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of cells incubated with NC-HOE (d), NC-HOE-PMA(e) and NC-HOE-
PMA after NIR treatment (f). In d-f), blue and orange color represent HOE
and cell membrane staining (CellMask ™ Deep Red), respectively; scale bar

IS 40
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Figure 5.1. Scanning electron microscope (SEM) images of different 154

vaterite particle shape: a) CaCOz vaterite crystals. b) Core particle surface.
c) Core particle interior. d) Schematic illustration of the formation process
of a vaterite MiCroSphere. ...,

Figure 5.2. a) Flower-like shaped vaterite. b) Rosette-shaped vaterite. c) 155
Hexagonal shaped vaterite. d) Lens-shaped vaterite. €) Plate-shaped
L2212 L

Figure 5.3. Schematic representation of the experimental setup for the 158
synthesis of CaCOz particles at different PVSA concentrations and DLS
data of the number-weighted average size peak for particles at different
PVSA concentrations; the number on top of each square corresponds to the

polydispersity index
(Pt
Figure 5.4. Low and high magnification SEM micrographs of different 160

species of CaCOs particles from Table 1 after drop casting on Si substrates:
a-b) CC_0, d-e) CC_0.1, g-h) CC_0.2 and j-k) CC_1 (SE2, 3kV). c) Size
histogram (dcc_o: mean diameter of CC_0) obtained after measuring the
diameter of over 100 CC_0 particles using ImageJ; dcc o= 3163 £ 709 nm.
f-1) Size histogram (dcc_ o1, dcc o2, decc 1: mean diameter of CC_0.1,
CC_0.2 and CC_1, respectively) obtained after measuring the diameter of
over 300 CC_0.1, CC_0.2 and CC_1 particles using ImageJ; dcc o1 = 693
+ 124 nm, dcco2 = 541 + 83 and dcci = 518 + 108
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Figure 5.5. PXRD of samples O h (red line), 6h (black line) and 1 month
(blue line). For comparison we added simulations of calcite (pink line,
ICDD PDF: 98-007-9674) and vaterite (green line; ICDD PDF: 98-002-
7827). Pink, green and red asterisks sit at characteristic peaks of calcite,
vaterite and “unknown” phases, respectively...............coooiiiiiinL .

Figure 5.6. FTIR spectra of the a) CaCl,, Na,COs, PVSA precursors, and
the calcium carbonate particles (CaCOz cores) in the presence of PVSA (50
HM). b) Zoomed area of FTIR spectra of the CaCO3 cores at = 600-1200
cm?, showing characteristics carbonate vibrational bands of
LY=L= (<P

Figure 5.7. Examples of correlation between concentration cw (as
determined by the Bradford assay in case of dye-labeled proteins, or as
prepared in the case of dextran-RBITC) and fluorescence counts | (x10%).
Linear fits (LF) in each case were used to calculate unknown concentrations
cm of rtPA-FITC, BSA-FITC, or dextran-RBITC, from fluorescence
FRAAINGS . ..\ttt e

Figure 5.8. Schematic representation of the synthesis of the macromolecule
loaded CaCOs
PAITICIES. .

Figure 5.9. a) SEM micrograph of core@BSA particles (scale bar is 1000
nm) (SE2, 10kV). b) Size histogram (dc@ssa: mean diameter of core@BSA)
obtained after measuring the diameter of 300 core@BSA particles using
ImageJ; dc@ssa =617 = 80 nm. ¢c) SEM micrograph of core@rtPA particles
(scale bar is 2000 nm) (SE2, 3kV). b) Size histogram (dcartra: mean
diameter of core@rtPA) obtained after measuring the diameter of over 300
core@rtPA particles using ImageJ; dcarra = 651 £ 76 nm. In a,b) samples
after drop casting on Si substrates are shown........

Figure 5.10. Schematic illustration of the description of the layers in the
NCs used in thiISWOIK....... ..o e,

Figure 5.11. a) TEM micrograph of ioNPs; b) Size histogram obtained with
ImagelJ software after measuring the core diameter of 300 ioNPs. Scale bar
corresponds to 50

Figure 5.12. Schematic representation of the LbL process starting with A)
CaCOz cores loaded with macromolecules (core@cargo), which after
coating with 2 bL of PSS/PDADMAC, ioNPs and an outermost gelatin-
based bL (gelatin), and “EDTA-dissolution” of the CaCO3z matrix, yield
NCs loaded with macromolecules (NC@cargo). Arrows and numbers
represent the different synthetic steps, including purification of the colloids
by centrifugation. b) Schematic representation of LbL steps (layers of PSS
or PDADMAC or ioNPs or gelatin): from cores to
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Figure 5.13. Low and high magnification SEM micrographs of LbL
assembled polymer hollow capsules generated from CaCOs template: a-f)
hollow capsules containing 6 layers (poly-L-arginine/dextran sulfate/poly-
L-arginine/AuNRs/poly-L-arginine/miRNA) (0.5M NaCl, poly-L-arginine
at Img/mL, dextran sulfate at 2mg/mL) (a, b, c: InLens, 3kV, d: SE2, 3kV,
e, f: InLens,

Figure 5.14. BSA encapsulation stability after LbL in CaCO3 cores (without
“dissolving” the CaCOz3 core matrix) or NCs (that is, the core dissolved),
both nanosystems with increasing bL configurations: a) 2 bL, b) 4 bL and
c) 6 bL for one week in PBS; Core or NC refer to the precipitated sample,
and SN refers to the supernatant. All data represent mean + s.d. (three
independent measurements). In all data, statistical significance was assessed
by the t-test: each sample was compared with the basal level at 0 h (ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001). d) Shell composition
information: PS: PSS, PD: PDADMAC and ioNPs: iron nanoparticles; for
example, 2bL:
PSS/IPDADMAC/ioONPS/IPDADMAC/PSS......coiiiiiiiiiiiiiiiciiieie,

Figure 5.15. a) rtPA encapsulation stability in cores (without “dissolving”
the CaCO3 matrix) or NCs (that’s is, with dissolved cores) for one week in
PBS. Core or NC refer to the precipitated sample, and SN refers to the
supernatant. All data represent mean * s.d. (three independent
measurements). In all data, statistical significance was assessed by the t-
test: each sample was compared with the basal level at 0 h (ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001). b) Shell composition
information: PS: PSS, PD: PDADMAC, ioNPs: iron nanoparticles and G:
Gelatin. ...

Figure 5.16. Mean values of (-potential (blue colored square symbols) and
hydrodynamic diameter (green colored square symbols) evolution after
each layer deposition of rtPA-loaded

Figure 5.17. a) SEM micrograph of NC@BSA particles (scale bar is 1000
nm) (InLens, 10kV). b) Size histogram (dnceesa: mean diameter of
NC@BSA) obtained after measuring the diameter of over 300 NC@BSA
particles using ImageJ; dncassa = 735 £ 130 nm. ¢) SEM micrograph of
NC@rtPA particles without the outermost gelatin layer (scale bar is 1000
nm) (SE2, 3kV). d) Size histogram (dncertea: mean diameter of NCQrtPA
without the gelatin layer) obtained after measuring the diameter of over 150
NC@rtPA particles (no gelatin) using ImageJ; dncartra = 549 + 88 nm. e)
SEM micrographs of NC@rtPA particles with the outermost gelatin layer
(SE2, 3kV). f) Size histogram (dncarg: mean diameter of NC@rtPA+gelatin
with the outermost gelatin layer) obtained after measuring the diameter of
over 100 NC@rtPA+gelatin particles using ImageJ; dncarg= 780 + 210 nm.
g-h) High magnification SEM micrographs of NC@rtPA+gelatin particles
with the outermost gelatin layer, ioNPs are distinguishable as bright dots in
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the polymer shell of collapsed NCs (SE2,

Figure 5.18. NCs dispersion analysis by flow cytometry. The variation of
the flow cytometry SSC and the fluorescence signal as a function of the
fluorescently-labeled encapsulated molecules are shown. a) Scatter density
plots of SSC signal versus FSC signal for different NCs with diverse cargos:
rtPA (red) and BSA (blue). b) Scatter density plots of SSC signal versus
fluorescence signal (from the corresponding channel, 512/18 nm for FITC
for the NCs with the different cargos: rtPA (red), and BSA (blue). ¢) Scatter
density plots of SSC signal versus fluorescence signal (from the
corresponding channel, 512/18 nm for FITC for the non-fluorescent NCs.
d) Representative histograms of side scattering distributions of different
loaded-NCs samples (rtPA and BSA). e) Representative histograms of MFI
from the different channels (512/18 nm for FITC) associated with the
encapsulated

Figure 5.19. a) Scheme of the bioactivity assay (upon binding of the
chromogenic substrate, rtPA releases p-nitroalanine - pNA) to determine the
rtPA amidolytic activity upon set-up: US were applied to the NCs in
Eppendorf

Figure 5.20. PAI-1 inhibition assay results of selected samples of free rtPA
(rtPA-FITC) and encapsulated rtPA (NC@rtPA). All data represent mean *
s.d. (three independent measurements). In all data statistical significance
was assessed by the t-test: each sample was compared with
AREPIASE. ..ot e

Figure 5.21. a) NC@BSA with two, four and six bL (2bL, 4bL and 6bL),
and exposed to US for 120 min (720 mW/cm?, 2 MHz, 120-min). b)
Fluorescence-quantified (Intensity, %) US-triggered delivery into the
supernatant of BSA or rtPA for NC with different number of bL after 15
min of US application (720 mW/cm?, 2 MHz). In all data, statistical
significance was assessed by the t-test: each sample was compared with the
corresponding sample without US (ns, not significant; *P < 0.05; **P <
0.01; faladel <

Figure 5.22. Enzymatic activity of rtPA released from NC@rtPA particles
quantified in the supernatant by the fluorogenic assay SensoLyte® upon US
application. In all data, statistical significance was assessed by the t-test:
each sample was compared with the corresponding sample without US (ns,
not significant; *P < 0.05; **P < 001, ***P <

Figure 5.23. Clots assay: a) Calibration curve of clot dissolution using
increasing free rtPA concentrations. b) Absorption at 520 nm, Asyo, after
addition to the clots of: saline, free rtPA (1 pg/mL), NC@rtPA particles
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with encapsulated rtPA (1 pg/mL) in the presence and absence of US, and
non-loaded NC in the presence and absence of US (absorbance Aso
measurements illustrate the ability of the different samples to dissolve the
clots). All data represent mean * s.d. (three independent measurements). In
all data, statistical significance was assessed by the t-test: each sample was
compared with the saline group (ns, not significant; *P < 0.05; **P < 0.01;
*xkP <

Figure 5.24. Schematic Illustration of the characterization of NCs before
and after US treatment. US were applied to the NCs in Eppendorf tubes...

Figure 5.25. NCs dispersion analysis after US treatment by flow cytometry.
The variation of the FCS and the SSC signals of the NC and SN as a function
of the US application are shown. a) Scatter density plots of FSC signal
versus SSC signal, and SSC signal versus fluorescence signal
(corresponding to the 512/18 nm channel for control NCs with rtPA in the
supernatant. b) Scatter density plots of FSC signal versus SSC signal, and
SSC signal fluorescence signal (corresponding to the 512/18 nm channel for
control NCs with rtPA in the supernatant after US treatment. This assay
confirms the US-triggered release of rtPA by fluorescence increases in the
supernatant of NC after us
ErEALMENT. ... et

Figure 5.26. a) In vivo scheme to evaluate the rtPA encapsulation and the
US drug release. b) Blood rtPA activity was determined in the 5 groups
tested (n = 3), before treatment administration (blood rtPA basal levels), and
5, 15 and 40 min later on. All data represent mean + s.d. Statistical
significance was assessed by two-way analysis of variance followed by
Dunnett’s multiple comparisons test. In b), each treatment time (5, 15 or 40
min) was compared with rtPA levels in the saline group; in ¢) each treatment
was compared with the corresponding rtPA basal levels (ns, not significant;
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).........

Figure 6.1. Cell viability using the resazurin assay of HeLa cells (A) and
A549 cells (B) under exposure to increasing concentrations of the particles
before (NC-HOE) and after PMA-functionalization (NC-HOE-PMA), and
evaluated at two incubation times: 4 h (1) and 24 h (2). Half-maximal
responses (EC50 values) were calculated by fitting (logistic function in
OriginLab, fixing minimum viability t0 0 %)......................

Figure 6.2. Left: Schematic representation of the NIR irradiation set-up
used to activate HOE-release from the NC-HOE-PMA particles inside
living cells; middle: beam diameter; right: actual image of the
collimation/zoom SYSteM..........ooiiii e

Figure 6.3. Collage of confocal microscopy images (top-left: blue channel,
top-right: bright field; bottom-left: orange channel; bottom-right: merged
blue + orange) at different magnifications (A,B: 20X; C,D: 60X; E,F: 100X)
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for the NC-HOE
NANOSY S M . ..o,

Figure 6.4. Collage of confocal microscopy images (top-left: blue channel,
top-right: bright field; bottom-left: orange channel; bottom-right: merged
blue + orange) at different magnifications (A,B: 20X; C,D: 60X; E,F: 100X)
for the NC-HOE-PMA
NANOSYSTEIM. ..ottt et et et et et e

Figure 6.5. Collage of confocal microscopy images (top-left: blue channel,
top-right: bright field; bottom-left: orange channel; bottom-right: merged
blue + orange) at 60X magnification for the NC-HOE-PMA nanosystem
after NIR
ErEAEMIENL. L.

Figure 6.6. GOT and GPT levels in mice. In all data statistical significance
was assessed by the t-test; each sample was compared with the
corresponding basal level (ns, not significant; *P < 0.05; **P <

Figure 6.7. ICP-MS NCs Fe organ biodistribution in a) animals sacrificed
40 min after treatments or b) animals sacrificed 7 d after the treatments.
ICP-MS data expressed as percentage of the injected dose (%ID) per organ
in ¢) animals sacrificed 40 min after treatments or d) animals sacrificed 7 d
after the treatments. Please, note that in ¢) and d) even for the animals not
treated with Fe-containing samples data has been corrected considering the
injected Fe (Fej) dose (128 pg) in order to show the endogenous Fe content.
All data represent mean = s.d. (three independent measurements). In all data
statistical significance was assessed by the t-test, each sample was
compared with the corresponding saline control (ns, not significant; *P <
0.05; **p <

Figure 6.9. MRI image of a mouse brain after NCs@rtPA and saline
intraparenchymal injection. a,c) The MRI signal in T2 decreased 65.87 %
in the right hemisphere, where the NCs@rtPA particles had been injected,
in comparison with the left hemisphere, where the control (saline) was
injected. b, d) In T2* the NCs MRI signal decreased 79.33 % compared with
control signal. In all data statistical significance was assessed by the t-test,
each sample was compared with the corresponding saline control (*P <
0.05; *HXP <

Figure 6.10. a) In vivo scheme to evaluate the rtPA encapsulation and the
US drug release. Treatments were administered through the femoral vein,
and blood samples were further obtained from the carotid artery. This
approach allowed to analyze the in vivo stability of the rtPA-encapsulation
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and to evaluate the US-induced drug release. b, ¢) Blood rtPA activity was
determined in the 5 groups tested (n = 3), before treatment administration
(blood rtPA basal levels), and 5, 15 and 40 min later. All data represent
mean * s.d. Statistical significance was assessed by two-way analysis of
variance followed by Dunnett’s multiple comparisons test. In b), each
treatment time (5, 15 or 40 min) was compared with rtPA levels in the saline
group; in c) each treatment was compared with the corresponding rtPA basal
levels (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <
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RESUMO

O interese nas “cousas” nano expandiuse a unha grande variedade de diferentes ambitos tales
como a enerxia, tecnoloxia espacial, tecnoloxia informatica, seguridade de alimentos, industria
e biomedicifia xa que cando a materia esta organizada a nivel nanoscopico as propiedades do
(nano)material difiren das da sGa contraparte masiva. Istos sucede pois os efectos do tamafio e
as interfaces inflden fortemente no comportamento e as propiedades daquel. Nestas pequenas
dimensions, na escala de nanémetros e onde o comportamento cudntico dos atomos vélvese
importante, os materiais adquiren novas propiedades fisicas e permiten asi, o xurdimento dunha
nova ciencia e potenciais novas aplicacions, que actualemente se cofiece como a
Nanotecnoloxia. Por isto, as propiedades fisica e quimicas Unicas dos materiais que ocorren
naturalmente na nanoescala ofrecen aos cientificos un camifio para utilizar eficazmente as
devanditas propiedades para en novas aplicaciéns potenciais en todos os campos da ciencia.

Os materiais porosos con poros abertos ofrecen propiedades atractivas como unha rede de
poros de baixa densidade, uniforme e modificable, e unha gran superficie e alta porosidad.
Deste xeito, a fabricacion de materiais nanoestructurados porosos estd a atraer un interese
crecente nunha ampla gama de aplicacions potenciais como, por exemplo, en catalise quimica,
separacion selectiva de proteinas por sorcion, procesos de arrefriado, ou no eido da
encapsulacion e liberacién controlada de farmacos, entre outros.

Esta tese doutoral esta organizada en seis diferentes capitulos. O Capitulo 1 esta dividido en
cinco partes. As primeiras catro tentan proporcionar ao lector unha imaxe detallada dos
conceptos basicos sobre 0s nanomateriais e as nanoparticulas; a sta clasificacion e
organizacion; as metodoloxias para a sta sintese (‘“bottom- up” e “top- down”); o control do
seu crecemento durante o proceso de sintese; potenciais métodos de funcionalizacion de
nanomateriais/nanoparticulas, en particular, empregando un polimero anfifilico para revestir e
estabilizar nanoparticulas orixinalmente hidrofobas en disolucions acuosas, ou unha
metodoloxia de ensamblaxe de capa por capa (LbL “layer-by-layer”, das suas siglas en inglés).
Tamén se comentaran as diferentes propiedades que se poden determinar e analizar a partir de
diferentes técnicas experimentais de caracterizacion de nanomateriais e nanoparticulas, o cal
representa un paso importante para entender o comportamento do nanomaterial/nanoparticula
e, asi, poder explorer a sta potencial aplicacion no mundo real.

Este traballo centrarase en varias clases de nanoparticulas: nanoparticulas plasmonicas,
nanoparticulas inorganicas, nanoparticulas inorganicas-organicas porosas, asi como tamén a
combinacion delas para desefiar as chamadas nanoestructuras porosas corazon@corona. O
interese nas nanoparticulas plasmonicas reside nas stas extraordinarias propiedades opticas, xa
que son capaces de absorber e dispersar a luz en rexions altamente especificas do espectro
electromagnético (EM) con altos coeficientes de extincion molar (é dicir, varias ordes de
magnitude mais altas que os fluordforos organicos), polo que poder ser empregadas como
axentes terapéuticos, de diagnostico ou teragndsticos. Doutra banda, estudiaranse as
nanoparticulas porosas, xa que a sua porosidade dota & nanoparticula cun increment
extraordinario na sta relacion superficie-volume comparada con nanoparticulas non-porosas de
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similares dimensions. As nanoparticulas porosas considéranse sumamente relevantes nos eidos
da cromatografia, catalise, procesos de separacion selectiva, administracion de medicamento,
etc.

Unha das potenciais aplicacions destes tipos de nanoparticulas que abordaremos sera a
catalise quimica, a cal estd moi presente en diversos procesos industriais, enerxéticos,
medioambientais, e bioloxicos. Ademais, e xa como Se mencionou anteriormente, as
nanoparticulas e nanomateriais tefien un grande abano de aplicacions no campo biomédico, e
en especial, no eido da liberacion controlada de farmacos, A este respecto, e de grande interese
a posibilidade de que a carga bioactiva farmacoldxica poda ser liberada mediante estimulos
internos (é dicir, enddxenos) ou externos (¢ dicir, exdgenos). Neste traballo enfocarémonos en
dous estimulos en concreto: liberacién dunha molécula por interaccion dunha nanoparticula
plasménica con luz no infravermello cercano, e a liberacion por medio de ultraséns.
Nembargantes, debe de terse en conta que o comportamento e a estabilidade das nanoparticulas
e nanomateriais na contorna bioloxica, e polo tanto, a sta capacidade de liberacion das
substancias bioactivas encapsuladas e de localizacion/direccionamento para exercer a sua
actividade farmacoloxica vense influenciadas por diferentes factores tales como a coroa de
proteinas que se pode formar ao redor da nanoparticula ou nanomaterial, a sta funcionalizacion,
e as biointeraccions da superficie das nanoparticulas co medio bioloxicos que as rodea.

Finalmente, a quinta parte do Capitulo 1 constitle a descricion dos obxectivos da presente
tese de doutoramento, tendo como finalidade indicar os desafios abordados no presente traballo
na manipulacion controlada e aplicacion dirixida de materiais porosos na nanoescala. En
particular, os intereses de investigacion deste traballo céntranse na sintese coloidal controlada
e a funcionalizacién de dous materiais porosos especificos baseados en polimeros de
coordinacion porosos (PCP, siglas en inglés) e nanoparticulas poliméricas de carbonato de
calcio (CCPN, das suas siglas en inglés), respectivamente, como nanotransportadores
destinados a aplicacidons bioldxicas e cataliticas.

Os enfoques de optimizacién de sintese para cada tipo de nanomaterial seguiron un esquema
basico comin como a introducion de aditivos ou axentes bloqueadores do crecemento durante
a sintese quimica como estratexia elixida para controlar o proceso de nucleacién e crecemento
co obxectivo de lograr a morfoloxia e o tamafio de nanoparticula desexado. Este enfoque veu
acompafiado da adecuada caracterizacion e funcionalizacion destes nanoparticulas para
asegurar a sta estabilidade colloidal e finalmente demostrar as stas propiedades fisica e
quimicas de utilidade e dirixidas & aplicacion en cuestion.

Para lograr o control preciso tanto do tamafio como da morfoloxia dos nanopolimeros
coordinados (nanoparticulas) porosos propuxéronse moitas estratexias sintéticas quimicas e de
microfabricacion que inclden roteiros solvotermales modificados (por exemplo, axentes
moduladores, modificacion de ligandos), metodos asistidos por microondas e ultraséns,
microemulsions, mecano-quimica ou fluidica. Con todo, moitos destes enfoques adoecen dun
control deficiente da distribucién do tamafio de particula e da sta morfoloxia, asi como de
baixos rendementos de reaccion.
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Como consecuencia, os enfoques presentados nos Capitulos 2, 3, 4 e 5 deste traballo
documentan métodos sinxelos que permiten controlar a morfoloxia e funcionalizacién dos
nanomateriais desexados (€ dicir, polimeros coordinados de Cu, ZIF-8 (Zn), e CCNP) con alta
monodispersidade, dando lugar a nanoparticulas porosas de morfoloxia e tamafio adecuados
para aplicacions potenciais como a reducion catalitica de azul de metileno, e para o control e
entrega controlada e dirixida de compostos bioactivos, respectivamente.

