Italia,
Calco (Lecco), Italy) according to a protocol reported in literature[27]. The presence of
urinary albumin was monitored every day by Albustix test (Bayer, Milan, Italy). The 9 mice
reaching 4+ albumin values by Albustix were selected and randomised to 3 groups to receive
3 different size of polymeric nanomaterials, following the same protocol used for healthy
mice. The urinary samples were collected, mice were sacrificed and the tissues were

processed as described above.

2.16 Fluorescence Microscopy Examination

5-um-thick tissue cryosections were fixed with 4% of paraformaldehyde at room temperature
for 10 min. Nuclei were stained with 4',6-Diamidino-2-phenylindole (DAPI) at a
concentration of of 0.1 mg/mL in PBS for 30 minutes. Slides were mounted with Fluorsave
aqueous mounting medium (Calbiochem, VWR International, Milan, Italy). Images were

acquired by a Zeiss Axioscope (40FL microscope), equipped with an AxioCam MRc5 digital
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videocamera and an immunofluorescence apparatus (Carl Zeiss SpA, Arese, Italy). Images

were recorded using AxioVision software 4.3.

2.17 Urine collection and analysis

The quantity of nanomaterial accumulated in urine was measured using a SAFAS
Spectrofluorimetry (SAFAS, Monaco). Briefly, 50 puL of urine collected during 24 hours after
injection was added into a black 96-well plate and analysed at Ay = 540 nm and A¢y, = 584
nm. A 1:2 serial dilution from 0.5 to 0.0075 mg/mL of each polymer dispersed in PBS was
used to obtain a calibration curve and evaluate the extinction coefficient, in order to convert
absorbance values to concentrations. Urine from mice which did not receive any polymer
injection was used for background control. Data were presented as mean + standard deviation

of three different replicates and analysed for statistical significance by Student’s t-test.

2.18 Ethical approval. Animal protocols strictly adhered to the Public Health Service Policy
on Humane Care and Use of Laboratory Animals (D.L.116-27/01/1992) and were approved
by the Milan University Institutional Care and Ethical Treatment Committee (Prot.N. 07/13).
All animals were housed on a 12-h light/dark cycle, and allowed free access to food and
water. When appropriate, the animals were sacrificed by decapitation after anaesthesia

induced by intraperitoneal injection of 370 mg/Kg of Chloral hydrate.

3. Results and discussion

3.1 Synthesis and characterisation of the nanomaterials
Polymeric nanocarriers were designed to obtain a 4-arm comb-like structure composed of a

poly(PEGMA) hydrophilic corona (Scheme 1). This hyperbranched structure allows to obtain

16



ultrasmall colloidal nanomaterials stabilised by a dense hydrophilic PEG-based shell. In order
to enhance the loading efficiency of DEX, a hydrophobic block of poly(e-caprolactone) was
introduced to form a core-shell structure. The polyester core also allowed biodegradability of

the nanocarrier.

{ ¥~~~ PEG brush '
s Hydrophilic corona
| eo00 PCL block
' Hydrophobic core

® Dexamethasone |

....................................

Ultrasmall polymeric nanocarrier

Scheme 1. 4) Four-arm star-shaped polymers, with/without a hydrophobic PCL core and a
brush-like PEG hydrophilic shell, form stable ultrasmall colloidal nanomaterials which are
able to encapsulate and release DEX and to cross the GFB. B) TEM image of a polymeric
nanocarrier (A4CL10PEG20, scale bar 100 nm). Inset: details of the nanocarriers at higher

magnification (scale bar 50 nm).

Hydrophobic 4-arm poly(e-caprolactone) (A4CLn, n=10,20) were synthesised by Ring
Opening Polymerisation ROP[28] using pentaerythritol initiator (Scheme 2). We obtained
full monomer conversion, with controlled molecular weight and low dispersity. The degree of
polymerisation (DP 10-20) was clearly regulated by the monomer-initiator molar ratio
[M]/[1]. The —OH terminal groups of PCL were further converted into bromide ATRP
initiators (A4CLnBr) by esterification with 2-bromoisobutyryl bromide. Full degree of