Asi, o Capitulo 2 describe os materiais e as metodoloxias utilizadas nos Capitulos 3, 4 e 5
para obter, caracterizar e testar as nanoparticulas obtidas.

O Capitulo 3 mostra a fabricacion de novas nanoparticulas de polimeros de coordinacion
porosos compostas de Cu?* e imidazolato utilizando un sinxelo enfoque sintético ascendente
“bottom- up”. Os polimeros de coordinacion (CP, siglas en inglés) son compostos poliméricos
unidimensionais, bidimensionais ou tridimensionais (1D, 2D ou 3D) formados por entidades de
coordinacion repetidas (é dicir, inorganicas, organicas ou hibridas inorganico-organicas).
Existen varias subclases de CP, incluidas as CP amorfas, os polimeros de coordinacion porosos
(PCP), os materiais 6rgano-metalicos (MOM, das suas siglas en inglés), as estruturas érgano-
metalicas (MOF, das suas siglas en inglés), as redes de coordinacion, etc.

Os PCP estan formados por centros de cations, ou grupos, interconectados por ligandos
organicos polidentados a traves de fortes ligazéns iono-covalentes, sendo xeralmente moi
porosos e con densidades moi baixas. Unha caracteristica interesante dos PCP é que mediante
a combinacion de ions e ligandos metalicos pddense producir estruturas con forma, tamafio de
poro especifico, funcionalidade de superficie, e propiedades de complexo metélico. Deste Xxeito,
ata hoxe en dia reportaronse mais de 20.000 estruturas de PCP con diversas caracteristicas
(tamafio de cristal, porosidade, xeometria e funcionalidade) que xorden como consecuencia das
multiples combinacions posibles de centros metalicos e ligandos organicos existentes.

Por outra banda, estan os nanoPCP (que se denominan tamén como cristais de PCP), que
tefien todas as stas dimensidns laterais dentro do rango de tamafios de 1 a 500 nm, ainda que
calquera PCP pode considerarse nanoestruturado debido & rede de baleiros nanométricos que
posuen na sUa estrutura. De cara a sla obtencion, existen moi poucos protocolos para preparar
nanoPCP monodispersos en comparacion con aqueles para fabricar a sia contraparte masiva, a
pesares de que se propuxeron moitas estratexias sintéticas quimicas e de microfabricacién para
o lograr o control preciso tanto do seu tamafio como da sta morfoloxia, os cales carecen dun
control eficiente da distribucion do tamafio de particula e da morfoloxia, asi como de baixos
rendementos de reaccidn. Neste traballo verificouse que o uso de surfactantes durante a sintese
deste tipo de nanoparticulas pode modificar o tamafio e morfoloxia destas.

Por tanto, como primeira aproximacion neste Capitulo 3, e por medio do método sintético
“bottom-up”, optimizaronse as concentracions e relacions molares dos elementos precursores
dun nanoPCP baseado en cobre [é dicir, CuClz, 2- metilimidazol (2MI) e bromuro de
hexadeciltrimetilamonio (CTAB, siglas en inglés)] para producir nanoparticulas porosas
monodispersas. Estes nanoPCP baseados en Cu?* tefien especial interese debido & sla
abundancia natural, baixo custo e propiedades cataliticas e condutoras. Os datos experimentais
indicaron que a adicion do CTAB, o tempo de reaccion e o disolvente final determinaron o
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tamafio, morfoloxia e estrutura das distintas nanoparticulas obtidas. Ademais, analizouse a
estabilidade coloidal das mesmas, e os cambios morfoloxicos e a sUa integridade estrutural e
quimica en varios disolventes con diferentes polaridades. Como resultado, seleccionaronse tres
tipos de nanoparticulas para a slGa caracterizacions, determindndose as propiedades
fisicoquimicas basicas, como o tamafo, a actividade dptica e magnética, a porosidade, a
estabilidade térmica, a estrutura, o envellecemento e, finalmente, a sUa actividade catalitica na
reduccion do azul de metileno.

No Capitulo 4, preséntase a preparacion dun nanotransportador sensible & temperatura
composto por nanoparticulas plasmanicas sensibles a luz no infravermello proximo (NIR, das
suas siglas en inglés) recubertas con estruturas organo-metalicas (MOF), especificamente ZIF-
8 (das suas siglas en inglés, zeolitic imidazolate framework-8), que € unha subclase de MOF
gue esta composto por i6ns de zinc e aneis de imidazolato coordinados nunha estrutura de
marco que dad como resultado unha topoloxia de sodalita (SOD). Como se mencionou
anteriormente, os MOFs son unha subclase de CPs, que grazas a sUa area de superficie alta,
tamafio de poro axustable e amplas posibilidades de modificacions superficiais gafiaron grande
interese en aplicacions biomédicas, en especial os MOF sensibles a estimulos Gnicos ou
maultiples para lograr unha liberacion controlada do farmaco. A fabricacion de nanoestructuras
porosas corazon@corona mostran ser unha boa estratexia para promover e controlar a
liberacion dun farmaco baixo un estimulo externo especifico.

Grazas a porosidade uniforme do ZIF e &s suas excelentes estabilidades quimicas e térmicas,
0 ZIF-8 é un dos MOFs mais investigados para 0 seu uso como Vvehiculo para a administracion
controlada de medicamentos. Isto permite xa ter un importante cofiecemento sobre cémo
controlar a stia xeracion e crecemento, o que permite encapsular diferentes clases de materiais
dentro del durante o proceso sintético, ou ben, posicionar moléculas na sta superficie para
producir nanoparticulas mais estables en disoluciéns acuosas. Asi, 0 primeiro paso neste
traballo foi o uso do surfactante CTAB para controlar a morfoloxia e o tamafio das
nanoparticulas de ZIF-8, demostrandose a sta influencia clave. Ademais, tamén se prepararon
nanoparticulas de ZIF-67 debido a que tefien similitudes co ZIF-8 na sUa estrutura (sodalita) e
ligandos organicos, permitindo unha comparacion co ZIF-8 comparacion nalginhas analises
tales como a influencia do surfactante no tamafio da nanoparticula ou a estabilidade coloidal en
disoluciéns acuosas. Neste senso, observouse que as nanoparticulas de ZIF-8 e ZIF-67 foron
estables durante unha semana en metanol; nembargantes, as nanoparticulas expostas a
disolucions acuosas mostraron cambios nos seus tamafios, indicando a sua inestabilidade
coloidal.

O seguinte paso neste capitulo foi a seleccién dunha nanoestrela de ouro como nucleo das
nanoparticulas porosas grazas a sua caracteristica banda plasménica centrada a ~770 nm, que
¢ axeitada para a excitacion dentro da xanela bioloxica terapéutica NIR-1. En canto a
morfoloxia, as novas nanoestruturas porosas corazén@corona formadas mostraron unha
morfoloxia poliédrica en comparacion coas particulas de ZIF-8, as cales presentan unha
morfoloxia cubica.
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Posteriormente, as nanoestruturas porosas corazon@corona desenvolvidas “cargaronse” con
moléculas de bisbenzimida como elemento biofuncional. Como consecuencia da répida
diminucion do tamafio dos MOFs de ZIF-8 tanto en auga como no medio celular, as
nanoestruturas porosas corazon@corona desenvolvidas recubrironse cun copolimero anfifilico
de poli (isobutileno-alt-anhidrido maleico) inxertado con-dodecilamina (PMA). Este polimero
anfifilico protexe ao ZIF-8 da hidrolise acuosa e evita que o farmaco se filtre de forma non
desexada nomedio e/ou dentro das células vivas. Por ultimo, a funcionalidade das
nanoparticulas foi probada en cultivos celulares, comprobandose que o mecanismo de
liberacion inducida do elemento bioactivo dependia de se a luz no infravermello proximo estaba
axustada a absorcion plasmonica do nucleo de nanoestrela de ouro da nanoparticula. Como
consecuencia, demostrouse que unha irradaicion luminica optimizada permitiu a creacion de
gradientes de temperatura locais para activar a termodifusion do farmaco, neste caso, as
moléculas de bisbenzimida.

No Capitulo 5 mostrouse a fabricacién de cépsulas submicrométricas sonosensibles,
empregando como plantillas particulas de CaCOs, para a administracion controlada de
macromoléculas in vivo mediante a metdoloxia de ensamblaxe de capa por capa (LbL, das stas
siglas en inglés) baixo a accion de ultrasons aplicados. O método de ensamblaxe capa por capa
permite encapsular diferentes tipos de moléculas, realizar o ensamblaxe con diferentes tipos de
polimeros, asi como tamén incorporar nanoparticulas inorganicas nas capas para proporcionar
funcionalidades adicionais como, por exemplo capacidad de diagndstico por imaxe
mono/multimodal e/ou sensibilidad de resposta a estimulos internos e/ou externos.

Os estudos farmacoloxicos e bioloxicos realizados empregando capsulas poliméricas
derivadas de particulas de CaCOs ata hoxe en dia como potenciais nanotransportadores de
medicamentos inxectables in vivo utilizaron xeralmente particulas con tamafio micrométrico
(tipicamente, con didmetros de 3 a 10 um), o cal ten como consecuencia limitacions importantes
como resultado do seu gran tamafio como, por exemplo, o seren opsonizadas e/ou secuestradas
rapidamente dentro dos capilares dos pulmons.

Por isto, neste traballo explorouse un enfoque orixinal para lograr a produccion de
nanocapsulas poliméricas (NC, das suas siglas en inglés) submicrométricas a partir de ndcleos
de particulas de CaCO3z de aproximadamente 600 nm (ou mesmo menos) de didmetro. Para a
obtencidn destas nanoparticulas porosas, a metodoloxia de coprecipitacion é o método mais
comun para a sua sintese mesturando, para iso, disolucions acuosas equimolares de CaCl, e
Na>COs a temperatura ambiente. O carbonato calcico ten tres polimorfos cristalinos anhidros,
gue incllen a calcita, a aragonita e a vaterita. Neste caso, elixiuse a vaterita para a preparacion
de nanotransportadores para a administracion controlada de farmacos grazas a sua grande
porosidade e ampla area superficial, pero tamén debido a unha estabilidade moi baixa o que da
como resultado unha rapida desintegracion en condicions relativamente suaves.

Por tanto, seleccionaronse particulas de vaterita de CaCO3z (nucleos) como plantilla de
nucleo de sacrificio temporal. Durante o0 seu crecemento, é dicir, durante a sintese, empregouse
o polimero poli (acedo vinil sulfénico, PVSA, das suas siglas en inglés) como axente
controlador da formacion, crecemento e estabilizante dos nucleos de vaterita formados
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inicialmente, atrasando a sua transformacion no polimorofo calcita. Asi, tamén se avaliou o
efecto da concentracion do PVSA no tamafio e estrutura das particulas de CaCO3z, observandose
que que cando a concentracion de PVSA engadida durante a sintese vai incrementandose o
tamafio das nanoparticulas de CaCOgz decrece. En ausencia de PVSA, as particulas mostraron
unha morfoloxia cubica asociada coa calcita.

A continuacion procedeuse a realizar a encapsulacion de tres macromoléculas marcadas
fluorescentemente: dextrano (peso molecular de 70 kDa), albumina de suero bovino (BSA
das suas siglas en inglés, con peso molecular de 66.5 kDa) e o activador de plasmindxeno
tisular recombinante (rtPA, das suas siglas en inglés, peso molecular de 70 kDa), coa finalidade
de estudar a eficiencia de encapsulacion destas biomoléculas nas particulas de CaCQOs. O rtPA
¢ unha serina proteasa implicada na degradacion dos coagulos sanguineos, sendo a sla
administracion sistémica un dos principais tratamentos eficaces para o tratamento na fase aguda
do ictus isquémico, asi como nos infartos agudos de miocardio, tromboembolismo pulmonar,
trombose arterial periférica, e trombose das veas das pernas. A eficiencia de encpasulacion
alcanzada para cada biomolécula foi distinta, sendo as nanoparticulas cargadas con rtPA as de
maior porcentaxe de encapsulamento.

Posteriormente, abordouse un proceso de ensamblaxe LbL mediante a adicion de capas de
polielectdolito non biodegradables con carga eléctrica alterna sobre os nicleos de CaCOs con
biomacromoléculas encapsuladas previamente no seu interior. Para iso, s6 en empregaron
particulas de CaCOs cargadas coas rtPA e BSA, sendo estas ultimas utilizadas como sistema
modelo de referencia. Cabe mencionar que a estratexia da técnica de ensamblaxe de capa por
capa para a fabricacion de capsulas multicapa presentada neste Capitulo pddese aplicar de
maneira sinxela para ensamblar capsulas a partir de particulas de CaCOs e tamén alternar capas
con outros tipos de polielectrdlitos, particulas ou moléculas metalicas, para preparar materiais
funcionais.

As particulas multicapa construironse con capas de polielectrélitos de poli (4- estireno
sulfonato de sodio, PSS, das suas siglas en inglés) e poli (cloruro de dialildimetilamonio,
PDADMAC, das suas siglas en inglés), con nanoparticulas de éxido de ferro dopadas con
Mn/Zn (ioNP, das sUas siglas en inglés) como capa alterna, e unha capa final externa formada
por xelatina. Os i0ONPs agregaronse para exercer como axente de contraste de imaxe por
resonancia magnética (MRI, das sUas siglas en inglés) e poder rastrexar as particulas tras a sua
administracion in vivo. Para formar a capa externa de xelatina empregouse xelatina basica, a
cal se une de forma especifica ao factor von Willebrand (VWF, das suas siglas en inglés), xa
que se considera que as estratexias de direccionamento activo hacia ao VWF son mecanismos
moi Utiles para restaurar o fluxo sanguineo cerebral sen aumentar as complicaciéns
hemorraxicas intracerebrales.

Asemade, realizouse unha optimizacion do proceso de encapsulacion utilizando as capsulas
cargadas con BSA para obter unha relacion entre o nimero de capas e a estabilidade do farmaco
ou biomolécula cargada na particula despois de realizar o proceso de LbL, antes e despois de
disolver os nucleos de CaCOs. A partir dos resultados obtidos, seleccionouse unha
nanoparticula formada por duas bicapas e avaliaouse a sua estabilidade cando se “carga” con
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rtPA. A cuantificacion desta biomolécula por nanocapsula foi avaliada polo método analitico
de citometria de fluxo. Esta técnica tamén se usou para avaliar as alteracions que estivesen
elacionadas con cambios da morfoloxia das particulas e da sta fluorescencia antes e despois de
aplicarlles ultrasons. Os resultados mostraronn que a aplicacion de ultraséns as nanocéapsulas
desenvolvidas produce grandes alteracions na morfoloxia destas, asi como tamén un sinal de
fluorescencia mais brillante en comparacidn coas nanocapsulas as cales non se lles aplicoaron
0s ultrasons.

Finalmente, levaronse a cabo diferentes ensaios para avaliar a actividade encimatica do rtPA,
tanto dentro das nanocapsulas como unha vez liberado delas mediante a aplicacion de ultrasons.
A liberacion activada por ultraséns do rtPA desde as nanocapsulas desenvolvidas realizouse
tameén in vivo, observandose que o0 axente bioactivo foi completamente funcional e que posuia
unha importante actividade terapéutica.
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RESUMEN

La presente tesis tiene como objetivo proporcionar informacion adecuada acerca de los
fundamentos sobre la manipulacion controlada y aplicacion dirigida de materiales porosos en
la nanoescala. Los intereses de investigacion de este trabajo se centran en la sintesis coloidal
controlada y la funcionalizacion de dos materiales porosos especificos basados en polimeros de
coordinacion porosos (PCP, siglas en inglés) y nanoparticulas poliméricas de carbonato de
calcio (CCPN, siglas en inglés), respectivamente, como nanoportadores destinadas a
aplicaciones bioldgicas y cataliticas.

Cuando la materia esta organizada a nivel nanoscépico, las propiedades del (nano) material
difieren de las de su contraparte masivo, pues los efectos del tamafio y las interfaces influyen
fuertemente en el comportamiento y las propiedades del primero. Las propiedades fisicas,
quimicas, mecanicas y Opticas Unicas de los materiales que ocurren naturalmente en la
nanoescala ofrecen a los cientificos un camino para utilizar eficazmente estas propiedades para
desarrollar materiales con aplicaciones potenciales en todos los campos de la ciencia.

Los materiales porosos con poros abiertos ofrecen propiedades atractivas como una red de
poros de baja densidad, uniforme y sintonizable, una gran superficie y una alta porosidad. La
fabricacion de materiales nanoestructurados porosos esta atrayendo un interés creciente para
una amplia gama de aplicaciones potenciales en catalisis quimica, separaciones de proteinas
selectivas por sorcion, procesos de enfriamiento, administracién controlada de farmacos, entre
otros.

Esta tesis estd organizada en seis capitulos. El capitulo 1 esta dividido en cinco partes. Las
primeras cuatro partes intentan proporcionar al lector una imagen detallada de los conceptos
basicos sobre nanomateriales, incluidas las nanoparticulas metalicas y porosas, y cOmo sus
propiedades y funcionalizacion permiten su uso como catalizadores y sistemas de
administracion de farmacos controlados. La quinta parte constituye la descripcién de los
objetivos que se persiguen en la presente tesis doctoral y mi contribucién al trabajo desarrollado
en los Capitulos 3, 4 y 5. Los enfoques presentados en estos capitulos documentan métodos
sencillos que permiten controlar la morfologia y funcionalizacion de los nanomateriales
deseados (es decir, polimeros coordinados a base de Cu, ZIF-8, CCNP) a nanoescala con alta
monodispersidad, dando lugar a nanoparticulas porosas de morfologia y tamafio adecuados para
aplicaciones potenciales como la reduccion catalitica de azul de metileno, y para el control y
entrega dirigida de compuestos bioactivos respectivamente. Por Gltimo, el Capitulo 2 describe
los materiales y la metodologia utilizados en los Capitulos 3, 4y 5.

Los polimeros de coordinacion (CP, siglas en inglés) son compuestos poliméricos
unidimensionales, bidimensionales o tridimensionales (1D, 2D o 3D) formados por entidades
de coordinacion repetidas (es decir, inorganicas, organicas o hibridas inorganico-organicas).
Los polimeros coordinados porosos Y las estructuras organometalicas (MOF, siglas en inglés)
son subclases de CP. En el Capitulo 3, se fabricaron nuevas nanoparticulas de polimero de
coordinacion poroso compuestas de Cu?* e imidazolato utilizando un sencillo enfoque sintético
ascendente. Los nanoPCP basados en Cu?* han despertado interés debido a su abundancia
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natural, bajo costo y propiedades cataliticas y conductoras. Las concentraciones y relaciones
molares de los precursores [es decir, CuClz, 2-metilimidazol (2MI) y bromuro de
hexadeciltrimetilamonio (CTAB, siglas en inglés)] se optimizaron para producir nanoparticulas
monodispersas. Los datos experimentales indican que la adicion del tensioactivo bromuro de
hexadeciltrimetilamonio (CTAB), el tiempo de reaccién y el disolvente final determinan el
tamafo, morfologia y estructura de las distintas NP obtenidas. Se investigo la estabilidad
coloidal, los cambios morfoldgicos y la integridad estructural y quimica de las nanoparticulas
desarrolladas en varios disolventes con diferentes polaridades. Se determinaron las propiedades
fisicoquimicas basicas de las nanoparticulas seleccionadas, como el tamafio, la actividad Optica
y magnética, la porosidad, la estabilidad térmica, la estructura, el envejecimiento y la actividad
catalitica sobre la reduccion del azul de metileno.

En el Capitulo 4, se presenta la preparacion de un nanotransportador sensible a la
temperatura que comprende nanoparticulas plasménicas sensibles a la luz en el IR cercano
(NIR, siglas en inglés) recubiertas con estructuras organometalicas (MOF), especificamente
ZIF-8, que es una subclase de MOF. Se seleccion6 una nanoestrella de oro como nucleo de las
particulas gracias a su caracteristica banda plasmonica centrada a ~770 nm, que es adecuada
para la excitacién dentro de la ventana biolégica terapéutica NIR-1. Las nanoestructuras porosas
corazon@corona desarrolladas se cargaron con moléculas de bisbenzimida como elemento
funcional y se recubrieron con el polimero anfifilico poli [isobutileno-alt-anhidrido maleico] -
injerto-dodecilo (PMA). Este polimero anfifilico protege al ZIF-8 de la degradacién y evita que
el farmaco se filtre de forma no deseada en medios acuosos o dentro de las células vivas. El
mecanismo de liberacion inducida del elemento bioactivo depende del si la luz infrarroja
cercana esta acoplada a la absorcion plasmonica del nucleo de nanoestrella de oro, lo que
permite la creacion de gradientes de temperatura locales para activar la termodifusion del
farmaco.