functionalisation was obtained (100 % conversion) without affecting polymer DP and
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dispersity D (Table 1). The ATRP of PEGMA was carried out in THF using CuBr-HMTETA
as catalytic system. Pentaerythritol tetrakis (2-bromoisobutyrate) was used as initiator to
obtain 4-arm PEG-based polymer brushes (A4PEGp, p=5,10,20), whereas the 4-arm
macroinitiators A4CL10Br and A4CL20Br were used to obtain larger core-shell structures
with the general formula A4CLnPEGp (Scheme 2). A high control of the polymerisation
kinetics was necessary to obtain a fine tuning of polymer molecular weight with narrow
dispersity, since the permeability through the GFB strongly depends on these parameters.
According to our preliminary experiments on PEGMA polymerisation in different
solvent/catalysts (see Supplementary Material), CuBr-HMTETA in THF at 50 °C were
selected as optimal conditions for ATRP, overcoming the typical limitations of ATRP from
multiarm initiators, i.e. partial initiation of the multiarm ATRP sites and possible arm-arm

coupling at high conversion, which may lead to broad molecular weight distributions[29].
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Scheme 2. Summary of the reactions involved with the synthesis of the polymeric

nanocarriers.

The semilogarithmic kinetic plots obtained by 'H NMR analysis (Figure 1A) and the molar
mass versus conversion (Figure 1B) revealed first-order kinetics, as expected for a controlled
radical polymerisation process. GPC analysis confirmed that the polymers maintained a

narrow dispersity (D <1.2) during ATRP (Figure 1B and 1C).
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Figure 1. 4) Kinetic plot of In([Mo]/[M]) versus time for ATRP of PEGMA (DP =5,10,20)
using A4CL10Br as macroinitiator. B) Mn and dispersity (B=Mw/Mn) vs conversion for
A4CL10PEG20 polymerisation. C) GPC chromatograms of A4CL10PEG20 as function of

reaction time.
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"H NMR spectra of the star PCL macromolecule and its corresponding PCL macroinitiator is
reported in Figure 2. The complete disappearance of the methylene signal adjacent to the
hydroxyl group (f, 3.63 ppm) and the appearance of the new signal of methylene adjacent to
bromoisobutyrate (g, 4.15 ppm) indicates the quantitative conversion of the multiarm PCL to
ATRP macroinitiator. After ATRP, the proton signals of the methoxy end group of the
PEGMA appears at (I, 3.37 ppm), together with the protons of the methyl group of the
polymeric backbone (h, 1.16 — 0.80 ppm). The integrals of these signals were compared with

those of the PCL to determine the final degree of polymerisation of these polymers (Table 1).
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Figure 2. '"H NMR spectra (in CDCls) of A4CL10 (a), A4CL10Br (b), A4CL10PEG20 (c).

A library of star-shaped polymers with different lengths in hydrophobic core and hydrophilic

shell were synthesised and characterised by NMR and GPC. Results are summarised in Table 1.

Table 1. Molecular weight determination of polymers by 'H-NMR and GPC. (*) Theoretical
degree of polymerisation (DP) per arm. (*) Conversion referred to the mols of —OH groups

converted into ATRP initiators by esterification.

DP of CLf DP of . Mn (‘H- Mn (GPC)

Polymer PEGMA' Conv [%] NMR) [g/mol] b (GPCO)
A4CL10 10 - 100 4702 6494 1.17
A4CL10Br 10 - 100* 5298 8811 1.12
A4CL20 20 - 100 9267 12072 1.18
A4CL20Br 20 - 100* 9863 12637 1.15
A4PEG5 - 5 100 10732 10686 1.18
A4PEGI10 - 10 99 20532 14206 1.17
A4PEG20 - 20 93 37932 18865 1.13
A4CL10PEG5 10 5 83 14514 21485 121
A4CL10PEG10 10 10 97 25614 23613 1.26
A4CL10PEG20 10 20 87 41014 27300 1.15
A4CL20PEGS5 20 5 74 17801 23246 1.20
A4CL20PEG10 20 10 52 20801 23214 1.18
A4CL20PEG20 20 20 90 46401 41281 1.26
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Once dispersed in aqueous solution, these polymers formed colloids of different
hydrodynamic diameters, depending on the amount of CL and PEG repeating units, as
revealed by DLS analysis (Table 2). The effect of temperature on particle size distribution
was also assessed, in order to identify possible variation of the colloid properties from storage

to in vitro and in vivo conditions.

Table 2. Dynamic light scattering analysis of the polymeric nanomaterials dispersed in PBS
10 mM pH 7.4 (polymer concentration 1 mg/mL) at different temperatures. The Z-average

size is reported as hydrodynamic diameter Dy, Pdl is the polydispersity index.