En el capitulo 5, se fabricaron capsulas submicrométricas sonosensibles empleando como
plantilla particulas de CaCOs para la administracion controlada de macromoléculas in vivo
mediante un ensamblaje capa por capa (LbL, siglas en inglés) bajo la accion de ultrasonidos.
Los estudios bioldgicos actuales que utilizan generalmente capsulas poliméricas derivadas de
CaCOs con tamafio micrométrico (tipicamente, con diametros de 3 a 10 pm) presentan
limitaciones importantes como potenciales nanotransportadores de medicamentos inyectables
in vivo. Como resultado de su gran tamafio, es probable que estas capsulas de LbL se secuestran
rapidamente dentro de los capilares de los pulmones. Aqui, exploramos un enfoque original
para producir capsulas poliméricas (NC, siglas en inglés) submicromeétricas a partir de nucleos
de CaCOsde aproximadamente 600 nm (o incluso menos) de diametro. Se seleccionaron, para
ello, particulas de vaterita de CaCOs (nlcleos) como plantilla de nucleo de sacrificio temporal
y, a continuacion, se encapsularon tres macromoléculas marcadas fluorescentmente: dextrano
(70 kDa), albdimina de suero bovino (BSA siglas en inglés, 66,5 kDa) y activador de
plasminogeno tisular recombinante (rtPA, siglas en inglés) (70 kDa). El ensamblaje de LbL se
realizd mediante la adicion de capas de polielectéolito con carga eléctrica alterna sobre los
nucleos de CaCOz previamente con macromoléculas encapsuladas en su interior. Las particulas
multicapa se construyeron con capas de polielectrdlitos de poli (4-estireno sulfonato de sodio)
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(PSS) y poli (cloruro de dialildimetilamonio) (PDADMAC), con nanoparticulas de oxido de
hierro dopadas con Mn / Zn (ioNP, siglas en inglés) como capa alterna, y una capa final mas
externa formada por gelatina. Los ioNP se agregaron como agente de contraste de imagenes por
resonancia magnética (MRI, siglas en inglés) para poder rastrear las particulas tras su
administracion in vivo, mientras que la capa de gelatina se afiadio. Para ello, se emple6 gelatina
bésica, colageno desnaturalizado por calor, que se une al factor von Willebrand (VWF, siglas
en inglés). La liberacion activada por ultrasonidos del activador tisular del plasmindgeno
recombinante (rtPA) desde las nanocapsulas desarrolladas se realiz6 in vitro e in vivo,
observandose que el agente bioactivo fue completamente funcional y poseia una importante
actividad terapéutica.
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ABSTRACT

The present thesis aims to provide suitable information on the fundamentals about the
controlled manipulation and targeted application of nanoscale porous materials. The research
interests in this work are focused on the controlled colloidal synthesis and functionalization of
two specific porous materials based on porous coordination polymers (PCPs) and calcium
carbonate polymeric nanoparticles (CCPNs), as nanocarriers for intended biological and
catalytic applications.

When matter is organized at the nanoscale, the properties of the (nano)material differ from
those of its bulk counterpart, where size effects and interfaces strongly influence the behavior
and properties of the former. The unique physical, chemical, mechanical, and optical properties
of materials that naturally occur at the nanoscale offer scientists a path to effectively use these
properties to develop materials with potential applications in all fields of science.

Porous materials with open pores offer attractive properties such as low-density, uniform,
and tunable pore network, large surface area, and high porosity. The fabrication of porous
nanostructured materials intended for the manipulation of the design, synthesis,
functionalization, and characterization is attracting growing interest for a wide range of
potential applications in chemical catalysis, sorption-selective protein separations, cooling
processes, controlled drug delivery, among others.

This thesis is organized into six chapters. Chapter 1 is organized into five parts. The first
four parts attempt to provide the reader with a detailed picture of the basic concepts on
nanomaterials, including metal and porous nanoparticles, and how their properties and
functionalization allow their use as controlled drug delivery systems and catalysts. The fifth
part constitutes the description of the prospective objectives of the present PhD thesis and my
contribution to the work developed in Chapters 3, 4, and 5. The approaches presented in these
chapters document straightforward methods that allow for controlling the morphology and
functionalization of the desired nanomaterials (i.e., Cu-based coordinated polymers, ZIF-8,
CCNPs) at the nanoscale with high monodispersity, giving rise to porous nanoparticles of
adequate morphology and size for potential applications as the catalytic reduction of methylene
blue, and to the controlled and targeted delivery of bioactive compounds respectively. Finally,
Chapter 2 describes the materials and methodology used along Chapters 3, 4, and 5.

Coordination polymers (CPs) are one-, two-, or three-dimensional (1D, 2D, or 3D)
polymeric compounds formed by repeating coordination entities (i.e., inorganic, organic, or
hybrid inorganic—organic). Porous coordinated polymers (PCPs) and metal-organic
frameworks (MOFs) are sub-classes of CPs. In Chapter 3, novel porous coordination polymer
nanoparticles composed of Cu?* and imidazolate were fabricated using a facile bottom-up
synthetic approach. Cu?*-based nanoPCPs have been raising interest due to their natural
abundance, low cost, and catalytic and conductive properties. The concentrations and molar
ratios of the  precursors [i.e., CuCl,, 2-methylimidazole (2MI), and
hexadecyltrimethylammonium bromide (CTAB)] were optimized to produce monodisperse
nanoparticles. The experimental data indicate that the addition of the surfactant
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hexadecyltrimethylammonium bromide (CTAB), the reaction time, and the final solvent
determine the size, morphology, and structure of the different obtained NPs. The colloidal
stability, morphologcal changes, and structural and chemical integrity of the developed
nanoparticles in several solvents having different polarities were investigated. Basics
physicochemical properties of selected nanoparticles (NPs), such as size, optical and magnetic
activity, porosity, thermal stability, structure, aging, and catalytic activity on the reduction of
methylene blue were determined.

In Chapter 4, the preparation of a thermoresponsive carrier comprising near-IR (NIR)
plasmonic nanoparticles coated with metal-organic frameworks (MOFs), -specifically ZIF-8,
which is a subclass of MOFs, is presented. A gold nanostar was selected as the particle core
thanks to its characteristic plasmonic band centered at ~770 nm, which is suitable for excitation
within the NIR-I therapeutic biological window. The developed porous core@shell
nanostructures were loaded with bisbenzimide molecules as a functional cargo and coated with
the amphiphilic polymer poly [isobutylene—alt—maleic anhydride]—graft—dodecyl (PMA). This
amphiphilic polymer protects ZIF-8 from degradation and prevents the drug from undesired
leakage in aqueous media or inside living cells. The induced release mechanism of the cargo
depends on the use of near-IR-light coupled to the plasmonic absorption of the gold nanostar
core, which creates local temperature gradients to trigger the drug thermo-diffusion.

In Chapter 5, a sonosensitive, sub-micrometric CaCOs-templated capsules for ultrasound-
controlled delivery of macromolecules in vivo were fabricated via layer-by-layer (LbL)
assembly. Current biological studies generally using micrometric size of CaCOs-derived
capsules (typically, having diameters from 3 to 10 um) present important limitations as
potential in vivo i.v. injectable medicinal products. As a result of their large size, LbL capsules
are likely to be rapidly sequestered within the capillaries in the lungs. Here, we explore an
original approach to produced sub-micrometric CaCO3z —templated polymer capsules (NCs) of
approximately 600 nm (or even less) in diameter. CaCOz vaterite particles (cores) were selected
as the temporal sacrificial core template. Three fluorescently labeled macromolecules were
encapsulated: dextran (70 kDa), bovine serum albumin (BSA, 66.5 kDa), and recombinant
tissue plasminogen activator (rtPA) (70 kDa). LbL assembly was performed by the addition of
alternating charged polyelectrolyte layers onto the sacrificial macromolecule loaded CaCOs3
cores. The multilayer films were constructed with layers of poly(sodium 4-styrene sulfonate)
(PSS) and poly(diallyl dimethylammonium chloride) (PDADMAC) polyelectrolytes, with
Mn/Zn doped iron oxide nanoparticles (ioNPs) as an alternating layer, and an outermost layer
of gelatin. The ioNPs were added as a magnetic resonance imaging (MRI) contrast agent to
track the particles upon in vivo administration, and the layer of gelatin aiming to provide these
nanocarriers with targeting capabilities. We adopted basic gelatin, heat-denatured collagen,
which binds to von Willebrand factor (VWF). Ultrasound-triggered release of fully functional
recombinant tissue plasminogen activator (rtPA) from the developed nanocapsules was done in
vitro and in vivo, denoting an important therapeutic activity.
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1. Introduction

1.1. Nanotechnology, Nanomaterials, and Nanoparticles: General Concepts

Nanotechnology is described as the science and engineering that controls materials at
nanoscales levels. In 1959, Richard Feynman was the first to discuss the concept of
nanotechnology at the American Physical Society meeting with a talk entitled “There is plenty
of room at the bottom”. A few years later, in 1974, Tokyo Science University Professor Norio
Taniguchi defined the term “nanotechnology” as "processing of, separation, consolidation, and
deformation of materials by an atom or by one molecule”. The nanometer (nm) scale refers to
a billionth of a meter o factor of 10°. To be classified as nanostructured material at least one
dimension of the material must be laying within the 1-100 nanometer range, including
nanoparticles (NPs), nanowires, nanorods, nanocapsules, nanofibers, nanotubes,
nanocomposites, nanostructured surfaces, and thin solids films with nanoscale thickness.!*!

The interest on nano “things” has expanded into a variety of different areas such as energy,
space technology, computing technology, industry, and biomedical applications, mainly
because small particles have an enormous surface-to-volume ratio resulting in a high reactivity
surface. In principle, by definition, the surface area of a three-dimensional solid is a measure of
the total area occupied by the surface of the object. The surface area of a solid will increase if
it is subdivided into smaller particles, and thus, new surfaces will be produced.

Broken down into smaller particles

-G -0
2cm

1

|

i 2

i cm .

: i 8 particles & 64 particles
i

0.5cm

Figure 1.1. Schematic illustration showing that material breaks down into smaller particles and this leads to
surface area increase.

For example, when a cube of 2 cm edge length with a surface area (SA) of 24 cm? is
subdivided into 8 smaller cubes of 1 cm of length, the surface area will be 48 cm?; now if we
continuing cutting into 64 smaller cubes of 0.5 cm of length, the surface area will be 96 cm?
(see Figure 1.1). At the naked eye, all cubes will have properties similar as the principal one (I
= 2cm); however, at the nanoscale level, materials behave differently compared to larger scales,
thus, the physical and chemical properties will change as a function of size due to the movement
of atoms and molecules around and between each other within the material. Materials at
nanometer-levels reveal new properties due to the increased surface-to-volume ratio compared
to their bulk. © Thus, specialized instruments will be required to investigate and to compare
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changes in the physical and chemical properties in the nanosized material from those of the
bulk one.B!

1.1.1. Classification of Nanoparticles

Nanomaterials can be classified based on their origin either natural or synthetic. In the case
of natural nanomaterials, there are naturally occurring nanoparticles, that is, which are present
in the environment regardless of human intervention, nanoparticles of natural products, and
naturally produced nanoparticles of natural products.[ Meanwhile, synthetic nanomaterials or
engineered nanoparticles are synthesized from bulk materials by humans through physical,
chemical, biological, or hybrid methods for desired applications.> © Furthermore,
Jeevanandam et al. reported that nanomaterials can also be organized into four material-based
categories summarized in Table 1.1.151 Other classifications for nanomaterials have been made
by researchers based on their dimensions, crystalline form, and chemical composition.[’]
Chapters 3, 4, and 5 of this PhD thesis will focus on composite- and inorganic-based
nanoparticles, respectively.

Table 1.1. Type of nanomaterials (adapted from ref.[5]).

Type-based nanomaterial Features and examples

fullerenes, carbon nanotubes, carbon nanofibers,

Carbon-based
graphene

metal and metal oxide NPs: Au, Ag, TiO2, ZnO NPs,

Inorganic-based . . .
semiconductors: silicon, ceramics

NPs made principally from organic matter,

Organic-based dendrimers, micelles, polymeric NPs

Combination of NPs (carbon, organic and inorganic)

Composite-based with other NPs or bulk materials (ceramic, metal or
polymer), hybrid nanofibers, metal-organic
framework

NPs: nanoparticles

1.1.2. Synthesis of Nanoparticles

There are two general approaches for the synthesis of nanomaterials i.e., i) bottom-up
approach (e.g., wet chemistry) and ii) top-down approach (e.g., mechanical grinding) (see
Figure 1.2).

Bottom-Up Approaches

Bottom-up approaches start with atoms and/or molecules as blocks in order to build up to
nanostructures; these approaches involve the use of minituarized materials” components (i.e.,
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up to atomic level) and their clever combination by means of self-assembly processes, where
physical forces operating at the nanoscale are used to combine basic units that leads to the
formation of stable structures.2®12l Most of the nanoscale materials are preparing through this
route, which covers physical and chemical methods such as molecular self-assembly,
physical/chemical vapor deposition, epitaxial growth, colloidal dispersion, sol-gel, ion beam
techniques, solvothermal routes, microemulsions, and precipitation processes.*%!

Top-Down Approaches

Top-down approaches start with a pattern generated on a large scale, which is reduced to the
nanoscale afterworks; this kind of approaches involves the use of larger initial structures (i.e.,
macroscopic), which breaks into smaller units that lead to the formation of uniform structures.
Top-down methods include mechanical alloying, chemical etching, lithography, or
micromachining methods, which are more expensive than self-assembly methods.[* 10 1]
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Figure 1.2. Schematic illustration of the two general approaches for the synthesis of nanomaterials.

1.1.3. Growth Control of Nanoparticles in Solution

Colloidal nanoparticles are nanoscale objects that are dispersed in water-based solvents in
the case of hydrophilic particles, or organic solvents in the case of hydrophobic particles.
Amphiphilic nanoparticles can be dispersed either in water-based or organic solvents. 2%l

Nowadays, the development of colloidal nanoparticles of different composition, size, shape
(e.g., planar, spherical, rod-like, etc.), and physical or chemical properties 31 has been received
enormous attention due to their potential applications in different fields such as medicine, and
catalysis. [l Colloidal nanoparticles reveal unique and new magnetic, optical, electronic, and
catalytic properties, which are related to their size, shape, composition, and/or crystalline
structure and are different compared to their bulk counterparts.[> 14l

The growth of the NPs depends on the surface reactivity and the monomer”s diffusion to the
surface,[> *° and in terms of rate, final size, and geometric shape, this growth can be controlled
by the use of capping agents (e.g., surfactant molecules, polymers, etc.) during the nanoparticle
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formation process; these capping agents, that typically adsorb on the nanoparticles surface,
stabilize the nuclei against aggregation by a repulsive force, resulting in a thermodynamically
stable configuration of nanoparticles.[*3 4l

1.1.4. Functionalization of Nanoparticles Surface

Modification of nanoparticle surfaces may provide several benefits such as colloidal
stability, interaction with the particle environment, especially in biological systems, self-
organization, incorporation of organic groups for a particular interaction, and possible
controlled targeting.[** 181 In Chapters 4 and 5 of this PhD thesis, nanoparticles functionalized
with an amphiphilic polymer to provide stability in agueous solutions and preventing the cargo
from release, and nanoparticles functionalized by rapid layer-by-layer assembly of
polyelectrolytes (i.e., the centrifugation method) for targeting delivery, will be presented,
respectively. Therefore, a brief overview of the two aforementioned surface coating strategies
will be discussed below.

Coating the Nanoparticles with an Amphiphilic Polymer

Amphiphilic polymers have been used for coating hydrophobic inorganic NPs, where these
amphiphilic polymer coatings can stabilize originally hydrophobic nanoparticles in agueous
solutions.'” 18 Basically, hydrophobic nanoparticles are encapsulated inside the hydrophobic
side chains of the polymer micelle resulting in a hydrophilic nanoparticle surface as shown in
Figure 1.3.171

xié&;% mg @%
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Figure 1.3. Schematic illustration of nanoparticles modified with an amphiphilic polymer. The nanoparticles
cores (gray spheres) that are capped with hydrophobic ligands (drawn in red) are modified with an amphiphilic
polymer (hydrophilic backbone drawn in blue and hydrophobic side chains drawn in red, respectively). The
nanoparticles cores are embedded in the resulting polymer micelle, resulting in a hydrophilic nanoparticle
surface. (Adapted with permission from ref. [17]. Copyright 2016, American Chemical Society).

i,

3

Layer-by-Layer Assembly Methods

In 1996, ller™ introduced a technique to fabricated multilayer films based on alternated
layers of positively and negatively charged colloidal particles. Based on this work, Decher et
al.[?> 2 introduced a layer by layer (LbL) method to coat charged surfaces based on electrostatic
attraction between polyelectrolytes layers of opposite charge.l??l More recently, the design of
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nanostructured materials employing sacrificial templates by the simplicity and versatility of the
layer-by-layer (LbL) assembly method has received increasing interest for biological
applications because of the possibility of controlling of the shell thickness, surface charge, size,
and permeability.[?®! Basically, LbL nanoparticles are formed by depositing consecutive layers
of oppositely charged polyelectrolytes onto templates thorough electrostatic or covalent
interactions, hydrogen bonding, or single polymer assembly, resulting in a multilayered film
structure.l?® 241 The templates can be a sacrificial particle that will dissolve to form a hollow-
shell structure (i.e., capsules) or remain a part of the multilayer structure (i.e., core-shell
particles).”>! Moreover, the templates can be porous (e.g., mesoporous silica, calcium
carbonate, etc.) or non-porous (e.g., gold NPs, quantum dots, etc.) particles,’?®! where porous
ones have been used to encapsulate compounds.[?® 271 Different methods for the assembly of
multilayered particles have been reported being the centrifugation method the most
conventional one.[??: 25 28-33]

a) Centrifugation c) Electrophoresis

b) Microfluidics
//)A\‘

il
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Figure 1.4. Schematic illustrations of different LbL assembly methods with benefits (+) and limitations (-): a)
the centrifugation method involves centrifugation (Cfg) steps (adapted with permission from ref. [25].
Copyright 2013, American Chemical Society); b) Microfluidics method (adapted with permission from ref. [34].
Copyright 2011, The Royal Society of Chemistry); c) “Electrophoretic polymer assembly” (adapted with
permission from ref. [35]. Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). (Adapted with
permission from ref. [25]. Copyright 2013, American Chemical Society).

In the centrifugation method, particles can be collected by centrifugal sedimentation to
separate adsorbed and free polymer for each layer (see Figure 1.4a). Although is a facile
method, the unwanted aggregation of particles becomes stronger with dropping particles ‘size
down (i.e., sub-100 nm).] Another method to fabricate multilayered capsules is the
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microfluidic method; Figure 1.4b shows the “microfluidic pinball” developed by Kantak et al.
where microfabricated templates can be moved back and forth to achieve layering in a confined
laminar flow of a polymer solution.3*l Scaling-up and the achievement of small templates are
limitations of this method. Recently, Richardson et al. developed a method called
“electrophoretic polymer assembly” in which templates are immobilized inside an agarose gel
and layering can be achieved by electrophoresis by injecting the polyelectrolytes and allow
them to pass through the matrix (see Figure 1.4c).[%

1.1.5. Techniques for Nanoparticles Characterization

Different characterization techniques have been used to study and characterize
nanoparticles; usually, the combination of several ones provides comprehensive information
about the nanomaterial structure and propertiesl; however, sometimes the use of one or two is
sufficient for the analysis of a particular property. Table 1.2 summarizes a selection of
experimental techniques for the analysis of various physicochemical properties of
nanoparticles.

Table 1.2. Properties/characteristics to be determined for nanoparticles, and some of the corresponding
characterization techniques (adapted from ref. [36]).

Parameter to determine Corresponding technique*

Size (structural properties) DLS, NTA, ICP-MS, UV-Vis, PXRD, SEM, TEM
Morphology SEM, TEM

Elemental-chemical composition SERS, PXRD, ICP-MS, EPR, SEM-EDX
Crystalline structure SERS, PXRD, STEM

Size distribution DLS, NTA, ICP-MS, SEM

Pore structure TEM

Ligand binding/composition/mass, surface FTIR, TGA, EPR

composition

Surface area, specific surface area, pore size BET

Surface charge (-potential

Concentration NTA, ICP-MS, UV-Vis

Agglomeration state DLS, Zeta potential, SEM, TEM, UV-Vis

DLS: Dynamic light scattering, NTA: Nanoparticle tracking analysis, ICP-MS: Coupled plasma mass spectrometry,
UV-Vis: UV-Vis spectroscopy, PXRD: Powder X-Ray diffraction, SERS: Surface-enhanced Raman spectroscopy, EPR:
Electron paramagnetic resonance, SEM: Scanning electron microscopy, TEM: Transmission electron microscopy,
STEM: Scanning transmission electron microscopy, SEM-EDX: Scanning electron microscopy-Energy Dispersive X-
ray spectroscopy, FTIR: Fourier transform infrared spectroscopy, TGA: Thermal gravimetric analysis, BET:
Brunauer-Emmet-Teller adsorption isotherm, {-potential: Zeta potential.
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1.1.6. Applications of Nanoparticles

The material, the surface, and the surface modification of the particles have a very important
role in the potential targeted application of a nanoparticle. According to R. A. Sperling and W.
J. Parak,[*®! the application of colloidal nanoparticles can be divided into three classes:

i) Labeling, tracing, and imaging.
1) Sensing and detection.
iii) Active elements such as heat mediation, optical sensitizing, or delivery vehicles.

However, here, we will briefly discuss the use of nanoparticles specifically in catalysis and
drug delivery, respectively, since the materials presented in the following chapters were
fabricated to have the potential for application in the aforementioned areas.

Nanoparticles in Catalysis: General Concepts

Catalysis is a molecular phenomenon in which the chemical transformation of molecules
into other molecules occurst! through the use of chemical compounds, known as catalysts, that
reduce the amount of energy and speed up the chemical reaction rate.

Catalysis is present in the industry, energy, environment, and life science, and can be divided
into homogenous and heterogeneous. In homogeneous catalysis, catalysts and reaction mixture
occupies the same phase (see Figure 1.5a), whereas in heterogeneous catalysis, catalysts
occupy a different phase than the reaction mixture (see Figure 1.5b).81Homogeneous catalysis
can be said to be connected to molecular organometallic chemistry, while heterogeneous
catalysis to surface science and solid-state chemistry.l3: %

a) b)

Homogeneous catalysis

Heterogeneous catalysis

- Solvents

® Molecularly defined catalyst

- Solvents

’ Catalyst particles

® Reactant molecules . .
Active sites

® Reactant molecules

Figure 1.5. Schematic illustration of a) homogeneous catalysis and b) heterogeneous catalysis, respectively
(adapted with permission from ref. [38]. Copyright 2018, Nature Communications).
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The use of nanoparticles (NPs) in catalysis dates back to the 19" century with the emergence
of photography (i.e., Ag NPs) and the decomposition of hydrogen peroxide (i.e., Pt NPs).0
Nanoparticles can interact with substrates and reagents and, hence, catalyze reactions; this is
due to the large percentage of unsaturated coordination atoms that are located at the surface,
edge, and corners of the nanoparticles compared to the total number of atoms.*]

Nanoparticles in Drug Delivery (in Vitro and in Vivo): General Concepts

To begin with, the first question to be answered might be: What do the terms “in vivo” and
in vitro” really mean? The terms are closely related but they are not the same: In vitro (i.e.,
“within the glass”) studies are cell culture experiments performed outside a living cell or
organism but inside a glass such as a test tube or Petri dishes (see Figure 1.6a) under artificial
conditions and controlled environment settled down by the researchers. Most of the preliminary
biological experiments are carried out in this manner. On the other hand, in vivo (i.e., “within
the living”) studies are experiments performed in living organisms, such as non-human and
human animals, and plants (see Figure 1.6b), being crucial for the diagnostic and medical
treatment.

a) b)

In Vitro In Vivo

®
]

-\\

Figure 1.6. Schematic illustrations of a) in vitro vs. b) in vivo studies.