PBS10°C  PBS10°C PBS25°C PBS25°C PBS37°C PBS37°C

Polymer D, [nm] PdI D, [nm] PdI D, [nm] PdI
A4PEGS 55 0.23 6.8 024 6.7 0.24
A4PEG10 6.1 021 7.6 0.16 8.4 0.25
A4PEG20 8.2 0.19 9.8 0.14 10.0 0.10
A4CL10PEGS 405 0.30 37.4 0.29 53.9 0.28
A4CL10PEG10 25.1 0.31 34.4 0.30 33.9 0.29
A4CL10PEG20 20.5 0.21 229 0.22 26.4 0.22
A4CL20PEGS5 80.9 0.17 103.9 0.19 122.6 0.18
A4CL20PEG10 55.4 0.17 71.41 0.16 80.51 0.17
A4CL20PEG20 68.5 0.24 85.0 0.24 118.6 0.32

As expected, star polymers with no CL core (A4PEG-5,10,20) showed the smallest
hydrodynamic diameters (D <10 nm) in PBS. Polymers presenting a CL (DP 10) core
showed colloids at a size range 20-50 nm. This size decreases as the number of PEGMA
repeating units increases, as an effect of the steric stabilisation of the hydrophilic PEG chains.
The minimum size (26.4 nm at 37 °C) was obtained for the A4CL10PEG20 polymer. An
effect of temperature on Dy, was also noticed in most of the samples; D, slightly increases as
the temperature goes from 10 to 37 °C and this may be ascribed to a lower critical solubility

temperature (LCST) effect of PEG side chains[30] which may induce some temperature-
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dependent polymer association. Polymers with larger CL block (DP20) showed bigger
aggregates (50 nm<D,<120 nm), indicating a limited capability of the comb-like PEG blocks
(with a DP 5 to 20) to prevent coil-coil interactions when the hydrophobic CL blocks are
relatively long. The way these polymers aggregate may depend on several parameters,
including the overall molecular weight, how the polymer chains self-assemble, and kinetic
mechanisms where the diffusion coefficient of the colloids may play a role.

Taking into account our final goal to design nanocarriers which would be able to cross the
GFB and reach podocytes, we selected from the library the three polymers A4PEGS,
A4PEG20 and A4CL10PEG20 for biological tests as well as drug loading and release. The
physical properties of the three polymers are summarised in Figure 3. A4PEGS5 has an
average number molecular weight of about 11 kDa and a size of 6.7 nm at physiological
conditions, which is approximately the same as albumin size[31]and therefore it should be
able to cross the GFB. A4PEG20 has an Mn of about 38 kDa and a size of 10 nm, at
borderline for GFB molecular weight and size cut-off[ 19, 20], but at least it should be able to
cross GFB when pathologically damaged[21]. A4CLIOPEG20 (Mn ~ 41 kDa) presents a
larger size distribution which may hinder GFB permeation, however its average size and
polydispersity may be overestimated by DLS analysis, since pyrene tests indicated an
apparent critical micelle concentration at 10” mg/mL (see Supplementary Material) which is

far below the sample concentration used for scattering analysis.
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Figure 3. A4) GPC analysis of A4PEGS, A4PEG20 and A4CL10PEG20. B) DLS curves of

the selected polymers dispersed in PBS 10 mM pH 7.4 at 37 °C.
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On the other hand A4CL10PEG20 has the advantage to have a hydrophobic polyester domain
where a hydrophobic drug could be encapsulated in larger amounts than in A4PEG5 and
A4PEG20. This important characteristic was confirmed by drug loading tests.

DEX was chosen for loading and release, firstly because it is a steroid with a proved efficacy
in repairing podocytes [11, 32] (although the water-soluble dexamethasone phosphate is
generally reported in literature) and secondly because its low molecular weight and high
hydrophobicity are key characteristics for an efficient encapsulation in the nanomaterials[33].
DEX was encapsulated into the three polymers by nanoprecipitation/solvent (acetone)
evaporation[34, 35]. The encapsulation efficiency (EE) and drug loading (DL) were
determined by HPLC analysis (Table 3). Although polymers without CL core (A4PEGS and
A4PEG20) can still encapsulate DEX (EE <5% and DL <0.8%) through the interaction
between the drug molecule and the apolar carbon-carbon backbone[36], A4CL10PEG20
clearly achieved a higher DEX encapsulation (EE >9% and DL~1.5 %) due to its CL domain.
Particle size was not significantly affected by DEX loading (Table 3), in particular the

average size of A4CL10PEG20 increased of only 2 nm.

Table 3. Encapsulation efficiency (EE) and drug loading (DL) determined by HPLC after
DEX loading tests. Average size and size polydispersity index measured by DLS before and

after DEX encapsulation. Filtration yield is referred to % polymer mass recovered after

filtration.
Filtration EE DL D, PdI Dy, Pdl
Polymer yield Y Y before before after after
% (6) (%) loading loading loading loading
A4CL10PEG20 72 9.1 1.5 26.4 0.22 28.2 0.25
A4PEG20 81 4.6 0.6 10.0 0.10 7.2 0.14
A4PEGS 61 4.9 0.8 6.7 0.24 54 0.17
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Drug release tests were carried out under sink conditions in PBS at 37 °C. Release profiles
were followed by HPLC and are shown in Figure 4. Compared to A4CL10PEG20, smaller
nanomaterials (A4PEGS5 and A4PEG20) presented a faster release due to their higher surface
area per mg of polymer. All polymers tested reached a DEX release plateau at approximately

24 h.
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Figure 4. DEX release from polymer A4PEGS, A4PEG20 and A4CL10PEG20 in PBS at 37

°C. Error bars indicate £SD from experiments run in triplicate.

27



3.2 In vitro nanotoxicity tests

Cytotoxicity tests were firstly carried out in order to assess whether polymeric nanomaterials
have a safe effect on podocytes, depending on composition, molecular weight, and
concentration. SV1 cells were cultured at 37 °C with a medium containing different
concentration of polymers (0.01 — 2 mg/mL) for 24 hours. Lactate Dehydrogenase (LDH)
colorimetric assay was used to quantify the amount of the cytosolic enzyme lactate
dehydrogenase released by damaged cells as an indicator of cellular toxicity. All polymeric
nanocarries showed a safe cytotoxic profile up to a concentration of 1 mg/mL (Figure 5),
which confirms the high biocompatibility of PCL- and PEG- based nanomaterials. As
positive control, a 4-arm positively charged polymer A4TMA20 was synthesised (see
Supplementary Material for details). This material showed a marked cytotoxic effect at
concentrations above 0.05 mg/mL, due to their strong electrostatic interaction with cell
membrane and consequent damage[37]. Further MTT cytotoxicity tests on the nanomaterials
and LDH test on DEX-loaded A4CL10PEG20 (Supplementary Material Figure S5 and S6,

respectively) also confirm the safe cytotoxic profile of these polymeric nanocarriers.
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Figure 5. 4) LDH assay on murine podocytes (SV1) incubated with polymers A4PEGS,
A4PEG20, AACL10PEG20, AATMAZ20 for 24 h, at concentration from 0.01 to 2 mg/mL. Y-
axis: Normalised Cytotoxicity = (Test sample-Low control)/(High control-Low control); Low
control: normal cells; High control: cells treated with lysis buffer.

B) Phalloidin staining (green) of filamentous actin in podocytes after 24 h polymer exposure
(A4PEGS, A4PEG20, A4CL10PEG20, A4TMAZ20, red staining) at different concentrations

(0.05 mg/mL, 0.5 mg/mL, 1 mg/mL). Scale bar 20 um.
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Fluorescence microscopy was also used to evaluate the effect of nanomaterial exposure on
cell morphology and possible actin cytoskeleton rearrangements. In fact, alterations in the
actin cytoskeleton are generally a sign of podocyte stress in response to chemical and
biological stimuli[38, 39], including nanomaterial interactions with cell membrane and/or
internalisation, even at concentrations where no cytotoxicity was observed. All polymeric
materials did not seem to alter actin fibre density and orientation significantly, even at high
concentration (up to 1 mg/mL) (Figure 5). On the other hand, the positively charged polymer
A4TMA20 induced a marked internalisation at low concentrations (high presence of red
fluorescence spots, corresponding to the rhodaminated polymer, around cell nuclei) and a
clear cell damage at concentration above 0.5 mg/mL (Figure 5), which may be ascribed to the

effect of a strong electrostatic interaction between the nanomaterial and cell membrane.