Researchers have developed nanoparticles to be used as nanocarriers for therapeutic
compounds such as drugs or contrast agents for imaging.*> 31 The nanoparticles for drug
delivery can be produced from soft (i.e., organic and polymeric) or hard (i.e., inorganic)
materials with different sizes, chemical compositions, shapes, structures, morphologies,
surfaces properties, and loaded with drugs (see Figure 1.7).[*l The behavior and stability of
nanoparticles in the biological environment are governed by different properties, such as protein
corona, functionalization, and nanoparticle surface interactions with the surrounding
medium. ]
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Figure 1.7. Biophysico-chemical properties of nanoparticles for drug delivery (adapted with permission from
ref. [44]. Copyright 2014, Wiley - VCH Verlag GmbH & Co. KGaA).

In Vitro Nanoparticles Behavior

Nanoparticles not only use different mechanisms to enter cells but can also induce their
uptake if they become associated with the cellular membrane. Most of the nanoparticles
carrying drugs needs to be taken into the cell (i.e., eukaryotic cells), in most cases through
endocytic mechanisms.*6 471 The size, shape, and chemistry surface are factors affecting the
nanoparticle endocytosis.k6: 48 491

There are four types of endocytosis mechanisms: clathrin-mediated endocytosis, caveolae-
mediated endocytosis, macropinocytosis, and phagocytosis.[*® 491 Clathrin- (i.e., a protein
whose main function is to coat intracellular vesicles) and caveolae- (i.e., a subtype of lipid raft
that is identified in the plasma surafce) mediated endocytosis pathways (i.e., the energy-
dependent activity by which cells internalize biomelocules) indicate receptor-mediated
endocytosis, and typically are observed during the cellular uptake of nanoscale materials such
as viruses and ligand-coated nanoparticles.*®%! In these endocytosis pathways, the
nanoparticles are directly covered by plasma proteins when exposed to physiological
environments. ]

Phagocytosis is the uptake of foreign materials as large as 0.5 pum and occurs in professional
phagocytes such as macrophages, neutrophils, monocytes, and dendritic cells.[!

Whereas, macropinocytosis is a non-specific process that involves the internalization of fluids
and particles together into the cell, in which the uptake of small particles dominates (i.e., <0.15
wum). 46,491

The majority of the internalized particles are mainly located inside vesicle structures; when
the nanoparticles are attached to the outer cell membrane or already inside the cell, different
cellular responses can occur, such as cytotoxicity, oxidative stress, pro-inflammatory responses,
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and/or DNA damage.Y Furthermore, researchers have reported that the mechanical properties
and cellular behavior can be affected by internal and external forces acting through the
cytoskeleton upon particle uptake; the cytoskeleton is a system of protein filaments present in
the cytoplasm of eukaryotic cells and helps cells to maintain their shape, internal organization,
transports intracellular cargo, and provides mechanical support.[52 5

In Vivo Nanoparticles Behavior

Multiple studies of nanoparticles for biomedical applications have been published; however,
their use in clinical practice is far from being properly established, especially due to the lack of
understanding concerning the interactions between nanoparticles and blood and interstitial
fluids.®*l This is because immediately after injection, nanoparticles undergo different
physiological behaviors before reaching the desired targets.*”) Upon intravenous
administrations, nanoparticles establish their initial interactions with blood components, being
formed layers of adsorbed proteins around them; this process is known as opsonization (or
biofouling). The protein-nanoparticle binding affinity and the protein-protein interactions
control the adsorption of proteins on the nanoparticle’s surfaces, therefore, conferring a
different “biological identity” to the nanoparticle. Before reaching the desired target (i.e.,
binding to receptors at diseased cells) and subsequent internalization, sequestration of
nanoparticles can occur by the liver and/or spleen (reticuloendothelial organs).[*? 5

The elimination of nanoparticles from the blood by renal excretion is also a biological
obstacle to be considered in order to achieve a safe use of nanoparticles in therapeutic
applications. Choi et al. found that nanoparticles (i.e., quantum dots) smaller than 6 nm in
diameter resulted in a rapid excretion by kidneys and, therefore, being cleared out from the
body.[81 On the other hand, when nanomaterials are larger than 200 nm they accumulate in the
liver and spleen,*"l unless they are made of degradable materials.[]

Biological Identity of Nanoparticles

Nanoparticles can enter the human body through different routes: via inhalation or oral
ingestion, bloodstream, through the lungs and skin.™® Besides the “synthetic identity” of the
nanoparticle (i.e., size, shape, chemistry surface), the cellular uptake of nanoparticles will also
depend on the protein corona formed after being exposed to the biological environment.®* The
protein corona provides the biological identity of the nanoparticles and is a dynamic coating of
biomolecules that forms around the nanoparticle in physiological environments affecting its
physiological and therapeutic responses.>* 58l

Stimuli-Responsive Drug Delivery Systems: Internal and External Triggers

The controlled release of a drug from a carrier can be triggered by single or multiple internal
(i.e., endogenous) or external (i.e., exogenous) stimuli (see Scheme 1) at the desired time,
location and/or amount of dose, where the carrier system directed binds to a target.>® 6
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Scheme 1. Internal and external triggers for drug delivery systems.

A stimulus-drug release event is what is known as triggering, whereas the use of a stimulus
to send a drug delivery carrier to a specific location is known as targeting.!

Triggering can be active or passive. In a passive process the property of the target tissue is
the one that takes control over the process (i.e., pH, size exclusion or the local concentration of
an enzyme); one example of passive triggering is when a carrier is fabricated with pH-sensitive
materials; this carrier may disintegrate when entering the acidic interior of the cell and, thus,
allowing the release of the cargo.[®%-621 On the other hand, active triggering systems may release
their cargo by the application of an external energy source. 6% 63 641

Externally triggered drug delivery systems have been considered as promising to enhance
the safety and efficacy of the treatment process.[®® I In Chapters 4 and 5 two actively external
trigger systems will be presented: light-triggered and ultrasound-triggered, respectively.

1.2. Plasmonic Nanoparticles

Plasmonic nanoparticles can be found in a variety of applications serving as therapeutic,
diagnostic, or theranostic agents. The production of finely-tailored plasmonic nanomaterials
and the development of their surface functionalization tools are the keys to provide them with
colloidal stability and/or specificity in complex biological media.[®!

1.2.1. General Concepts
Surface plasmon resonances result from the coupling between an external electric field,

usually of light, Ej and the plasma oscillations of free electrons, for instance, at the interface
between a metal and a dielectric material (e.g., air, aqueous solution, etc.).[66]

Typically, this coupling occurs within the electromagnetic spretrum from ultraviolet (UV)
to near-infrared (NIR). In the case of metallic NPs,71 carbon nanomaterials(®® or some doped
semiconductors and metal oxides,® with sizes equal or less than the wavelength of the
excitation light (UV-to-NIR), surface plasmon resonances are localized and referred to as
localized surface plasmons resonances (LSPRS).

LSPRs are responsible for the large, wavelength-selective increment in absorption,
scattering, and electric field (EF) enhancement at the NP surface.’% "™ Thus, plasmonic NPs
are capable of absorbing and scattering light at highly specific regions of the electromagnetic
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(EM) spectrum with high molar extinction coefficients (i.e., several orders of magnitude higher
than organic fluorophores).[]

Optical Properties of Plasmonic Nanopatrticles
The optical properties of plasmonic NPs are determined by their extinction cross-section
(i.e., oext), that is, the sum of the absorption and the scattering cross-sections (i.e., Gabs and osc,
respectively).’2 LSPRs give rise to three physical phenomena indicated below: !
) Resonance absorption of light centered at the LSPRs” energy (i.e., localized surface
plasmon resonance, or LSPR), which is determined by the Gaps.[]

i) Far-field scattering of light (e.g., colors of colloidal solutions of noble metal NPs),
which is determined by the nanomaterial osc at distances, d, larger than the NP
dimensions (for instance, the NPs radius rnp), i.e., d > ryp.l"4

iii) Near-field scattering of light, resulting in enhancement of the optical near-field (i.e.,
the concentration of light within extremely small volumes in the close surrounding
of the NPs), i.e., d < ryp.[]

These plasmonic responses have led to numerous applications in diverse fields, such as
sensing and biosensing,["® photothermal therapy (PTT),l’”! optoacoustic imaging (O1),["®! two-
photon luminescence (TPL) imaging,[” photovoltaics,® or optical communications,®!
among others (see Figure 1.8).
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Figure 1.8. Scheme of the interaction of light and plasmonic NPs, resulting in scattering (far- and near-field),
absorption, and energy transfer phenomena that have application in biotechnology (adapted with permission
from ref.[66] . Copyright 2018, Elsevier Ltd).

Development of Plasmonic Nanoparticles: Biological Purpose

The application of plasmonics in biology and medicine is known as bioplasmonics (i.e., also
termed nanobiotechnology or nanobiology). The pioneering work by Mirkin’s Group about
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colorimetric biosensing based on the distance-dependent optical properties of Au NPs may be
considered as one of the initial triggers to the rapid development of nanotechnology in general,
and bioplasmonics in particular.[®2 &I

A variety of plasmonic probes have typically been used in bioapplications, including
sensing, light-based therapies, or imaging. Not only synthetic methodologies for fabricating
plasmonic nanomaterials but methods for their coating (i.e., organic coatings mostly) and
functionalization have been a subject of intense research. These surface characteristics are
crucial to providing NPs with colloidal stability in physiological environments, as well as to
provide NPs with different functionalities (e.g., specificity towards bioanalytical targets,
antifouling, self-assembly, etc.).[®4!

Thus, bioplasmonics makes use of plasmonic NPs as nanoantennas or nanotransducers,
which can be photoactivated and, then, enable different responses, including nanoheating,
reporting reactions (e.g., binding, aggregation, etc.), or surface-enhanced signals (surface-
enhanced Raman, fluorescence and IR absorption spectroscopies).

Depending on the specifically addressed bioapplication, the excitation wavelength and NP"s
properties (scattering/absorption, coating) need to be properly matched to obtain the desired
optimized plasmonic response (e.g., nanoheating, field enhancement, colorimetric change,
etc.).[®

Researchers have been developing synthetic methods to fabricate plasmonic NPs with
controlled and tunable LSPRs responses through the fine manipulation of parameters such as
composition, size, shape, and aggregation (see Figure 1.9a).67 7

When designing a plasmonic material for bioapplications, the first thing to consider is that

the adjustment of the LSPR response of the final colloids can be made by varying the NP
composition thanks to the amount of available plasmonic materials (i.e. Au, Ag, Cu and its
chalcogenides, Al, Rh, Ru, In, Li or Na, among others). However, the specific characteristics
of the plasmonic response (in the UV for Rh, Ru, In), &7 |ow stability to oxidation in
biological media (Al, Na, Li), or intrinsic toxicity for in vivo applications (Cu, Ag,
chalcogenides) reduce dramatically the number of choices available for a given application.

Moreover, size is another important parameter that can be modified to tune the plasmonic
response as it affects both the LSPR position and the extinction cross-section of the NPs.
Regarding the LSPR position, for the same composition and geometry LSPR shifts to the red
as the NP size increases (see Figure 1.9b). Nevertheless, the variation of the NP size has two
other implications: i) the larger the NP is, the more the classical surface plasmon dominates the
quantum core plasmon and becomes more concentrated near the surface of the NP, resulting
usually in the generation of a larger electric field at the surface.[®® ii) for, in vivo applications,
larger NPs are less efficiently excreted by the organism. !
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Figure 1.9. a) Energy and LSPR position for the plasmonic response of different NPs as a function of
composition, size, and shape; b) Position of LSPR in Au NPs of different sizes (adapted with permission from
ref.[89]. Copyright 2007, American Chemical Society). c) Position of LSPR in Au NPs of different shape (and

size); d) Plasmonic response (LSPR position and extinction cross-section) of two gold spherical NPs interacting
as a function of their interparticle distance (adapted with permission from ref.[90]. Copyright 2008, Royal
Society of Chemistry). (Adapted with permission from ref.[66]. Copyright 2018, Elsevier Ltd).
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In this regard, the shape is by far the parameter that more extensively modifies the LSPR
both in its position and distribution on the NP surface. For example, by controlling the shape of
Au NPs (see Figure 1.9¢), LSPR can be easily tuned from the visible to the NIR. Furthermore,
the generation of apexes, spikes, or sharped ends (e.g., triangles, rods, or stars) concentrates the
surface electromagnetic fields on those regions generating intra-NP hot spots that can be
efficiently exploited in sensing applications.®M The reverse side of this tuning, however, resides
in the fact that most of the protocols which drive NP shape control requires the use of specific
surfactants that strongly bind to the surface of the NPs. However, these residual surface
elements often enable further NP functionalization steps or even their interaction with desired
species in the biological media. Finally, the last essential factor that can be used for plasmonic
tuning is based on the plasmon coupling between neighboring NPs. Typically, NP aggregation
shifts the plasmon to the red (see Figure 1.9d).18!

1.3. Porous Nanoparticles

Porous materials are made of solid phases that form the porous frame and the pores
throughout the solid. Some materials may have holes as a result of defects that will negatively
influence the performance of the material; therefore, these materials are not considered as
porous materials.
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It was until the mid 1990s that porous materials were classified as inorganic and carbon-
based materials depending on their composition. [°> %31 However, coordination polymers have
positioned themselves as a new category within porous materials (see Figure 1.10).[°%

p Poroug
b Materials

Figure 1.10. Schematic illustration of classes of porous materials (adapted with permission from ref. [93] .
Copyright 2004, Wiley - VCH Verlag GmbH & Co. KGaA).

Moreover, porous materials are low-density solids with a uniform and tunable pore network,
large surface area, and high porosity.[®*! The ratio of the total pore volume to the volume of the
particles or agglomerate is known as porosity.[**! According to the International Union of Pure
and Applied Chemistry (IUPAC),8l the pore size and structure have been classified, as
follows:[7: %

e Micropores (internal pore width < 2 nm)

o Ultramicropores (< 0.7 nm)

o Supermicropores (from 0.7 to 2 nm)
e Mesopores (internal pore width from 2 to 50 nm)
e Macroporous (internal pore width > 50 nm)

The surface of porous adsorbents or materials is divided into two categories: external and
internal surface: The internal surface is the surface corresponding to all the pore walls, while
the external one is that outside the pores.[®®1 We will find that, generally, in the literature
micropores and mesopores are denoted as nanopores. Porous materials are part of a growing
research interest thanks to their large surface area, control over porosity and functionality for
specific applications, and when sized down to the nanoscale with good controllable dimensions
they are considered to be very relevant for chromatography, catalysis, sorption-selective protein
separations, and cooling processes, but also for drug delivery due to their versatility for loading
different types of cargos such as drugs.®*1% Besides, porous materials from natural
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biopolymers (e.g., chitosan, collagen, cellulose) and synthetic biopolymers [e.g., poly(lactic
acid), poly(lactic-co-glycolic acid)] have also increasing interest in the biomedical field and
food packaging applications, among other areas.l'®2 Average pore size, average particle
diameter, specific surface area, mean effective porosity, particle shape are important parameters
on porous materials that will determine their application. %I

There are different types of porous nanomaterials such as porous coordination polymers,
metal-organic frameworks, silica, calcium carbonate, calcium phosphate, calcium silicate,
porous starch, porous polymers, among others. 27 1011041

Chapters 3, 4, and 5 will look at two specific porous materials based on porous coordination
polymers (PCPs) and calcium carbonate polymeric nanoparticles (CCPNSs), respectively, as
nanocarriers for intended biological and catalytic applications. Comprehensive information on
each material will be provided in the corresponding chapter.

1.3.1. General Concepts

Adsorption Process

The surface of porous and finely dispersed solids can be characterized by gas adsorption
methods. Adsorption should not be confused with absorption (see Figure 1.11). Adsorption can
be defined as a surface phenomenon characterized by the accumulation of molecules from the
vapor phase or any solution onto the surface or pores of a solid.[5: 1061

Generally, an adsorption process can be classified as of physical (physisorption) or chemical
(chemisorption) origin. Physisorption occurs when an adsorbable gas comes into contact with
the surface of a solid and is related to van der Waals forces. In the case of chemisorption,
chemical bonds are formed as a consequence of chemical reactions between the solid and the
adsorbate (gas). Desorption is the reverse process where a decrease in the amount of adsorbate
can be observed. Conversely, in the absorption process, atoms, molecules, or ions diffuse into
the bulk solid. Sorption is a wider term that includes both, adsorption and absorption.°l

At a constant temperature (i.e., typically at liquid N2 one, 77 K) the relationship between the
adsorbed solid per unit mass (Q) and the gas pressure (p) is generally described through
adsorption isotherms, where Q is presented as a function of the relative pressure p/po, (pois the
saturation vapor pressure).[107: 108]

L X J
LY ) _
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Y o
adsorbate ~——adsorbent
—

adsorption

Figure 1.11. Schematic illustration of the difference between absorption and adsorption.
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Overview of BET Theory and Determination of Surface Area: The Brunauer-Emmet-
Teller (BET) Adsorption Method

The BET method has become the preferred one to determine the surface area of solids based
on the adsorption of a gas onto a surface. In 1940, Stephen Brunauer, Paul Emmett, and Edward
Teller developed the BET theory, which is closely related to Langmuir’s one developed by
Irving Langmuir in 1916. Langmuir’s theory assumes that gas molecules on the surface of a
sample form an adsorbed monolayer; in this case, all the adsorbed molecules are in contact with
the surface of the adsorbent material. On the other hand, BET theory assumes that multilayers
of gas molecules are able to form onto the adsorbent, and all layers are in thermodynamic
equilibrium.[t%%

The type of adsorbate and adsorbent, the adsorbent surface area, and the experimental
conditions are factors that affect the adsorption rate. Figure 1.12a represents the BET
adsorption multilayer model**°! with the different stages is composed of, as explained below:

S1: Isolated sites on the sample surface begin to adsorb gas molecules at low pressure.

S2: As gas pressure increases, coverage of adsorbed molecules increases to form a
monolayer onto the solid surface.

S3: Further increases of gas pressure will cause the beginning of multi-layer coverage;
smaller pores in the sample will fill in firstly.

S4: Further increases of the gas pressure will cause a complete coverage of the sample and
all the pores will be filled in. When the solid area is fully covered by each adsorbed gas
molecule, then the surface area can be calculated. Data collected will be displayed in the form
of BET isotherms. The BET equation,®® uses the adsorption isotherm information to determine
the amount of gas needed in creating the monomolecular layer onto the sample surface:

p/bo _ _ _ 1
n(1-p/po) N,

c-1
¢t e (P/Po) (1.1

where p is the pressure, po is the saturation pressure, n is the specific amount of the adsorbed
gas at the relative pressure p/po, and nm is the specific monolayer capacity. C is the BET
constant, which is exponentially related to the energy of monolayer adsorption.

Types of Adsorption Isotherms

Brunauer et al. identified five different types of physisorption isotherms (Type 1-V).[111]
Later on, IUPAC (International Union of Pure and Applied Chemistry) proposed a more
complete classification[®® (see Figure 1.12b):[**2]

Type | isotherm is concave to the relative pressure axis (p/p®) and is obtained for microporous
solids having relatively small external surfaces such as some activated carbons, molecular sieve
zeolites, and some porous oxides, where the adsorbate uptake rate will depend on the accessible
micropore volume instead of the total internal surface area.
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Type 11 isotherm is given by non-porous or macroporous adsorbents with unrestricted
monolayer-multilayer adsorption. Type Il and Type IV isotherms have a point M at the
beginning of the middle, almost linear section (see Figure 1.12b), which indicates that the
monolayer coverage is completed, and multilayer adsorption is ready to begin. Type IV isotherm
is obtained for mesoporous industrial absorbents.

Type 11 isotherm is convex to the relative pressure axis (p/p°) and does not display an
observable monolayer formation implying that the adsorbate-adsorbent interactions are
relatively weak.

Type V isotherms are given by water adsorption on hydrophobic microporous and
mesoporous adsorbents, and at low p/p0, they display a shape similar as Type I11 ones.

Type VI isotherm represents the layer-by-layer adsorption given by a highly uniform non-
porous surface.[®® 110.112]
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Figure 1.12. a) Pore filling stages at different pressures (BET adsorption multi-layer) (adapted with permission
from ref. [110]. Copyright 2012, John White). b) Different types of adsorption isotherms (adapted with
permission from ref. [112]. Copyright 2019, The Royal Society of Chemistry).

1.4. Applications of Porous Nanoparticles in Catalysis and Drug Delivery: A General
Overview

Catalysis

Nanoparticles catalytic activity plays a significant role in chemical processes in both
industry and academia, where the shape and the surface atom orientation of the nanoparticle
will affect the activity and stability of the catalytic reaction.[3% 113

Functionalized nanoparticles have gained interest in catalysis, such as coordination
polymers, metal-based, graphene-based, carbon nanotubes, core-shell structures, quantum dots,
and porous polymers.[9 1131201 Moreover, nanomaterials prepared from earth-abundant and
inexpensive metals have been proposed as alternative choices to the rare and expensive noble-
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metals used as catalysts in chemical processes. [*?!! In the case of porous materials, the surface
holes can also allow the transit of host molecules through the guest materials.[12?]

Thus, in our case, we are interested in nanostructures based on metal ions and
inorganic/organic ligands linked by coordination bonds, know them as coordination polymers
(CPs);[9 122:123] these network materials have been used as potential catalysts in heterogeneous
catalysist® 191 because they can be porous, they can have catalytically active transition metals
centers, and can be designed by changing the metal ions, ligands, anions, coordinated modes,
etc. resulting in a large variety of molecular structures.[122-124]

Therefore, in Chapter 3, we will go through more details about the nanosystem that we
selected for the study in question.

Drug Delivery: NIR Light-Triggered

NIR light can interact with plasmonic nanoparticles (i.e., commonly gold nanostructures) to
produce what is known as the photothermal effect, where the plasmonic nanoparticle efficiently
convert photon energy to heat, creating an increment of the local temperature and thus allowing
the release of the entrapped drug."]

The development of plasmonic nanoparticles with LSPR in the NIR (i.e., first biological
window, 700-950 nm), and techniques employing NIR sources, has occupied a large fraction
of the bioplasmonics research. This is due to the need to avoid attenuation of incident light by
most abundant biological components, such as blood, water, and fat, which delimit the
biological windows. !

Moreover, by designing the plasmonic NPs surrounded with a porous-selective material shell
(e.g., metal-organic frameworks MOFs), an extraordinary size-selectivity of small molecules
can be achieved. In our case, we are interested in core-shell structures based on MOFs and
plasmonic nanoparticles; therefore, in Chapter 4, we will go through more details about the
nanosystem that we selected for the study in question.

Drug Delivery: Ultrasound-Triggered

In 1989, Kost et al. reported the first study on ultrasound-responsive delivery systems.[*?¢l
Ultrasound consists of longitudinal pressure waves (i.e., sound waves) with frequencies higher
than the audible limit of human hearing (i.e., > 20 kHz), and can be classified as low (i.e., 20-
100 kHz) or high frequency (> 1 MHz). In principle, ultrasounds at high frequencies can cause
thermal damage to cells and tissue induced by heat.[%1 The use of ultrasound as a potential
trigger for drug release from nanocarriers has gained increasing attention due to its safety and
low cost.5® 271 Currently, microbubbles, liposomes, micelles, hydrogels, and polymeric multi-
layered capsules are the most existing carriers' systems for ultrasound-triggered drug
delivery.[t?7]

In our case, we are interested in polymeric multi-layered capsules; therefore, in Chapter 5,
we will go through more details about the nanosystem that we selected for the study in question.
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1.5. Objectives

General Objectives

Inorganic porous materials have attracted increasing interest thanks to their unique properties
such as low-density, uniform, and tunable pore network, large surface area, and high porosity.
The properties of porous materials depend on intrinsic factors such as porosity, pore
morphology pore size, and pore distribution, which are related to material s selection for a given
application.

This Ph.D. thesis aims to demonstrate the importance to control the size, morphology, and
functionalization at the nanoscale of the following porous materials: Cu-based coordination
polymeric nanoparticles, zeolitic imidazolate framework 8, and calcium carbonate polymeric
nanoparticles, respectively. Here, we then focused on exploring three nanoscale synthetic
approaches to construct the particles mentioned above as potential candidates for the catalytic
reduction of methylene blue and for the construction of external stimuli-responsive drug
delivery nanocarriers, respectively. The synthesis optimization approaches for each study
followed three basic points: i) Starting with the introduction of additives or growth-blocking
agents during the synthesis as a strategy for controlling the nucleation and growth process in
order to achieve the desired nanoparticle morphology and size; then, ii) the approaches were
accompanied by the appropriate characterization and functionalization of these nanomaterials
to assess their colloidal stability; to finally iii) demonstrating their application-targeted
properties. My contribution to the work described in the following Chapters 3, 4, and 5, was
mostly focused on the synthesis and physicochemical characterization of various porous
nanomaterials: a novel Cu*2-based nanoPCPs, ZIF-based NPs, and LbL nanocapsules.

Specific Objectives

Chapter 3  The objectives here can be summarized in: i) To develop a straightforward
aqueous synthetic route to fabricate novel Cu-based porous coordination
polymer nanoparticles, ii) to optimize the concentration and molar ratios of the
reactants including a growth-arresting surfactant
(hexadecyltrimethylammonium bromide, CTAB), in order to demonstrate that
the obtained nanoparticles can be produced with very high monodispersity, iii)
to prove that the synthesis conditions do not lead to a decomposition of the
organic linker in the nanoparticles, iv) to prove that the reaction time and the
solvent influence on the properties and morphology of the resulting
nanoparticles, and v) to evaluate the activity of the nanoparticles in the catalytic
reduction of methylene blue.

Chapter 4  The objectives here can be summarized in: i) To demonstrate that zeolitic
imidazolate framework-based particles can be produced with very high
monodispersity and controlled size using surfactants, ii) to prove that having
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control over the growth of ZIF-8 particles it is possible to encapsulate gold
nanostars inside ZIF-8 during the synthesis, iii) to demonstrate the loading of the
bisbenzimide compound Hoechst H 33258 (HOE) by soaking the porous
nanocomposite inside the cargo solution, iv) to prove that a post-
functionalization strategy based on poly-[isobutylene-alt-maleic anhydride]-
graft-dodecyl (PMA) prevents the drug from being release in aqueous medium
and inside living cells, and v) to evaluate the thermoplasmonic-responsive
release behavior of encapsulated active molecules within the nanocomposite
through illumination with near-IR (NIR) light inside living cells.

Chapter 5 The objectives here can be summarized in: i) To demonstrate that CaCOz particles
can be produced with very high monodispersity and desired size and shape in
the presence of poly(vinylsulfonic acid ) (PVSA), ii) to demonstrate the
encapsulation of three fluorescently labeled macromolecules: dextran (70 kDa),
bovine serum albumin (BSA, 66.5 kDa) and recombinant tissue plasminogen
activator (rtPA) (70 kDa) via core pre-loading by means of a co-precipitation
method, iii) to exploit the layer-by-layer assembly technique to construct our
nanosystem based on alternating layers of non-biodegradable poly(sodium 4-
styrene sulfonate) (PSS) and poly(diallyl dimethylammonium chloride)
(PDADMAC) polyelectrolytes, with Mn/Zn doped iron oxide nanoparticles
(ioNPs) as a middle layer, and an outermost one of gelatin in order to provide
our nanocarriers with targeting capabilities, iv) to prove that our nanosystem is
robust enough to prevent rtPA cargo leakage and, at the same time, to allow US-
triggered macromolecule release, and v) to evaluate the ultrasound-triggered
release behavior of rtPA in vitro and in vivo as well as the enzymatic activity of
rtPA after being released from the nanocapsules.

Chapter 3 Chapter 4 Chapter S
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2. Materials & Methods

2.1.Chemicals

General Considerations

All glassware was first cleaned with detergent followed by aqua regia, which oxidizes and
dissolves residual organic and inorganic impurities, and then carefully rinsed with Milli-Q
water and acetone to guarantee an extremely cleaned glass surface. Aqua regia solution is
prepared by mixing 3 volume parts of hydrochloric acid (HCI) with 1 volume part of nitric acid
(HNO3z) and should be used fresh. Aqua regia is a corrosive and strong oxidizing agent that
should be prepared with care in a well-ventilated fume cupboard with protective clothing,
goggles, and gloves.

Reagents were used as received without further purification or modification unless
specifically specified. Reagents were purchased from Sigma-Aldrich (reference codes are
provided in the following) unless otherwise specified.

2.1.1. Chapter 3

Copper(ll) chloride dihydrate (CuCl2-2H20 99.999%, molecular weight MW= 170.48
g-mol?) was purchased from Stream Chemicals; hexadecyltrimethylammonium bromide
(CTAB, 98%, MW = 364.45 g-mol™) and 2-methylimidazole (2MI, 99%, MW = 82.10 g-mol-
1y were purchased from Sigma-Aldrich. All materials were used as received without further
purification. Milli-Q water (18.2 MQ c¢m) was used in all the experiments.

2.1.2. Chapter 4

Sodium citrate (3.5 mL, 60 mM; Sigma Aldrich #W302600); citric acid (1.5 mL, 60 mM,;
Acros #A0350656); milli-Q water (18.2 MQ cm); ethylenediaminetetraacetic acid (EDTA,
Sigma Aldrich #EDS); hydrogen tetrachloroaurate (I11) (HAuCI4, Alfa Aesar #12325); AgNOs
(Sigma Aldrich #209139); cetyltrimethylammonium bromide aqueous solution (CTAB, Sigma
Aldrich #H9151); zinc nitrate hexahydrate [Zn(NOz3)2:6H20; Sigma Aldrich #96482]; cobalt
(1) nitrate hexahydrate [Co (NOs)2:6H.O, Sigma Aldrich #239267]; 2-methylimidazole
(Melm; Sigma Aldrich #M50850); Hoechst 33258; Sigma Aldrich #96482); Dulbecco’s
Modified Eagle Medium (DMEM 1X, Gibco, #41966-029); CellMaskTM Deep Red
(ThermoFisher, #C10046); Milli-Q water (18.2 MQ cm).
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2.1.3. Chapter 5

CaCl,-2H20 (147.01 g/mol, #223506); Milli-Q water (18.2 MQ cm); poly(vinylsulfonic
acid) (PVSA, 30 wt. % in H20, 5 g/mol, #278424); Na,CO3 (105.99 g/mol, #S7795); Pierce
TM Coomassie Plus Assay Kit; ThermoFisher #23236; Dextran labeled with rhodamine B
isothiocyanate (RBITC, Dextran-RBITC) was used as received (average MW = 70 kDa,
#R9379); BSA (66 kDa, #A2153); rtPA (70 kDa, Alteplase, Actilyse™, Boehringer Ingelheim);
fluorescein-5-isothiocyanate (FITC, #1245460250); size exclusion column (PD-10, MWCO =
5000 Da; #GE17-0851-01); poly(sodium 4-styrenesulfonate (PSS, MW = 70 kDa, #243051);
poly(diallyldimethylammonium chloride (PDADMAC, MW = 250 — 300 kDa, #409022);
gelatin (Sigma, #G9391); Fe(acac)s (5 mmol, Sigma, #517003); ZnCl> (1.1 mmol, Sigma,
#229997); MnCl, (1.6 mmol, Sigma, #244589); oleic acid (31.5 mmol, Sigma, #364525);
oleylamine (60.8 mmol, Sigma, #07805); benzylether (34.2 mmol, Sigma, #108014); poly
(isobutylene-alt-maleic anhydride) (Sigma, #531278); dodecylamine (Sigma, #D222208);
ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich #EDS); chromogenic substrate (MW =
658.9 g/mol, #T2943); fluorogenic-based assay SensoLyte® (SensoLyte® AMC tPA Activity
Assay Kit from Anaspec, #AS-72160).

2.2. Characterization Techniques

2.2.1. Chapter 3

Optical characterization in solution was performed using a Biochrom Libra S60 UV-visible
spectrophotometer. Fluorescence characterization in solution was performed using a Horiba
FluoroMax-3 spectrometer. Thermogravimetric analysis (TGA) of powder samples was
performed using a TA Instruments Inc. Q5000 operating in nitrogen with sample purge gas flow
of 25 mL-min, or air, and samples scanned at a heating rate of 10 °C-min-* from 30 to 800 °C.
Elemental analysis was carried out in a Flash 2000 analyser from Thermo Scientific. Fourier-
transform infrared spectroscopy (FTIR) of powder samples was performed using a Perkin-
Elmer Two equipped with ATR; samples were scanned from 550-3500 cm™. A X-ray
diffractometer Philips was used to studying the crystalline powder of samples; the samples were
examined in the range of 20 between 2° and 75°, with a passage of 0.02° and a time by step of
2s. X-ray thermodiffraction experiment was performed using a D8 Advance Bruker AXS 6-20
diffractometer equipped with a LYNXEYE XE detector with a copper radiation source (Cu Ka,
A =1.5406 A), and an Anton Paar XRK 900 high-temperature chamber. Data were collected
under synthetic air atmosphere (10 mL-min™) in the 26 range 4-60° and the temperature range
of 30-800°C at 10°C intervals. NP hydrodynamic size and polydispersity index (PDI) were
determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZSP. TEM
images were acquired with a HRTEM Libra 200 FE OMEGA operated at 200 kV. SEM images
were acquired with a FESEM Zeiss Ultra Plus operated at 3 kV. Inductively coupled plasma
mass spectrometry (ICP-MS) was performed using an ICP-MS quadrupolar Agilent 7700x.
Electron paramagnetic resonance (EPR) spectroscopy was performed using a CW X-band EPR
Bruker EMX spectrometer. N2 sorption isotherms (77 K) were done in an AUTO-SORB system
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(Quantachrome Instruments). Before the measurement, the sample was evacuated at 50 °C for
16 h. The specific surface was determined by applying the BET equation (Brunauer, Emmett &
Teller) in the pressure interval P/Po =0.02-0.15 (being Po the saturation pressure). Pore size
distribution was calculated by the HK method (Horvath-Kawazoe).

2.2.2. Chapter 4

UV/Vis Spectroscopy: A Biochrom Libra S60 UV-visible spectrophotometer was used to
record UV/Vis absorption spectrum of the nanocomposites (NCs) in water. Fluorescence
Spectroscopy: The fluorescence spectrum of HOE before encapsulation (i.e. free dye) and after
loading into NCs was determined by fluorescence characterization using a Horiba FluoroMax
3 spectrometer. TEM images were acquired with a HRTEM Libra 200 FE OMEGA operated at
200 kV. SEM images were acquired with a FESEM Zeiss Ultra Plus operated at 3 kV. Dynamic
Light Scattering (DLS) and Zeta-Potential ({): The hydrodynamic diameter (dn) and
polydispersity index (PDI) of NCs were determined by DLS using a Malvern Zetasizer Nano
ZSP equipped with a 10 mW He—Ne laser operating at a wavelength of 633 nm and fixed
scattering angle of 173°. The zeta-potential of the particles after PMA functionalization and
dispersed in MilliQ water was measured with laser Doppler anemometry (LDA) by using the
same Malvern Zetasizer Nano ZSP instrument. Powder x-ray diffraction (PXRD): An X-ray
diffractometer Phillips was used to study the crystalline powder of samples; the samples were
examined in the range of 26 between 2° and 75°, with a passage of 0.02° and a time by step of
2s. Thermogravimetric Analysis (TGA): Thermogravimetric analysis (TGA) of powder
samples (freeze-dried) was performed using a TA Instruments Inc, SDT Q-600 thermobalance
with a general heating profile from 30 to 600 °C with a heating rate of 5 °C-min under air
using a flux of 100 mL min™. N, sorption isotherms (77 K) were done in an AUTO-SORB
system (Quantachrome Instruments, Boynton Beach, FL, USA). Before measurement, samples
were evacuated at 150 °C for 16 h. Specific surface area was determined by applying BET
equation (Brunauer, Emmett & Teller) in the pressure interval P/P, =0.01-0.3 (being Po the
saturation pressure). Pore volume and pore size distribution were calculated by the NLDFT
method (Non-Localized Density Functional Theory) and the HK (Horvath-Kawazoe) methods,
respectively. Confocal images of living cells were captured on an Andor Dragonfly spinning
disk confocal system mounted on a Nikon TiE microscope equipped with a Zyla 4.2 PLUS
camera (Andor, Oxford Instruments). The intracellular monitoring of cargo delivery upon
illumination with a NIR light (785 nm, 3 mW) was carried out by using Surface-enhanced
Raman spectroscopy (SERS) imaging with a confocal microscope.The inelastic radiation was
collected with a Renishaw Invia system, using a high-resolution grating of 1200 g cm™ and a
NIR laser (785 nm).

2.2.3. Chapter 5

An X-ray diffractometer Philips was used to study the crystalline powder of samples; the
samples were examined in the range of 20 between 2° and 75°, with a passage of 0.02° and a
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time by step of 2s. The morphology and size of NPs, cores and nanocapsules were characterized
by electron microscopy (HRTEM Libra 200 FE OMEGA operated at 200 kV and FESEM Zeiss
Ultra Plus operated at 3 kV); for the size histograms (i.e., average diameters) 150-300
nanoparticles (i.e., cores or nanocapsules), were analyzed using Imagel. Hydrodynamic
diameters of cores and nanocapsules, C-potential values and polydispersity index were
determined by DLS using a Malvern Zetasizer Nano ZSP. Optical characterization in solution
of cores, nanocapsules, supernatants and dye-labeled biomacromolecules was performed using
a Biochrom Libra S60 UV-visible spectrophotometer, a Horiba FluoroMax-3 spectrometer, a
Tecan Infinite F200 PRO microplate reader and/or a NanoDrop 3300 fluorospectrometer,
respectively. Pierce TM Coomassie Plus Assay Kit; ThermoFisher was used to determine the
protein concentrations. Macromolecule loading was evaluated by fluorescence quantification.
Nanocapsules concentration and quantification of macromolecules per nancopasule (i.e.,
fluorescence per nanocapsule) were evaluated by flow cytometry using a Guava® easyCyte BG
HT flow cytometer (Millipore®), at a constant flow rate of 0.12 pL/s, using a blue laser emitting
at 488 nm and a green laser emitting at 532 nm as excitation. The signal of the NCs (d > 500
nm) from the background in fluorescence, forward and the side light scattering detector can be
discerned. Background measurements in PBS buffer were performed before each measurement
series. Quantification of the rtPA activity in different samples was performed by a chromogenic
assay. US-triggered macromolecule release was quantified by fluorescence measurements. In
the case of US-released rtPA from nanocapasules, rtPA was additionally quantified by a
fluorogenic assay (Sensolyte) and a clot assay. A Reflotron system was used to analyzet toxicity
markers after administration of loaded nanocaspules. US experiments were carried out in
polypropylene Eppendorf tubes and Transonic Gel@ was used to transmit the US waves. After
US treatments, the samples were transferred to a 96-well plate in which the blood clots were
formed. Inductively coupled plasma mass spectrometry (ICP-MS) was performed using an ICP-
MS Agilent 7700x, which was used to quantify Fe content in different organs. Statistical
significance was assayed by the t-test test using GraphPad Prism 6. Swiss male mice (25 to 30
g, Harlan Laboratories, Barcelona, Spain) were used as animal model to investigate the in vivo
performance of the rtPA loaded nanocaspules particles for US-controlled release of rtPA. MRI
studies were conducted on a 9.4 T horizontal bore magnet (BrukerBioSpin, Ettligen, Germany)
with 12 cm wide actively shielded gradient coils (440 mT/m).

2.3. Methods

2.3.1. Chapter 3

Synthesis of Nanocomposites

Typically, 1 mL of an aqueous solution of 2MI (1 M) and 1 mL of an aqueous solution of
CTAB (1 mM) were added simultaneously to 1 mL of an aqueous solution of CuCl.-2H20 (at
different concentrations). The reaction may be scaled at least up to 30 mL (i.e., 10 mL instead
of 1 mL of each reactant) with equivalent results.
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The solution was gently stirred for 1 min in which the color of the solutions changed from
bluish to brownish. Then, the solution was left undisturbed for 45 min at room temperature
(RT). The resulting nanocomposites were purified by centrifugation (7192 rcf, 15 min), the
supernatant was discarded, and the precipitate was redispersed either in 3 mL of water or 3 mL
of acetone (other solvents such as methanol, acetonitrile, ethyl acetate, and dimethylformamide
were also tested).

2.3.2. Chapter 4

Synthesis of Nanoparticles Seeds

First, 144 mL of Milli-Q water were placed in a 250 mL three-necked round-bottomed flask
connected with a condenser and heated up until boiling (ca. 100 °C) with a heating mantle.
Then, a mixture of sodium citrate (3.5 mL, 60 mM) and citric acid (1.5 mL, 60 mM) was added
and kept under vigorous stirring (450 rpm) for 30 min. After that, 0.1 mL of 30 mM
ethylenediaminetetraacetic acid (EDTA) was injected, followed by the quick addition of 1 mL
aqueous solution of 25 mM hydrogen tetrachloroaurate (I11) (HAuCls). After 60 s the color of
the mixture changed from pale yellow to dull blue and then to wine-red, indicating the growth
of spherical NPs. The heating was then switched off, while the solution was kept under
magnetic stirring. When the temperature had dropped to 95 °C (ca. 5 min), the three-neck flask
was immersed in a cold-ice water bath to arrest the NP growth. The concentration of the Au
NPs was determined from absorption spectra, (71

A(A) = enp(D) * Lsor  Cnp (2.1)

the molar extinction coefficient eyp (4 ) and the absorption A(4) depend on the wavelength A
and the solvent. Ly, is the path length of the cuvette in which the absorbance has been measured
(i.e., the distance that the light passes in the nanoparticle suspension during measurements).

Synthesis of the Gold Nanostars (NSs)

In a glass flask, 20 mL of an aqueous HAuCl4 solution (0.25 mM) were mixed with 0.03 mL
of HCI (1 M) and 1.5 mL of the previously prepared NPs seeds, stirring the solution (350 rpm)
at room temperature. To this mixture, 0.15 mL of 1 mM AgNOgz and 0.15 mL of 66.67 mM
ascorbic acid were added simultaneously. After 10 min, 5 mL of 02 M
cetyltrimethylammonium bromide aqueous solution (CTAB) were added to arrest the NS
growth. The solution was kept under stirring for 2 min, and the flask was then immersed in a
cold-ice water bath for 10 min. Finally, the NSs were collected by centrifugation (4000 rcf,
relative centrifugal force, 10 min), washed twice with diluted CTAB solution (5-10* M), and
finally redispersed in CTAB solution (5-10* M) to ensure the stability of NSs during their
storage.
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Synthesis of ZIF-8 and ZIF-67

1 mL of 1.3 M 2-methylimidazole aqueous solution was placed in a glass vial under magnetic
stirring at room temperature (RT). Then, 1 mL of 0.025 M zinc nitrate hexahydrate
[Zn(NOs)2-6H20] (ZIF-8) or cobalt (II) nitrate hexahydrate [Co (NO3).-6H20] (ZIF-67)
aqueous solution was added, and immediately after, 1 mL of cetyltrimethylammonium bromide
aqueous solution (CTAB) at different concentrations (0, 0.5, 1 and 2 nM) was added. The
mixture was stirred for 2 min and left undisturbed for 3 h at RT. Finally, the particles were
collected by centrifugation (7000 rcf, 5 min), washed twice with methanol (MeOH) and finally,
redispersed in 3 mL of MeOH.

Synthesis of Pristine ZIF-8 particles

1 mL of 1.3 M Melm aqueous solution was placed in a glass vial under magnetic stirring at
room temperature (RT). Then, 1 mL of 0.025 M Zn (NO3)2-6H20 aqueous solution was added,
and immediately after, 1 mL of 5-10* M CTAB aqueous solution was added. The mixture was
stirred for 2 min and left undisturbed for 3 h at RT, observing during this time the gradually
appearance of whitish turbidity, which indicated the formation of the ZIF-8 particles. Finally,
the particles were collected by centrifugation (7000 rcf, 5 min), washed twice with methanol
(MeOH) and finally, redispersed in 3 mL of MeOH.