3.3 Podocyte repair by DEX release

Taking into account the safe nanotoxicity profile of these polymers, we investigated the effect
of the drug nanodelivery on podocyte repair. The sustained therapeutic effects of
nanoencapsulated drugs was demonstrated on cultures of podocytes, whose damage was
induced in vitro by Adriamycin (doxorubicin hydrochloride) incubation for 24 h[27, 39, 40].
Damaged podocytes displayed shortened cell processes and substantial remodelling of the
actin cytoskeleton, with loss of filament bundles and rounding of the cell shape[27,

39](Figure 6).

Due to its highest drug encapsulation efficiency, A4CL10PEG20 was selected for drug
delivery tests. The effect of DEX release on podocytes is summarised in Figure 6.

Cytoskeleton damage, triggered by Adriamycin, was highlighted by staining actin fibres
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(green phalloidin), which were mostly localised in proximity of the cell membrane and their
density was reduced within the cell body and around the nucleus. Actin filament alignment
was quantified by FibrilTool[26], an Image] plug-in which was used to measure how well
fibrils are ordered and report a score of anisotropy (Figure 6). When damaged cells were
treated with DEX-loaded A4CL10PEG20 at high concentration (1 mg/mL, DEX 1.5 % w/w),
they recovered the normal orientation of actin stress fibres in 24 h (Figure 6A). Lower
nanocarrier concentration (20 pg/mL) showed a delayed response, since podocytes still
presented cytoskeleton damage after 24 h incubation, but they recovered the normal
orientation of actin stress fibres in 48 h. This effect could be ascribed to the sustained
delivery of DEX, since at low concentration nanocarriers take longer to release a sufficient
amount of drug to stimulate fibre rearrangement. Primary podocytes were also tested to
confirm the repairing efficacy of these nanocarriers, and we noticed that the cytoskeleton
recovered its healthy morphology in 24 h for both nanocarrier concentrations (Figure 6B),

with sprouting and elongation of podocyte cell processes[27].
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Figure 6. A) Podocytes (a, control) were treated with Adriamycin (b) to induce podocyte
damage in vitro. Effect of DEX-loaded A4CL10PEG20 (polymer 1 mg/mL, DEX 15 ug/mL)
incubated with podocytes for 24 h (¢) and 48 h (d); cells recovered the normal orientation of
actin stress fibres. Effect of less concentrated DEX-loaded A4CL10PEG20 (polymer 0.02
mg/mL, DEX 0.3 pg/mL) incubated for 24 h (e) and 48 h (f) (Scale bar 20 um).

Quantification of actin filament alignment by Anisotropy scoring (g) of cells in images a-f.
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B) Adriamycin treatment (a) of primary podocytes. Cells recovered the actin stress fibres
orientation after 24 h treatment with DEX-loaded A4CL10PEG20 at a concentration of 1
mg/mL (b, DEX 15 pg/mL) and 0.02 mg/mL (¢, DEX 0.3 pg/ml), scale bar 20 pm.

Anisotropy scoring (d) of actin filaments in images a-c.

3.4 Drug testing in 3D co-culture system

Besides classical 2D podocyte culture systems, a 3D co-culture in vitro models have the
potential to provide important insights into cellular activities in response to nanomaterial
exposure. We took advantage of a recently developed in vitro system based on a co-culture of
endothelial cells and podocytes[22-24] to assess the mechanisms of nanomaterial interaction
with a simplified version of the GFB.

The co-culture model is based on an isoporous membrane insert (i.e. a
polyethyleneterephtalate (PET) semipermeable membrane with 1 um pore sizes), covered by
podocytes and endothelial cells on the respective external and internal sides. PET membranes
were coated on both sides with collagen type IV and podocytes and endothelial cells were
seeded on the opposite sides [22-24] (Figure 7). The presence of the membrane between the
two cell types allowed to perform separate assays in the two compartments and the functional
assessment of albumin permeability through the membrane.

In order to establish whether the co-culture apparatus could respond to our polymeric drug
delivery system, we tested the effect of DEX-loaded A4CL10PEG20 nanomaterial. Polymer
concentrations were selected to achieve an optimal DEX concentration range below 100 uM,
i.e. concentrations already reached in humans after intravenous injection and oral
administration[41]. Firstly, the co-culture was treated with Adriamycin for 24 h, and a clear
increase of albumin permeability was noticed, as an effect of cell damage induced by the

drug.
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The co-culture system was then incubated with the DEX-loaded polymer, and this treatment
led to progressive reduction of albumin permeability, that was not observed with medium
alone at 24 h and 48 h of incubation (Figure 7B). In the first 24 h, high concentration of
nanomaterial (0.5 mg/mL, DEX 1.5 % w/w), was able to markedly reduce albumin
permeability, compared with control and with low-concentrated carrier (0.01 mg/mL) which
did not show significant effects. On the other hand, low concentration of nanomaterial (0.01
mg/mL) achieved a reduction of albumin permeability after 48 h, which was comparable to
the response to higher polymer concentration (0.5 mg/mL).This may indicate that the
sustained release of DEX has a delayed effect at lower polymer/drug concentration.