Synthesis of Core-Shell AuUNS/ZIF-8 Nanocomposite (NC)

The synthetic and purification protocol for the NCs was equivalent to the one previously
described for pristine ZIF-8 particles, but a NP solution (NSs at a concentration of 2 nM in
5-10* M CTAB aqueous solution) was added instead of the CTAB solution. The resulting NCs
redispersed in 3 mL of methanol (MeOH).

Loading Procedure (Hoechst)

NC were loaded with Hoechst (HOE, a fluorescent dye widely used to stain the cell nucleus)
just by mixing the NC as dispersed in MeOH (1 mL, 0.67 nM) with a solution of HOE in MeOH
(100 pL, 1.87 mM), having, thus, 3.10x10° HOE/NC during the incubation. The mixture was
incubated overnight at RT to ensure that the maximum loading was reached regardless of the
diffusion kinetics of the dye molecules through the NC pores. Then, the excess of the dye was
removed by centrifugation and the NC-HOE was washed twice with MeOH to remove the HOE
weakly adsorbed onto the ZIF-8 surface.

PMA-Based Amphiphilic Polymer (synthesis)

PMA was synthetized by mixing 20 mmol of poly (isobutylene-alt-maleic anhydride) and
15 mmol of dodecylamine in 40 mL of tetrahydrofuran. The solution was kept under magnetic
stirring and reflux (70 °C) overnight. The day after, the solvent was evaporated under vacuum
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and the dried polymer was redispersed with 40 mL of chloroform to obtain a final monomer
(monomer molecular weight is 154 g/mol) concentration of 0.5 M.

PMA-Functionalization Procedure

NC or NC-HOE as dispersed in MeOH were mixed with PMA in chloroform solution (150
monomers per nm? surface area of NC, assuming a spherical particle of diameter 218 nm), and
the solvent (3:1 MeOH:CHClIs) was slowly evaporated in a rotary evaporator. Then, the dried
product was resuspended by adding ca. 5 mL of sodium borate buffer (0.1 M, pH 9), aided by
sonication (1 min). The resulting NCs (NC-PMA or NC-HOE-PMA) were collected by
centrifugation (7000 rfc, 10 min), washed twice with water, and finally redispersed in water.

2.3.3. Chapter 5

Synthesis of CaCOgz Cores with Different PVSA Concentrations

CaCOg3 sub-micrometric cores were prepared as follows: 1 mL of 20 mM CaCl-2H,0
(147.01 g/mol) solution and poly(vinylsulfonic acid) (PVSA) at different concentrations (0, 50,
100 and 500 uM) were mixed under continuous stirring (550 rpm) in a beaker with a magnetic
stirrer. Then, 1 mL of 20 mM Na>COs (105.99 g/mol) solution was added rapidly, the beaker
was covered (protected from light), and the solution was mixed (550 rpm) for 30 min at room
temperature (RT) in a magnetic stirrer. The cores were obtained by precipitation at 3-10° rcf (5
min). After centrifugation, the precipitate was washed with a sodium bicarbonate buffer
solution (0.1 M NaHCOs, pH 9) and washed/precipitated once more at 3-10° rcf (5 min).
Finally, the cores were resuspended in 1 mL of Milli-Q water.

Dye labeling (BSA and rtPA- FITC)

The dye-protein was collected according to the manufacturer’s instructions (PD-10
Desalting columns):

e Equilibrate the column with approximately 25 mL elution buffer. Discard the flow-
through (you can use the plastic tray to collect the flow-through) 4.

e Add sample of a total volume of 2.5 mL. If the sample is less than 2.5 ml, then add
buffer until the total volume of 2.5 ml is achieved. Discard the flow-through. 5.
e Elute with 3.5 ml buffer and collect the flow-through.

To avoid the precipitation of rtPA-FITC, the column was equilibrated with 3.5 mg/mL
arginine in PBS (10 mM, pH 7.4). The same buffer was used to collect the rtPA-FITC. Without
this concentration of arginine, rtPA precipitation inside the PD-10 column occurred quickly, as
could be observed simply by visual inspection.

82



Materials & Methods

Synthesis of Macromolecule-Loaded Cores

CaCOs sub-micrometric cores loaded with dye-labeled biomacromolecules (BSA-FITC,
BSA-RBITC, rtPA-FITC, dextran-RBITC) were prepared as follows: 1 mL of 20 mM
CaCl,-2H>0 (147.01 g/mol) solution and poly(vinylsulfonic acid) (PVSA, 0.1 mM; 30 wt. %
in H20, 5 g/mol) were mixed under continuous stirring (550 rpm) in a beaker with a magnetic
stirrer. Then, 20 pL of dye-labeled biomacromolecule (cm = 1 mg/mL) were added. After 5 min
of stirring at room temperature (RT), 1 mL of 20 mM Na,COs3 (105.99 g/mol) solution was
added rapidly, the beaker was covered (protected from light), and the solution was mixed (550
rpm) for 30 min at RT in a magnetic stirrer. The cores were obtained by precipitation at 3-10°
rcf (5 min). After centrifugation, the precipitate was washed with a sodium bicarbonate buffer
solution (0.1 M NaHCOs, pH 9) and washed/precipitated one more time at 3-10° rcf (5 min).
Finally, the cores were resuspended in 1 mL of the NaHCO3 buffer and immediately used for
LbL.

PMA-Based Amphiphilic Polymer (synthesis)

PMA was synthetized by mixing 20 mmol of poly (isobutylene-alt-maleic anhydride) and
15 mmol of dodecylamine in 40 mL of tetrahydrofuran. The solution was kept under magnetic
stirring and reflux (70 °C) overnight. The day after, the solvent was evaporated under vacuum
and the dried polymer was redispersed with 40 mL of chloroform to obtain a final monomer
(monomer molecular weight is 154 g/mol) concentration of 0.5 M.

Synthesis of Mn/Zn-doped Fe Oxide NPs (ioNPs)

The inorganic precursors, Fe(acac)s (5 mmol), ZnClz (1.1 mmol) and MnCl> (1.6 mmol) were
placed in a three neck 50 mL round bottom flask. Then, the organic surfactants oleic acid (31.5
mmol), oleylamine (60.8 mmol) and the solvent benzylether (34.2 mmol) were added. The
mixture was degassed at 90 °C for 30 min and then, heated to 200 °C (ca.5 °C/min) under N2
atmosphere. Finally, the temperature was increased to 310 °C at a constant rate of 3.3 °C/min
and held the temperature at ca. 310 °C for 1 h. After the solution reached room temperature
(RT), methanol was added to the resultant mixture and the ioNPs were cleaned by centrifugation
(1500 rcf, 5 min). Finally, after 3 centrifugation steps, the precipitate (ioNP) were redispersed
in an organic solvent (chloroform) and stored in the refrigerator (4 °C). To make the oleic
acid/oleylamine capped ioNPs stable in aqueous solution, NPs were coated with the amphiphilic
polymer dodecyl grafted-poly (isobutylene-alt-maleic anhydride) (PMA). The coating
procedure takes place by mixing the solution of ioNPs and PMA in chloroform. After this, the
solvent was slowly evaporated under vacuum in a rotavapor system until the mixture was
completely dried. Afterwards, the anhydride rings of the polymer chains were opened by the
addition of sodium borate buffer (0.1 M, pH 12). The ioNPs were cleaned from the excess of
PMA by centrifugation (3x10* rcf, 30 min). This process was repeated twice and the final ioNPs
solution was kept in MilliQ water.
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Preparation of the Gelatin Layer

0.6 g of basic gelatin were dissolved in 12 mL of milliQ water at 50 °C under stirring. When
the gelatin was completely dissolved, 12 mL of acetone were rapidly added to the solution.
After 10 s, part of the gelatin precipitated in the form of a dense solid. This purified gelatin was
dried, and a solution of 7 mg/mL in water was prepared and used for the LbL process.

Layer-by-Layer Assembly (LbL)

¢ Nanocapsules of Non-Biodegradable Polymers

LbL deposition of polymers and ioNPs was carried out onto freshly prepared
macromolecule-loaded cores. Solutions of poly(sodium 4-styrene) sulfonate (PSS, MW = 70
kDa) and poly(diallyldimethylammonium) chloride (PDADMAC, MW = 250 — 300 kDa) at 20
mg/mL and 0.5 M NaCl were prepared in NaHCOs3 buffer (0.1 M NaHCOs, pH 9). Then, 0.5
mL of the cores (in buffer) were added dropwise into 0.5 mL of PSS solution. The solution was
mixed in a vortex mixer for 5 min, and the cores@PSS were precipitated at 3x103 rcf (5 min)
and washed/precipitated one more time with the buffer solution. Next, the PDADMAC solution
was used (same conditions as the PSS deposition) to form the next layer (i.e.,
cores@PSS/PDADMAC). The solution was mixed in a vortex mixer for 5 min, and the
cores@PSS were precipitated at 3x10° rcf (5 min) and washed/precipitated one more time with
the buffer solution. Then, after the first PSS/PDADMAC bilayer (bL), 0.5 mL of the cores (in
buffer) were added dropwise into 0.5 mL of ioNPs solution (in milliQ water, 0.5 M NaCl) to
form a layer of ioNPs (i.e., cores@PSS/PDADMAC/ioNPs). Next, a second PDADMAC/PSS
bL was formed as previously described (i.e.,
cores@PSS/PDADMAC/ioNPs/PDADMACI/PSS).

Alternatively, an outermost layer based on basic gelatin was formed (i.e.,
cores@(PSS/PDADMAC) - (ioNPs) —(PDADMAC/PSS) - gelatin) or additional
PDADMAC/PSS bilayers were formed, that is, structures with 4 or 6 bilayers:
cores@PSS/PDADMAC/ioNPs/(PDADMAC/PSS)x3 or x5, respectively.

Finally, the CaCOz cores coated with the polyelectrolytes, ioNPs, and gelatin were exposed
to ethylenediaminetetraacetic acid (EDTA, 0.02 M, pH 5.5) for 1 hour to produce the hollow
NCs loaded with the selected biomacromolecules. Finally, the NCs were washed/precipitated
twice at 5x10° rcf (5 min).

e Nanocapsules of Biodegradable Polymers
Biodegradable polyelectrolytes, dextran sulfate sodium salt (10 kDa, 2Zmg/mL, 0.5 M NaCl)
(Sigma, #51227) and poly-L-arginine hydrochloride (m.w.70 kDa, 1mg/mL, 0.5 M NaCl)
(Sigma, #P3892) as negative and positive respectively, were deposited on CaCO3z nanoparticles
(20 mM - CaCl,-2H20, 20mM - NaxCOsz, 100uM - PVSA), using layer-by-layer assembly,
0.5mL CaCOz nanoparticles (in water) were added to polyelectrolyte solution (0.5 mL). In
addition, AuNRs (14.5nM, 0.5mL) and miRNA (50 nM, 0.5mL, Sigma) (30 min at 37 °C, 500

84



Materials & Methods

rpm before LbL) were added as a layer. Then, the solution was shaken with a vortex mixer for
5 min (in the case of mMIRNA 2 h at 37 °C, 500rpm) and precipitated at 5000 rfc for 5 min and
washed two times with water. Finally, CaCOs NPs coated with the polyelectrolytes were
exposed to EDTA (0.02M) to produce hollow nanocapsules.

Post-Loading Method

The hollow nanocapsules of biodegradable polymers were incubated for 2 h at 70°C in an
Atorvastatin (ATV) (100uL, 1mg/mL) (Millipore, #189291) solution, and then washed twice
with water. Finally, the product was stored at 4°C before characterization.
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3. Copper Based Coordination Polymer Nanoparticles for Catalytic
Reduction: Methylene Blue into Leucomethylene Blue

3.1. Introduction

Coordination Polymers

Coordination polymers (CPs) are one-, two-, or three dimensional (1D, 2D, or 3D) polymeric
compounds formed by repeating coordination entities (i.e., inorganic, organic or hybrids
inorganic-organic). There are several subclasses of CPs, including amorphous CPs, porous
coordination polymers (PCPs), metal-organic materials (MOMs), metal-organic frameworks
(MOFs), coordination networks (CNs), and so forth. Since the late 1990s, CP chemistry and
related applications have greatly evolved from the pioneering contributions on reticular
synthesis involving metal centers and organic linkers,*?81 mostly by the groups of O. M.
Yagui,l*?* 130 G, Férey, '3 R. Robson,** and S. Kitagawa.[*3¥ The initial research interest of
PCPs was mainly driven by their structure-dependent network of voids, which makes them ideal
materials for storage and separation of different molecules and macromolecules, and for
catalysis. PCPs are formed by cation centers, or clusters, interconnected by polydentate organic
ligands through strong iono-covalent bonds, 2342361 and usually highly porous, having very low
densities (in the range of 0.2 g-cm3). Porous frameworks of PCPs are built by the self-assembly
of metal ions, acting as nodes, and organic ligands, acting as spacers (see Figure 3.1al). One
interesting feature of PCPs is that by combining metal ions and ligands, frameworks with
specific pore size, shape, surface functionality, and metal-complex properties can be produced.
The vast diversity of reported PCPs (over 20,000 structures) in terms of crystal size, porosity,
geometry, and functionality arises from the multiple possible combinations of metallic centers
and organic ligands.*3" 381 Metal ions are usually those that determine the dimensionality of
PCPs: in this manner, in one dimensional (1D) structures the metal ion is coordinated with two
ligand molecules that results in a chain; for two dimensional (2D) structures, three or four ligand
molecules are coordinated around the metal ion; and for obtaining three dimensional (3D)
structures metal ions of higher coordination numbers such as tetrahedral or octahedral are used
(see Figure 3.1a2).1%]

The classification of PCPs into three categories based on the framework structure was carried
out in 1998, which consists of first, second, and third-generations as shown in Figure 3.1b.[*%
When the adsorbed guests are removed from materials of the first-generation (i.e., micoporous
frameworks compounds), the porosity of the framework collapses in an irreversible process.
Whereas second-generation materials have stable and robust porous framework compounds
that maintain their crystalline structure before and after guest sorption. Third-generation
materials have flexible porosity framework compounds, which can be transformed when a
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physical or chemical stimulus is applied.[*22 11 Recently, nonporous high-density MOFs have
been proposed as next-generation functional materials in diverse fields.[140 1411
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Figure 3.1. a1) Self-assembly of metal ions and organic ligands (adapted with permission from refs. [136].
Copyright 2017, Wiley - VCH Verlag GmbH & Co. KGaA); a2) Porous frameworks with different structures and
dimensionality (adapted with permission from refs. [123, 136] Copyright 2017, Wiley - VCH Verlag GmbH & Co.
KGaA; Copyright 2010, Wiley - VCH Verlag GmbH & Co. KGaA, respectively). b) Classification of porous
coordination polymers into three categories (adapted with permission from ref. [139]. Copyright 2009,
Macmillan Publishers Limited). c) Structure of the cubic metal-organic framework HKUST-1 (adapted with
permission from ref. [142]. Copyright 2010, The Royal Society of Chemistry).

Initial efforts on PCP chemistry were put on building crystalline new porous bulk three-
dimensional structures, in which synthetic control over crystal size, shape, and dispersity was
not the key objective. This was so because large single crystals usually facilitate the faster
structural resolution of new crystalline phases, as well as because pore size and
physicochemical stability were the most useful characteristics in applications such as storage
and catalysis. Besides this conventional research aim, recent efforts are also focused on the
precise control and modulation of the crystal size and shape and their integration in applicable
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devices. In contrast to pure inorganic materials, in which the nanoscale dimensions brings new,
highly useful, physicochemical properties (e.g., nanomagnetism, nanoplasmonics, quantum-
dots), PCPs, independently of their size, porosity or structure, exhibit localized electronic states
rather than delocalized ones.[***! Conversely, nanoscale PCPs (i.e. nanoPCPs) offer a large
surface area and ordered tunable porosity that is of great interest for relevant applications such
as drug-delivery and device-material nanotechnology. #4414l

Composite nanomaterials composed of nanoPCPs and inorganic NPs have been proposed to
produce multifunctional nanomaterials (e.g., surface-enhanced Raman scattering
nanoprobes,*?®! therapeutics,®® theranostic agents*4” 181) for bioapplications and enhanced
catalysis.[**% 15 Notice that here amorphous or 1D nanoscale colloids made of organic ligands
and metal centers (as in crystalline MOFs) will be referred to as nanoscale CPs (i.e.,
nanoCPs),[*> whereas nanoPCPs will be here referred to as PCP crystals having all of their
lateral dimensions within the size range of 1-500 nm, although any PCP may be considered
nanostructured due to the network of nanometric voids.

Overall, rather few protocols exist to prepare monodisperse nanoPCPs compared with those
to fabricate bulk PCPs; some exceptions are Zeolitic Imidazolate Framework 8 (ZIF-8),[1%5 152
1581 diverse MIL (MIL-53, MIL-88A, MIL-88Bt, MIL-89, MIL-100 and MIL-101_NH2; MIL
= Materials of Institut Lavoisier),[154, 155] diverse UiO (UiO-66, UiO-66—NH., UiO-67, UiO-
68—NHy; UiO = Universiteteti Oslo),[**6% M-TCPP (M = Zn, Cu, Cd or Co, TCPP =
tetrakis(4-carboxyphenyl)porphyrin) nanosheets,*>% Prusian Blue,[*®! HKUST-1 (HKUST =
Hong Kong University of Science and Technology),®* 1621 porphyrinic-Zr MOF, %3] NU-1000
(NU = Northwestern University),[*** and others.[14* 16°]

To attain the fine control of both size and morphology of nanoPCPs, many chemical and
microfabrication synthetic strategies have been proposed, including modified solvothermal
routes (e.g. modulator agents, ligand modification), microwaves- and ultrasound-assisted
methods, microemulsions, mechanochemistry or fluidics. %61 However, many of these
approaches suffer from poor control of the particle size distribution and morphology, as well as
low reaction yields.

More recently, the use of surfactants under soft conditions (i.e., water, low temperatures,
atmospheric pressure) has revealed to be an asset compatible with large-scale production to
control both the size and morphology of the zinc imidazolate ZIF-8.1*5"] The use of surfactants
during the synthesis alters the surface energy of the particles, lowering the surface tension, and
thus modifying the shape. The interaction between the surfactant and the surface of the particle
during the synthesis will depend on the characteristics of the surfactant head and tail groups
and the molar ratio with respect to the precursors. 168

Motivation

With regards to Cu*?-based nanoPCPs, and despite their industrial interest (e.g. natural
abundance, low cost, catalytic and conductive properties),[*? only a few examples can be found
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in the literature, being mostly based on the HKUST-1 structuret*8®-71l (see Figure 3.1c).
Importantly to say that, in these works, the use of surfactants has been also proposed as PCPs
growth controlling additives.*7% 1711

Keeping in mind everything above-mentioned, the development of straightforward high-
yield bottom-up methods to fabricate nanosized Cu-based nanoPCPs is desired to better
understand and explore their potential catalytic properties. Herein, a straightforward aqueous
synthetic route to produce highly monodisperse Cu-based nanoPCPs with different shape is
described. Morphology and size of the crystallites, structure, colloidal stability, optical and
magnetic activity, and catalytic properties of the obtained NPs were deeply investigated.

3.2.Results and Discussions

3.2.1. The Influence of the Synthesis Parameters: Molar Ratio of the Reactants

Previous works have proposed a variety of chemical methods (bottom-up) for the fabrication
of Cu-based CPs based on mixing Cu*? salts (mostly Cu(NOs)2) and organic ligands containing
several carboxylates, such as 2,5-dihydroxyterephthalic acid,[!’? 2-hydroxyterephthalic
acid,'™® 33 7 55 7 - tetrakis(3,5-dicarboxyphenyl)-22 ' 44 ' 66 ' -
hexamethylbiphenyl*”4 and 1,3,5-benzenetricarboxylate.*”! Also, a few examples of Cu-
based CPs built from imidazolates linkers have been also reported so far.[*76-178]

Herein, NPs were fabricated by simply mixing aqueous solutions of CuCl, and 2-
methylimidazole (2M1), which is the linker used together with Zn?* salts for the fabrication of
the ZIF-8 solids.'"®1 As a growth-arresting surfactant, CTAB was added using a molar ratio
2MI:CTAB of 10°, (see Table 3.1). The surfactant CTAB has been previously used to arrest
ZIF-8 growth, thereby resulting in highly monodisperse ZIF-8 nanoMOFs and nanocomposites
based on ZIF-8 and Au NPs.[*?% 1801 Syrfactants are amphiphilic organic compounds, having
water-insoluble and water-soluble moieties. Therefore, a surfactant molecule contains
hydrophobic (their tails) and hydrophilic groups (their heads). Most of the surfactants have a
hydrocarbon chain as their tail, which can be branched, linear or aromatic. Surfactants are
classified based on the polar head group into four types: i) anionic surfactants have anionic
functional groups in their head, such as sulfate, sulphonate, and phosphate (e.g., sodium dodecyl
sulfate, SDS), ii) cationic surfactants, having cationic functional groups at their head, such as
quaternary ammonium cation (e.g., cetyltrimethylammonium bromide, CTAB), iii) zwitterionic
surfactants have both cationic and anionic centers in the molecular structure, and the cationic
part is based on primary, secondary, or tertiary amines or quaternary ammonium cations, and
the anionic part can include sulfonate or carboxylate, and iv) non-ionic surfactants where their
hydrophilic groups are of non-dissociable type (e.g., Triton X-100).[281]

In the present work, concentration and molar ratios of the reactants were optimized to
produce monodisperse NPs (i.e., sample Cu50 in Table 3.1). Figure 3.2 shows images taken
after the reaction for the different particle solutions shown in Table 3.1, whereas their SEM
images are shown in Figures 3.3a-j.
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Briefly, in a typical synthesis an aqueous solution containing copper (1mL, different
concentrations), 2MI (1mL, 1 M), and CTAB (1mL, 1 mM) was gently stirred for 1 min, in
which the color of the solutions rapidly changed from bluish to brownish. We hypothesize that
this change of color indicates the formation of the Cu®*-imidazolate network, whose growth is
arrested by the presence of CTAB to yield monodisperse NPs. Then, the solution was left
undisturbed for 45 min at room temperature (RT). The resulting particles were then purified by
centrifugation (7900 rpm, 15 min; unless otherwise specified), the colorless supernatant was
discarded and the precipitate was redispersed and stored in 3 mL acetone. SEM inspection of
the redispersed precipitate revealed the presence of NPs (in the following, referred to as NP1),
which show spherical morphology (see Figure 3.3g-h) with an average diameter (d) of 330 +
27 (0.5%) nm (see Figure 3.5c or 3.7c).

Table 3.1. CuCl;-2H;0 concentrations and molar ratios used to produce different nanocomposites.

. . 2+ 2+
sample c?:]l;\]zmo Cu?*: 2MI: CTAB [mol] [Zx(')l?” C[”m(;l]CTAB
Cu25 25 1: 40: 0.040 40 25
Cu50 (NP1) 50 1: 20: 0.020 20 50
Cu67 67 1: 15: 0.015 15 67
Cu100 100 1: 10: 0.010 10 100
Cu200 200 1: 5: 0.005 5 200
Solutions .

CuCl,-2H,0 E—l E;%
2-MI a Stirring %
CTAB |
= Cu100 | Cu200

1:40:0.040 1:20:0.020 1:15:0.15 1:10:0.010 1:5:0.020
< - -

Figure 3.2. Schematic illustration of the synthesis of the Cu-based nanoparticles, and images of the resulting
solutions at different CuCl,-2H,0 concentrations and molar ratios shown in Table 1.
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Figure 3.3. SEM micrographs of different Cu-based nanoparticles: a, b) 2MI:Cu?* = 5; ¢, d) 2Ml:Cu?* = 10; e, f)
2MI:Cu?* = 15; g, h) 2MI:Cu?* = 20 (NP1); i, j) 2MI:Cu?* = 40 (adapted with permission from ref. [182]. Copyright
2018, American Chemical Society).

3.2.2. The Influence of the Synthesis Parameters: Reaction Time and Solvent (1%
Part)

Previous results have shown that sample labeled as Cu50 (i.e., NP1) with molar ratio 2MI:
Cu?* of 20 (and 2MI:CTAB of 10%) showed the best monodispersity, thus, we will use NP1
sample for further experiments. Figure 3.4 shows the pathways for the synthesis followed in
this section.

93



Maria Fernanda Navarro Poupard

Solutions 7 [ =
35| & | O ‘,
. . : (
CuCl,-2H,0 - | \J 4
= A NP3
= T S Solvent
- > Stirrin \ urification . W i
2-MI = g a5 P . “_z‘?ﬂ"m“«b" redisperse  (water) ?
___min___
CTAB ds
= ') NP2

purification

Figure 3.4. Schematic illustration of synthesis for the analysis of the influence of the reaction time and
solvent.

) Reaction Time (NP2)

The influence of reaction time was investigated by allowing the reaction to progress at RT,
and left undisturbed for 72 h (or even longer: samples inspected even after 6 months did not
show any visual difference and remain colloidally stable). The brownish solution appearance
remained similar (45 min vs. 72 h, or months) without the presence of apparent precipitates.
After 72 h, the nanocomposites were purified by centrifugation, the colorless supernatant was
discarded, and the precipitate was redispersed and stored in 3 mL acetone. SEM images
revealed the formation of thin nanosheets (see Figures 3.5d-e) having an edge length (L) of 334
+ 111 (33%) nm, cf. Figure 3.5f, which, in the following, will be referred to as NP2. We
hypothesize that the thin entangled nanosheets spherically assembled (NP1, see Figures 3.5a-
b) thermodynamically evolve to larger nanosheets (i.e., NP2). Equivalent transmission electron
microscopy (TEM) micrographs of NP1 and NP2 can be found in Figures 3.8a-f.

i) Solvent —water (NP3)

On the other hand, the dispersion of NP1 (see Figures 3.7a-b) in MilliQ water also produced
color (brownish to grayish) and morphology changes, which evolved over time. At this respect,
initially MilliQ water-dispersed samples are composed of fibers (see Figures 3.6a-b) as
observed from SEM images, but evolved with time and purification after 72 h of incubation
(see Figures 3.6¢1-c4).
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NP1

200 400 600
d.., [hm]

Figure 3.5. SEM micrographs of different species of Cu-imidazole nanocomposites after drop-casting onto Si
substrates: a,b) NP1 with an average diameter of 330 + 27 (0.5%) nm; d,e) NP2 with an average edge length of
334 £ 111 (33%) nm. c,f) Size histograms (dnes: mean diameter of NP1 and Lypz: mean length of NP2) obtained

after measuring the diameter of over 300 NP1 (solvent: acetone, reaction time: 45 min) and NP2 (solvent:
acetone, reaction time: 72 h), using ImageJ (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).

Figure 3.6. Colloidal integrity of NP3 redispersed in H,0: c1) Color evolution from 0 to 72 h; SEM micrographs
after redispersion in H,0 and drop-casting on a Si substrate: c2) 30 min, c3) 24 h and c4) 72 h after mixing of
the reactants (adapted with permission from ref. [182]. Copyright 2018, American Chemical Society).
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The morphology of the complexes resembles nanospikes (see Figures 3.7d-e for SEM and
Figure 3.8g for TEM images, respectively, in the following referred to as NP3), with an average
tip-to-tip length (L) of 447 + 65 (15%) nm, cf. Figure 3.7f, and which remain colloidally stable
(with no apparent color or morphology change by SEM inspection) over much longer periods
(so far, up to months). This morphological evolution is rather comparable with that observed
for CuO nanowire/microflower recently reported. '8

E 'JP1

200 400 600
., [nm]

A

02 400 600
Loy Nl

Figure 3.7. SEM micrographs of different species of Cu-imidazole nanocomposites after drop-casting onto Si
substrates: a,b) NP1 with an average diameter of 330 + 27 (0.5%) nm; d,e) NP3 with an average tip-to-tip
length of 447 + 65 (15%) nm. c,f) Size histograms (dnei: mean diameter of NP1 and Lyp3: mean length of NP3)
obtained after measuring the diameter of over 300 NP1 (solvent: acetone, reaction time: 45 min) and NP3
(solvent: water, reaction time: 72 h), using ImageJ (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).
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Figure 3.8. TEM micrographs of a-d) NP1, e-f) NP2, and g-i) NP3 after drop-casting on TEM grids. The
morphology of NP3 nanoparticles resembles that of recently reported for CuO NPs (0.5 mL of NH3 - H;0, 30 min
reaction).['®] j) Image shows the SAED (selected area electron diffraction) of NP3 of image i) (adapted with
permission from ref. [182]. Copyright 2018, American Chemical Society).

3.2.3. The Influence of the Synthesis Parameters: Solvent (2" Part)

Apart from water, the influence of different solvents in NP1 morphology was also evaluated.
After 45 min of reaction and followed by purification as previously described, the precipitate
formed by NP1 was redispersed in different solvents of increasing polarity, that is, ethyl acetate,
N, N-dimethylformamide (DMF), acetonitrile, and methanol (see Figures 3.9a-h).
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Figure 3.9. Schematic illustration of the synthesis of NP1 sample redispersed in different solvents, and SEM
micrographs of the precipitate NP1 redispersed in solvents of increasing polarity: ethyl acetate (a,b), N,N-
dimethylformamide (DMF; c,d), acetonitrile (e, f), methanol (g, h). Insets show color images of the
corresponding solutions. Colloidal integrity of NP1 redispersed in MeOH: i1) Color evolution from 0 (brownish)
to 72 h (violetish); SEM micrographs after redispersion in MeOH and drop-casting on a Si substrate at: i2) 12 h,
i3) 24 h and i4) 72 h after mixing of the reactants (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).

After redispersion in DMF (see Figures 3.9c-d), acetonitrile (see Figures 3.9e-f) or methanol
(see Figures 3.9g-h), followed by purification by centrifugation, the solution color (brownish)
and the morphology of the resulting particles morphology resembled those of NP1 (i.e.,
acetone), cf. Figures 3.3g-h, suggesting the stability of the obtained nanomaterial. In contrast,
redispersion in ethyl acetate triggered an immediate color (brownish to greenish) and
morphology changes (microstructures formation, see Figures 3.9a-b). Besides, samples
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redispersed at the beginning in methanol, which retained color and morphology similar as NP1,
underwent a change in color (brownish to violetish) and morphology over time, as shown by
SEM inspection (see cf. evolution of the samples redispersed in methanol over 72 h, Figures
3.9i1-i4). Similarly, samples redispersed in DMF and acetonitrile underwent a change in color
over time.

3.2.4. Selected Nanoparticles

To summarize the previous results, the sample labeled as Cu50 (i.e., NP1) showed the best-
defined nanosphere morphology after 45 minutes of reaction. Then, if the reaction time
increased to 72 hours, the nanospheres NP1 resembled an entangled network of nanosheets (i.e.,
NP2). Additionally, the influence of different solvents in NP1 morphology was also evaluated;
however, the dispersion of NP1 in water tuned its shape from fibers to nanospikes (i.e., NP3)
after 72 hours.

NP1, NP2, and NP3 are particularly interesting samples due to its colloidal stability over
time that was inspected visually by monitoring the sedimentation behavior of them. Therefore,
the samples shown in Figure 3.10 (i.e., NP1, NP2, and NP3) will be used for further

characterizations.
<

time

fibers

e L ——

Figure 3.10. Schematic illustration and SEM images of the nanoparticles selected for this study.
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3.2.5. Structural Characterization

) Powder X-Ray Diffraction (PXRD)

NP1, NP2, and NP3 exhibit a crystalline state characterized by long-range order, with two
types of Powder X-Ray Diffraction (PXRD) patterns, cf., Figure 3.11. First, despite a slight
difference in the full width at half maximum (FWHM), NP1 and NP2 share an identical new
structure, having main diffraction peaks at ca. 14.1, 14.5, 29.5, 33.1 and 48°. The structural
solving was, however, not possible due to the weak diffraction power as well as their small
crystallite size. The different FWHM (see Table 3.2) might be related to the larger crystal size

of NP2. The nanosheets of NP2 seem to be those detangled from the NP1 nanospheres as a
result of thermodynamic crystallization.

Intensity [a.u.]

10 20 30 40 50
2 O [degree]

Figure 3.11. PXRD patterns of NP1 (grey), NP2 (red), and NP3 (blue), and a simulation of the tenorite form of
copper (Il) oxide (magenta) based on previous work (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).['84]

In the second type of PXRD patterns, corresponding to NP3, two crystalline phases coexist:
i) Bragg reflections at 14.4 and 29.7°, corresponding to the NP1/NP2 phase; and ii) diffraction
peaks at 32.3, 35.5, 38.5 and 49° that can be assigned to the 110, 111, 200 and 202 Miller
indices of the tenorite form of copper (11) oxide (see Figure 3.11),181 coming probably from
the partial transformation of NP1 into CuO after redispersion in Milli-Q water. This result is in
total agreement with the TEM observations shown in Figure 3.8. Several relevant peaks were
identified by PXRD and summarized in Table 3.2.
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Table 3.2. Peaks identified in NP1, NP2 and NP3 diffractograms, respectively.

Sample Pos.[*20]  Height [cts] F[‘{‘,"Z"g] Left d [ ;l;acing F}e/I] Int. [Cpsﬁrfgl
14.179(3) 586(13) 0.40(1) 6.24142 100.00 102.14

14.50(2) 378(12) 1.05(1) 6.10316 64.54 174.11

29.576(9) 101(5) 0.36(2) 3.01793 17.31 16.12

N1 33.08(2) 56(4) 0.51(5) 2.70598 9.57 12.53
34.2(3) 10(2) 3.5(5) 2.62169 1.75 15.55

47.89(3) 32(3) 0.80(8) 1.89779 5.40 11.19
14.11(1) 727(7) 0.74(3) 6.27122 100.00 284.20

14.70(4) 107(24) 0.16(8) 6.02139 14.73 19.80

NP2 29.50(4) 83(6) 0.29(9) 3.02511 11.36 14.93
33.13(8) 60(4) 0.8(2) 2.70212 8.22 29.50

48.2(2) 32(2) 4.0(5) 1.88704 4.42 36.70
14.403(8) 668(7) 0.50(2) 6.14456 100.00 168.38

29.68(2) 52(5) 0.3000 3.00715 7.72 6.27

32.37(8) 48(6) 0.3(2) 2.76375 7.22 7.35
Ne3 35.53(1) 553(6) 0.97(3) 2.52495 82.83 183.02
38.573(7) 530(5) 0.80(2) 2.33218 79.32 199.79

48.95(5) 144(4) 1.1(1) 1.85936 21.49 69.57

i) Electron Paramagnetic Resonance (EPR)

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique to characterize
the electronic structure of paramagnetic metal centers, such as Cu?* in metalloproteins,*8
MOFs, 8! and molecules.l*¥” In an EPR experiment, the unpaired electron spin of the Cu?*
interacts with the magnetic field and the surrounding nuclear spins, thereby providing a
spectrum with a characteristic pattern that provides information about the coordination ligands
and the geometry of the Cu?* complex. EPR spectroscopy is very sensitive to changes in the
electronic configuration of a Cu?" center and, thus, highly useful to inspect the Cu*2-2Ml
species investigated here. Figures 3.12a-c shows the EPR spectra of NP1, NP2, and NP3 in
frozen solutions (120 K), which include all possible orientations of an analogous single crystal
with respect to the magnetic field. The three solids show the typical features of Cu?*—imidazole
complexes, 28] therefore, demonstrating the formation of the Cu-N bond in the three NPs. Due
to the interaction of the unpaired electron spin of the Cu?* and its nuclear spin (3/2), the
hyperfine pattern of each species exhibits three of the four hyperfine transitions in the parallel
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region of the spectra (low-field range, i.e., four-arrow pattern in Figure 3.12) while the fourth
component is masked by an overlap with the hyperfine transitions in the perpendicular region
and with “extra absorption” features towards the high-field end of the spectra,[*®! cf. Figure
3.12. In Cu?* complexes, nitrogen ligands can interact with the unpaired electron of the Cu?*
and give rise to a further splitting of the hyperfine pattern, cf. Figure 3.12d, referred to as
superhyperfine pattern, which accounts for the number of nitrogen ligands. Remarkably, the
nine-line superhyperfine splitting (1.5 mT) is consistent with four strongly coordinating and
largely equivalent nitrogen ligands in a square planar coordination, as previously reported in
Cu(Il)-metalloproteins and tetrakisimidazolecopper(ll) sulfate.[*8 18 1901 \We speculatively
associate a better resolution of the superhyperfine splitting of NP2/NP3 in comparison with
NP1 as an indication of a more equivalent nitrogen-copper interaction (i.e., similar bond
distances and tetragonal distortion), resulting from the longer crystallization time and
refinement of the structure after thermodynamic growth compared to the kinetic growth
observed for NP1/NP3.
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Figure 3.12. Frozen solution (120 K) EPR spectra of species: a) NP1 (grey; acetone); b) NP2 (red; acetone); c)
NP3 (blue; water); d) Hyperfine transitions in the perpendicular region of the three species having “extra
absorption” features towards the high-field end of the spectra, i.e., superhyperfine splitting due to the
interaction of the unpaired electron of Cu?* with nitrogen ligands. Nine discontinued lines homogeneously
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spaced (1.5 mT) point at this superhyperfine splitting (adapted with permission from ref. [182]. Copyright
2018, American Chemical Society).

Besides, these spectra present varying degrees of distortion due to Cu*?-Cu*? dipolar
coupling, particularly dominant in NP3, which is apparent in the EPR powder spectra (RT) of
the three species, cf., full-width spectra in Figures 3.13-15. Table 3.3 gives numerical values of
the four-arrow patterns depicted in Figure 3.12. EPR spectra of NP2 and NP3 are very similar,
both providing parameters listed in Table 3.3 and superhyperfine splitting (1.5 mT) towards the
high-field end of the spectra. It is important to notice that copper (1) oxide, a major component
of NP3 as determined by PXRD, is EPR-silent due to extensive spin—spin interactions among
neighboring Cu(ll) ions, which results in a diamagnetic ground state.!**!] Therefore, the EPR
signal observed in NP3 is in agreement with the presence of Cu-N bonds related to
Cu?*complexes (likely as NP2), as previously discussed for PXRD data.

Table 3.3. EPR parameters of the X-band spectra of frozen solutions (120 K) of the three types of particles.

200 300 400 500
B [mT]

B [T]

Sample gl A (mT)
NP1 2.28 16.7
NP2 2.26 17.2
NP3 2.26 17.2
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Figure 3.13. a, b) Powder (RT) EPR spectra of NP1 (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).
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Figure 3.14. a, b) Powder (RT) EPR spectra of NP2 (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).
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Figure 3.15. a, b) Powder (RT) EPR spectra of NP3 (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).

i) Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is a useful technique for the determination
of functional groups in the structure of compounds, thus, FTIR may provide information on the
structure of the Cu-2MI coordination polymers. FTIR spectra corroborate the presence of 2Ml
in NP1, NP2, and NP3, as shown by the characteristic 2MI bands, cf. asterisks in Figure 3.16.
Most notably, the three NPs share bands of the 2MI linker at 1438 cm™ and 1296 cm™ due to
C-N stretching, and at 1115 cm™ and between 900-700 cm™ due to C-H stretching. FTIR
spectrum of the 3 solids are almost identical, except for NP3, as it exhibits broad bands around
3300 cm™ due to water absorption (-OH stretching), and at frequencies of 610 and 515 cm™,
which are ascribable to metal-oxygen vibrations, thereby confirming the presence of copper(Il)
oxide. The FTIR features of these three compounds match that of ZIF-8,115% as expected due to
the use of the same 2MI linker. In this regard, it is worth reminding that CTAB bands at 2915
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and 2847 cm ™! are derived from the C—H stretching vibration of methyl and methylene groups;
in the case of the three NPs, the band at 2847 cm™ seems to vanish, while the band at 2915
cm L, characteristic of C-H stretching of methyl groups in ZIF-8 solids, still remains. Although
we cannot rule out the presence of CTAB, it is unlikely its presence in the analyzed partciles
provided that the low CTAB concentration used during the synthesis (i.e., below the critical
micelle concentration; 2MI:CTAB molar ratio of 1000:1) and the centrifugal purifications with
MilliQ water and acetone.

CTAB W e '
AN —

2MI

**k k%

%T

NP3

M

NP2 TV W

NP1

3500 3000 2500 2000 1500 1000
v [em™]

Figure 3.16. FTIR spectra of the starting reactants and the three types of NPs obtained. Asterisks point at 2MI
bands (pink) that are observed in NP1 (grey), NP2 (red), and NP3 (blue). Blue arrows point at metal-oxygen
vibrations in NP3 (adapted with permission from ref. [182]. Copyright 2018, American Chemical Society).

3.2.6. Thermal Characterization

To investigate the thermal behavior of NP1, both thermogravimetric analysis (TGA, under
air and N2 atmospheres) and temperature dependent PXRD (in air) experiments were
performed. TGA curve of NP1 (see Figures 3.17a-b) shows two-weight losses: a first sharp
mass loss (~20 wt%) at around 220 °C, and then, a progressive weight loss (~50 wt%) between
250 and 700 °C, associated with the total combustion of 2MI and the final formation of CuO
(~30 wt%). Note here that the first weight loss is assigned to the departure of 2MlI ligand from
the particles considering that free ligand is removed from 150 to 200 °C (see Figure 3.19). The
higher departure temperature of the ligand within the solid is in agreement with the
establishment of interactions with Cu (as previously proved by EPR), observing two types of
ligand fractions (departure at 220 and >250 °C), which might be interacting in a different
manner. Also note that under an air atmosphere, degradation and formation of the CuO residue
occurs faster than in the N> atmosphere. We used both atmospheres to qualitatively study the
formation of the CuO residue.
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TGA curves of NP2 show a similar behavior than NP1 but with a lower weight loss at 220
°C (20 vs. 25 wt%j; cf., Figure 3.17c). From TGA and elemental analysis, the chemical formula
Cu(C4HsN2): (theoretical: C=42.5, N=24.8, H=4.5 and Cu=28.2 %) is proposed for NP1 or NP2
(experimental: C =41.5,N=24.2, H=4.4, Cu =24 % for NP1, and C =42.3, N =25.53, H =
4.3, Cu=29 % for NP2, respectively). The better correlation with the proposed formula of NP2
might be a result of its better crystallization. Finally, TGA of NP3 sample exhibits a similar
profile with a higher content of remaining CuO (see Figure 3.17d), in agreement with the
presence of this oxide because of the partial degradation of NP1 in water.
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Figure 3.17. TGA of the NPs: (a) NP1 in N; (grey); (b) NP1 in air (grey); (c) NP2 in N, (red); and (d) NP3 in N;
(blue). Violet lines correspond to the first derivative of the TGA curves (a,c,d), and the orange line corresponds
to the DSC of sample NP1 (air) (b), indicating the rate of temperature degradation (adapted with permission
from ref. [182]. Copyright 2018, American Chemical Society).

Furthermore, as observed by temperature dependent PXRD of NP1 (see Figure 3.18), the
initial ligand departure leads to the collapse and amorphization of the crystalline framework,
being the NP1 solid thermally stable up to around 200 °C. Previous thermo-diffraction analysis
done to ZIF-8 under air reveal that its structure remains stable up to 300 °C, while NP1 only
withstand 200 °C.1921 Nevertheless, similar experiments carried out with HKUST-1 revealed a
similar thermal stability compared to NP1, as the structure starts its degradation after 150 °C
and becomes completely amorphous after 200 °C under air.[1%!
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Figure 3.18. Temperature-dependent PXRD experiment carried out with NP1 (adapted with permission from
ref. [182]. Copyright 2018, American Chemical Society).

TGA analysis of all the chemicals involved in the Cu-based CPs synthesis under N3
atmosphere from room temperature to 800 °C was also done (see Figure 3.19). In all cases,
including CuCly, no inorganic residues were found. 2-MI was completely decomposed at ca.
200 °C, CTAB at ca. 280 °C, and CuCl; presented three weight loses: one at ca. 120 °C, which
is probably related to the loss of hydration water, and two others at ca. 500 °C and ca. 680 °C.
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Figure 3.19. TGA of reactants: Cu;Cl, 2Ml, and CTAB (adapted with permission from ref. [182]. Copyright 2018,
American Chemical Society).