It is noteworthy that the incubation with these DEX-loaded nanoparticles did not return
albumin permeability to its initial value (prior Adriamycin treatment), but markedly reduced
it below the control values. This result could be ascribed to an effect of DEX to stimulate a
better reorganisation of cytoskeleton and amelioration of the cell contacts, with a consequent

decrease of the membrane pore size/number.
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Figure 7. 4) Sketch of the 3D co-culture system designed to mimic GFB in vitro. B) Percent
increase of albumin (ALB) permeability following Adriamycin treatment (ADR), and
recovery by 24 h and 48 h incubation with standard medium (MED), DEX-loaded
A4CL10PEG20 at high concentration (DEX-H; A4CLI10PEG20 0.5 mg/mL, DEX 1.5 %
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w/w, corresponding to 20 uM), and at low concentration (DEX-L; A4CL10PEG20 0.01
mg/mL, DEX 1.5 % w/w, corresponding to 0.4 uM) (N=3, NS, not significant, P > 0.1).

3.5 In vivo tests

The biodistribution of these polymeric nanocarriers in mice was assessed by fluorescence
imaging of the dissected tissues. Figure 8 shows that in mice with Adriamycin induced
nephropathy, kidney and lung accounted for minimum accumulation, whereas in liver and
spleen the amount of the accumulated nanomaterials increased These results were
comparable with the biodistribution obtained with healthy mice (Figure S7, Supplementary
materials) . The elevated accumulation in spleen is compatible with the mechanism of particle
uptake by cells of the reticuloendothelial system (RES), particularly when the colloidal

particles are PEGylated and present prolonged blood circulation[42, 43].
A
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Figure 8. 4) Presentation of fluorescence in tissues from different organs (kidney, liver, lung,

spleen) of mice with ADR-induced nephropathy, after injection of polymeric nanocarriers
(A4PEGS5, A4PEG20, A4CL10PEG20) conjugated to rhodamine (red: RhB, polymers; blue:
DAPI, nuclei). B) Amount of polymer detected in urine after 24h following nanomaterial

injection (N=3, = P <0.05 and == P<0.01).

Urine samples were collected to determine the amount of polymeric nanomaterial which was
able to cross the GFB. In healthy mice, the amount of fluorescent nanoparticles measured in
urine at 24 h was maximum for the smallest nanomaterial (A4PEGS5) and minimum for the
biggest (A4CL10PEG20). Kidney glomerulus damage was then induced in mice by
Adriamycin treatment, according to a protocol previously described[27]. When urines were
collected from these animals with induced nephropathy, the amount of detected
nanomaterials considerably increased (up to 40% w/w of the injected dose in 24 h for
A4PEGS) as an effect of GFB damage and consequent increase of its molecular weight cut-
off[43]. Notably, a certain permeability of the large A4CL10PEG20 was also detected in
Adriamycin treated mice. Taking into account that focal glomerulonephritis is characterised
by focal tissue damage in kidney, as it affects a small proportion of renal glomeruli[44], we

believe that by tuning the hydrodynamic diameter of the nanomaterial, a possible passive
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targeting may be obtained, as the carrier would be able to cross the GFB mainly at the site of

damage.

4. Conclusions

Ultrasmall colloidal nanocarriers of tuneable size (5-30 nm) with/without a hydrophobic PCL
core and a brush-like PEG corona were successfully obtained from four-arm star-shaped
polymers, synthesised by controlled/living polymerisations. Tests on podocytes indicated a
safe nanotoxicity profile, and controlled nanodelivery of dexamethasone showed a marked
capacity to repair cytoskeleton damage and reduce albumin permeability in in vitro GFB
models. Nanomaterial accumulation and clearance were also assessed in mice under
physiological and pathological conditions. By tuning their physicochemical properties, these
nanocarriers were able to to cross the GFB efficiently. These characteristics may pave the
way for developing podocyte-targeted nanotherapeutics, increasing efficacy and limiting side

effects of current therapies in CKD.
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