3.2.7. Surface Area Characterization

Figure 3.20a shows the N> sorption isotherms of samples NP1, NP2 and NP3 at 77 K, with
Brunauer, Emmett & Teller (BET; P/P,<0.15) specific surface areas of 144, 86 and 53 m?-g’*,
respectively. Although exhibiting a N2 accessible microporosity, the BET surface is quite low
regarding other imidazolate-based (ZIF-8(Zn): Sget = 1800 m?-g )27l or Cu-based MOFs (Cu
trimesate HKUST-1: Sger = 1100 m?.g%).[175 1941 The higher surface of NP1 with respect to
NP2 could be related to the presence of defects, in consonance with the better crystallization of
the solid after 72 h of reaction, and agrees with the results of PXRD and EPR. Furthermore, the
additional continuous N2 adsorption at higher relative pressures (P/Po>0.2) might correspond
to adsorption on the outer surface of the NPs, being more important in the smaller entangled-
nanosheets of NP1 than in NP2, with larger crystal size. In both samples, the porosity is
associated with a pore size distribution of around 1 nm-diameter (estimated by the Horvéath-
Kawazoe -HK method) (see Figure 3.20b). Finally, NP3 possesses the lowest surface area, Sger
=53 m?.g%, and this might be explained by the partial degradation of the NP1 to a dense CuO
phase (Sget = 4 m?-g!) after solvent exchange. %]
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Figure 3.20. N; sorption isotherms (a) and HK pore volume distribution (b) of NP1 (grey), NP2 (red) and NP3
(blue) (adapted with permission from ref. [182]. Copyright 2018, American Chemical Society).

3.2.8. Physicochemical Characterization

Basic physicochemical properties of NP1 (acetone), NP2 (acetone) and NP3 (MilliQ water)
in solution were investigated, including UV-Vis, fluorescence spectroscopy and dynamic light
scattering (DLS). Upon storage at 4 °C, the NPs were colloidally stable over long extended
periods (months), with no apparent change of color or morphology. The UV-Vis-NIR spectrum
of NP2 shows a narrow absorption band centered at 380 nm, which broadens in NP1 and even
further in NP3, in which a broad absorption in the range 300 — 900 nm dominates, cf. Figure
3.21a. The spectra of NP1 and NP2 (i.e., band at 380 nm) show no clear similarities with those
of the used precursors (see Figure 3.21b) or other Cu-NMOFs, Cu,0 or CuO nanostructures, 1%
191 or Cu(I1)-histidine complexes.**™] In contrast, the spectrum of NP3 resembles that of CuO
nanosheets previously reported.[**®! Fluorescence spectroscopy of NP1, NP2, and NP3 shows
no significant fluorescence emissions (see Figures 3.21c-d).
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Figure 3.21. a) UV-Vis spectra of NP1 (grey; in acetone), NP2 (red; in acetone) and NP3 (blue; in MilliQ water).
b) UV-Vis spectra of the reactants: CuClz, 2MI, and CTAB in water. c) Fluorescence spectra of reactants, NP1,
and NP2 in acetone. d) Fluorescence spectra of reactants. e) Mean average hydrodynamic diameter obtained
from DLS number-weighted size distribution of NP1 (grey; in acetone), NP2 (red; in acetone) and NP3 (blue; in

MilliQ water). Colored values above the hollow squares correspond to PDI values (adapted with permission from

ref. [182]. Copyright 2018, American Chemical Society).

The hydrodynamic size of the NPs was also evaluated by DLS, which was rather similar as
the size values observed from SEM inspection, cf. Figure 3.21e. DLS raw data are given in
Figures 3.22a-c. Also, low polydispersity indexes (PDI) were found for NP1 (0.04), whereas
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for NP2 and NP3 these were larger (0.46 and 0.36, respectively), cf. Figure 3.21e, as expected
from SEM analysis.
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Figure 3.22. DLS histograms for NP1 (a), NP2 (b) and NP3 (c) (left: Intensity; middle: Volume; right: Number-
weighted size distributions) (adapted with permission from ref. [182]. Copyright 2018, American Chemical
Society).

In agreement with the results presented above, the main outcomes of this green bottom-up
synthesis of the three NPs are briefed: i) a new crystalline structure of a copper imidazolate has
been synthesized, ii) the formation of strong interactions between the Cu?* inorganic building
units and the 2-MI ligands has been demonstrated by EPR, iii) the synthesized NPs possess high
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monodispersity and colloidal stability in acetone and water with a tuned morphology, iv) the
NPs exhibit thermal stability up to 200 °C, and iv) they exhibit a moderate microporosity
associated to 1 nm-diameter pore. Thus, one can conclude that these properties agree with those
attributed to nanoPCPs.

3.2.9. Catalytic Reduction on Methylene Blue

Methylene blue (MB) (tetramethylthionine chloride, C16H1sCINsS) is a cationic, blue-
colored dye, which belongs to the thiazine dye class. This heterocyclic aromatic dye is dark
blue in an oxidizing environment and will turn colorless as leucomethylene blue (LMB) if
exposed to a reducing agent. The reduction reaction of methylene blue is generally monitored
under the UV-VIS spectroscopy technique. The absorption spectrum of methylene blue exhibits
a strong maximum peak at 664 nm at the start of the reaction and gradually will diminish in
intensity over the time after adding a reductant (e.g., NaBHa, ascorbic acid, hydrazine, glucose,
etc.)[199-201 and a catalyst into the system, converting methylene blue in leucomethylene blue.
Sodium borohydride (NaBHsa) is an inorganic compound widely used as a reducing agent in
catalytic reduction of methylene blue.

Most of the studies frequently use the Langmuir-Hinshelwood model for the reduction of
MB.[9. 2011 | this mechanism, the substrate (MB) and the reductant are absorbed onto the
nanoparticle’s (NP) surface, and both react each other on the active surface area of the catalyst
(NP) until the formation of a product; this product formed will be desorbed from the surface of
the NP. The catalyst (NP) acts as an electron-carrier surface, facilitating the electron
transference between the reductant (i.e., donor) and MB (i.e., acceptor), which results in the
reduction of MB into LMB. In the case of NaBHj4, acting as a reducing agent in aqueous solution,
the release of hydrogen from its surface will also play an important role in binding the MB
molecules to the surface of the catalyst (NP).[201

Thus, as a proof of concept, the catalytic activity of the three NPs was assayed towards their
capability to trigger the reduction of methylene blue (MB, blue) into leucomethylene blue (LB,
colorless) in MeOH in the presence of NaBH4. To make a fair comparison among NPs, reactions
were performed keeping the copper mass constant (i.e., 1.9 ng).

i) Determination of Copper Concentration

To determine the copper concentration in the NP solutions, a classic colorimetric method
was employed. This method is based on the complexation of Cu?* with ammonium to produce
the blue-colored compound Cu(NHs)4?*.12%21 Thus, a calibration curve was prepared using a
standard solution 0.1 M of CuCl> in water. In general, the copper solution was mixed with pure
ammonium. The chemicals were left to react for 5 min and then, the absorbance was measured
in a plate reader (Tecan Infinite 200 using a 570 nm filter). For sample preparation, 500 pL of
the sample (NP1, NP2 or NP3) or of Cu standards were mixed with 250 uL of ammonium, 100
pL of HCI concentrated, and 150 pL of water were added to adjust the final volume to 1 mL.
After the reaction was completed, 200 pL of each solution were transferred to a 96-well plate
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to perform the absorbance reading. To establish the precision of this colorimetric method, two
control samples (NP1 and NP3) were measured in parallel using the colorimetric method and
ICP-MS.

The results are summarized in Table 3.4, which indicates that the copper concentration
obtained by the two methods were very similar. Therefore, we used the colorimetric method to
measure the copper concentration of all the samples studied in this work. In general, stock
samples of NP1, NP2, or NP3 with copper concentrations of 47.4, 60.0, and 60.7 uM,
respectively, were stored in the refrigerator (4 °C).

Table 3.4. Comparison of copper concentration determination by two methods: colorimetric and ICP-MS.

Sample Ccu, AlMM] Ccu, icr[mM] Ratio a/icp
NP1 2.17 2.25 0.97
NP3 1.59 1.65 0.96

i) Reduction of Methylene Blue (MB, Blue) Into Leucomethylene Blue (LB,
Colorless) in MeOH

The reduction of MB into LB was followed by collecting the absorbance at 664 nm (A)
during 100 s (one measurement per s),2%! cf. Figure 3.23. First, 970 pL of MeOH were mixed
with 15 pL of MB from a stock solution (9.37-104 M, MeOH). Then, 5 pL of a freshly prepared
solution of NaBH4 (130 mM, MeOH) and 5 pL of the sample (1.9 ng Cu, MeOH) or MeOH
(control) were added. The reaction progress was monitored by UV-Vis spectroscopy.

The catalytic properties of the three solids were calculated by analyzing the kinetics of the
catalytic reaction (k, Ln (A/Ao)), taking into account the initial 22 s, cf. Table 3.5, that is, k [s°
1] is obtained from the slope of the curves Ln (A/A) vs time. The blank absorption (control)
was measured using the same parameters but in the presence of only MeOH instead of the
sample (NP1, NP2, and NP3) solution.

Table 3.5. Summary of the kinetic constant values k [s'] for the selected samples (equal Cu mass - 1.9 ng) and
control (without Cu). A first-order catalytic behavior was considered, i.e., Ln(A/Ao) = -k-t, for the initial 22 s of
the reaction.

Sample k (s)

NP1 53.7-103% £ 1.2:10°3
NP2 67.6-103 + 0.3-10°3
NP3 2.6:103 + 1.6-107
Ctrl 2.6:103 + 1.7-107

As expected, NP1 and NP2 present significantly higher catalytic properties (i.e., high k) than
the low-porosity NP3 or the control sample. The obtained k values are in the order of previous
reports using equivalent catalytic reactions.?®* 2% However, these values are not fully
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comparable due to different experimental conditions, including the solvent used (water or
methanol), and the amount of NaBH4 used, in our case ca. 12 times lower than previous
reports.[2%4 2051 Remarkably and despite those experimental differences, it is worth mentioning
that, in our case, the amount of material used per experiment is in the ng order, while in
previously discussed works it is in the mg range i.e., 1 mg,?® and 0.05 mg®! of the
nanocatalyst. This fact points out the high catalytic activity of our systems under the present
conditions.

OF R

=)

<
< ©Of o ctl
E/ o NP3
5 o NP2
o NP1

-10 F

0 20

Figure 3.23. Absorbance at 664 nm (A) versus time for an equal mass of copper in, i.e., NP1 (grey), NP2 (red)
and NP3 (blue), and control sample (ctrl, black). Ag is the absorption at 664 nm at time 0 s. Data considered for
the kinetic fitting (first-order) are colored (initial 22 s). Insets show zoom areas of the fitting regions for
selected samples and control (adapted with permission from ref. [182]. Copyright 2018, American Chemical
Society).

3.3. Conclusions

In this chapter, we described a bottom-up green chemical method for the preparation of a
new nanometric microporous coordination polymer (i.e., NP1/NP2). Different concentrations
and molar ratios of the reactants [i.e., CuCly, 2-methylimidazole (2Ml), and
hexadecyltrimethylammonium bromide (CTAB)] produce different nanocomposites, which can
be optimized to achieve highly monodisperse nanoparticles. The addition of CTAB, the reaction
time, and the effect of the solvent during the synthesis determine the size, morphology, and
structure of the resulting nanoparticles. A molar ratio 2MI:Cu?* of 20 (and 2MI: CTAB of 10°)
was found as optimum to produce highly monodisperse nanospheres. These nanospheres (NP1)
with an average edge length of approx. 330 nm, evolve into nanosheets (NP2) with an average
tip-to-tip length of approx. 334 nm if the reaction time is left to 72 h or even longer. NP1 and
NP2 nanoparticles were found to be colloidally stable in acetone over months. However, the
presence of water in the nanospheres (NP1) solution leads to a change in particle morphology,
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starting with the formation of nanofibers which evolve into nanospikes (NP3), with an average
tip-to-tip length of approx. 447 nm, and which are mainly composed of copper oxide, in
agreement with PXRD results. Then, these particles (NP3) appear to be a degradation product
of NP1 nanospheres. Samples NP1 and NP2 exhibited a microporosity associated with 1 nm-
diameter and a BET specific surface of 144, 86 m?.g™%, respectively. On the other hand, NP3
particles presented the lowest BET specific surface of 53 m?-g™*. This may agree considering
NP3 as a degradation product of NP1, mainly composed of copper oxide, although it also
contains a Cu?*-2MI porous phase. FTIR spectra corroborated that the synthesis conditions did
not lead to a decomposition of the organic linker since all samples exhibited the characteristics
bands of 2MI. The formation of strong interactions between the Cu?* inorganic building units
and the 2-MI ligands was also demonstrated by EPR. Finally, NP1 and NP2 displayed good
activity towards the catalytic reduction of methylene blue.
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4. Gold Nanostars@Zeolitic Imidazolate Framework 8 Core-Shell
Nanostructures for Light Triggered Release: in Vitro

4.1. Introduction

Metal-Organic Frameworks

Metal-organic frameworks are a subclass of CPs which has revolutionized the field of
supramolecular chemistry and its applications. Here, we adopt the following definition of MOF:
“a class of CPs comprising organic linkers wherein metal—ligand interaction/bonding leads to
2D or 3D crystalline network structures” as proposed by S. Seth and A. J. Matzger.[?%! Recently,
MOFs have gained interest as next-generation functional materials in diverse fields,™*4! 2071
especially in biomedical applications for achieving a controlled drug releasel?®-21% due to their
high surface area, tunable pore size, wide possibilities of surface modifications,*5® 211-213] and
good biodegradability and biocompatibility.[?**] Therefore, MOF-based single or multiple
stimuli-responsive nanosystems have been attracted many researchers seeking to achieve a
material with controllable drug release properties. These systems may undergo chemical or
physical transformations when activated by internal [endogenous, i.e., redox, pH, enzymes,
adenosine triphosphate (ATP)] or external (exogenous, i.e., light, magnetic field, temperature,
ions, pressure) triggers. According to Yarza et al. the release of the molecular cargo depends
on three points: “1) the biodegradability of the MOF under physiological conditions, 2) the drug
diffusion through the pores, and 3) the matrix-drug-solvent interactions”.[?*"]

Zeolitic Imidazolate Frameworks (ZIF)

Zeolites are crystalline porous materials of different structures, hydrated alkaline or alkaline-
earth aluminosilicates, having a framework assembled from corner-sharing TO4 tetrahedral
sites (T=A\, Si), and ordered micropore networks along with large active surfaces.®® 2161 There
are more than 150 zeolites with different frameworks synthesized in laboratories or present in
nature.?!”1 ZIFs are a class of MOFs that are topologically isomorphic with zeolites; generally,
they are formed by the coordination of metal ions (Zn?*, Co?*, etc) and imidazolate linkers. For
example, Park et al. reported twelve zeolite-like MOFs (i.e., ZIF-1 to 12) (see Table 4.1).
Phenyl or methyl groups with IM linkers can be used to obtain some zeolitic imidazolate
frameworks [i.e., benzimidazolate and (PhIM), or 2-methylimidazolate (MelM), respectively],
(179 among others groups. Zeolite minerals can be abbreviated in a 3-letter code that
corresponds to the first 3 letters of the mineral name; however, for synthetic materials the code
iIs more complex since it includes numbers to identify different products from a particular
laboratory.?'7] In 2008, Banerjee et al. synthesized 25 ZIFs structures in which sixteen of them
(i.e., ZIF-60 to 77, see Table 4.1) had new compositions and a new structure.?®l Some of the
corresponding single crystal x-ray structures of the ZIF crystals which appear in Table 4.1 are
also illustrated in Figure 4.1.
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Table 4.1. Composition, structure, and network parameters of some ZIF series of compounds (ZIF-1 to 10 and
ZIF-60 to 75, adapted from refs. [179, 218], respectively).

ZIF-n Composition Net Zeolite T/V, nm?3 d, A N
ZIF-3 Zn (IM)2 dft DFT 2.66 8.02 16
ZIF-8 Zn (MelM), sod SoD 2.47 11.6 24
ZIF-10 Zn (IM)2 mer MER 2.25 12.12 24
ZIF-60 Zn (IM)1.5(MelM)o.5 mer MER 2.24 9.4 24
ZIF-65 Co(nIM); sod SOD 2.32 10.4 24
ZIF-67 Co (MelM); sod SOD 2.46 11.6 24
ZIF-68 Zn (PhIM)(nIM) gme GME 2.12 10.3 24
ZIF-69 Zn(cbIM)(nIM) gme GME 2.09 7.8 24
ZIF-70 Zn (Im)1.13(nIM)o.87 gme GME 2.10 15.9 24
ZIF-72 Zn(dclM); lcs - 3.16 1.9 12
ZIF-74 Zn(nIM)(mblIM) gis GIS 2.66 2.6 20
ZIF-75 Co(nIM)(mblIM) gis GIS 2.66 2.62 20

Zeolite: DFT- DAF-2 (Davy Faraday Research Laboratory-two), SOD- sodalite, MER- merlinoite, GME-gmelinite,
GIS- gismodine [Zeolite A (Linde Division, Union Carbide)]; T/V: density of metal atoms per unit volume; d:
diameter of the largest sphere that fits into the framework; N: number of vertices of the largest cage; Net
information: Reticular Chemistry Structure Resource (http://rcsr.anu.edu.au/).

Zeolitic imidazolate framework 8 (ZIF-8) is a subclass of metal-organic frameworks
(MOFs), which is composed of zinc ions and imidazolate rings coordinated in a framework
structure resulting in a sodalite (SOD) topology with a pore size of 11.6 A and a pore opening
of 3.4 A8 Z|F-8 crystals may present different morphologies: cubic, rhombic dodecahedral
(RD), or truncated rhombic dodecahedral (TRD). Cravillon et al. demonstrated the
solvothermal morphological evolution of ZIF-8 over time; the crystal growth formation starts
with an all [100]-oriented cube, and then, transforms into TRD to finally, according to the
authors, accomplish the stable equilibrium morphology of ZIF-8 (RD).[21°

ZIF-8 is among the most frequently investigated ZIF thanks to its uniform porosity and
excellent chemical and thermal stabilities make ZIF-8 [17% suitable for its use as a carrier for
controlled drug delivery.[101.220. 2211 Besjdes, the high degree of knowledge and control over the
localization of nucleation and growth of ZIF-8 particles during synthesis allows a variety of
materials that can be encapsulated within the ZIF-8 structures. High loading efficiency,
unlimited cargo size, and low leakage are the advantages of this technique.??? This strategy is
called in situ encapsulation; aside from biomolecules,’??°! inorganic particles with different
shapes have been successfully encapsulated into ZIF-8 crystals (e.g., nanorods stars, cubes,
spheres).[*?5 1581 Moreover, the possibility of incorporating functional guest molecules within
colloidal ZIF-8 particles not only applies via encapsulation, but also researchers have positioned
these guests along the outer surface of ZIF-8 crystals.[221-213]
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Figure 4.1. Single-crystal XRD structure of ZIFs. Left row: stick diagram; the large cage in ZIFs is represented
with ZnN4 tetrahedral sites in blue and CoN4 ones in pink; ball and stick diagram representing IM (imidazole)
and IM-type linkers (C: black, N: green, O: red, Cl: pink, H atoms are omitted; adapted with permission from

ref. [218]. Copyright 2008, American Association for the Advancement of Science). Left: zoomed images of
porous cage of ZIF-8 (upper) and crystal structure of ZIF-8 with sodalite topology (bottom) (adapted with

permission from ref. [179, 223]. Copyright 2006, The National Academy of Sciences of the USA; Copyright 2017,

Elsevier B.V, respectively).

At this respect, in biological applications a highly stable suspension of particles in an
aqueous medium is set as a requirement to avoid embolism after in vivo injection (i.e., there
should be neither aggregation nor particles precipitation); therefore, the surface of nanoMOFs
functionalized with different molecules has been envisaged to accomplish this requirement.
This MOF surface modification can be made during the particle synthesis or post-synthetically.
Figure 4.2 shows different post-synthetic surface functionalizations of ZIF-8 crystals with
different elements. To mention some examples, Zhu et al. proposed a strategy for the outer
layer functionalization of different MOFs (i.e., ZIF-8, ZIF-67, UiO-66, MIL-88A, HKUST-1,
MIL-101(Cr), CPP-3, MIL-96 and Eu-MOF) through the coordination of a phenolic-inspired
lipid molecule, DPGG (i.e., 1,2-dipalmitoyl-sn-glycero-3-galloyl), with the metal surface
nodes/sites of the different MOFs in non-polar solvents.?*? Besides, Li and Zeng reported two
different approaches (i.e., post-growth attachment and on-site reduction) to incorporate
inorganic nanoparticles onto the surface of ZIF-8 crystals (see Figure 4.2, left). This bonding
is generated by the interaction between the stabilizing layer of surfactants surrounding the
incorporated Au or Ag nanoparticles (with sizes of 1-3 nm) and the Zn?* ions of the outer
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surface of two ZIF-8 nanocrystals with different morphologies (i.e., cubic hexahedron and
rhombic dodecahedron).?*¥ In 2016, Ayala et al. proposed a strategy to fabricate Janus particles
(i.e., multicompartmental, asymmetric particles with two chemically distinct regions on their
surfaces)[??*22% that behave as molecular motors in sodium and H202 aqueous ethanol solutions
(i.e., Janus ZIF-8@Pt particles). Their method consisted in the evaporation of metals (i.e. Au,
Co or Pt) on the surface of different MOFs (i.e., ZIF-8, UiO-66 or UiO-66-SH) that leads to an
asymmetric morphology with a controllable metal-film thickness[?** (see Figure 4.2 center).

Inorganic

Nanoparticles Metals Mglecules

@)

Janus
particle

Figure 4.2. A) Scheme of different post-synthetic surface functionalization processes for ZIF-8 crystals:
inorganic nanoparticles (left, adapted with permission from ref. [213] Copyright 2013, American Chemical
Society); metal coating (center, adapted with permission from ref. [211] Copyright 2016, The Royal Society of
Chemistry), and polymers (right, adapted with permission from ref. [212] Copyright 2018, WILEY-VCH Verlag
GmbH & Co. KGaA), and their corresponding SEM images (scale bars: left: 20 nm,, middle and right: 500 nm,
(adapted with permission from ref. [222] Copyright 2019, The Royal Society of Chemistry); below a schematic
representation of a Janus particle (center) is also shown (adapted with permission from ref. [224] Copyright
2015, The Royal Society of Chemistry).

Functionalized ZIF-8 frameworks have been also studied as stimulus-responsive systems for
the sustained delivery of a wide variety of drugs.[?2% 2262281 |y the case of internal stimuli, pH-
responsive ZIF-8 systems have been frequently reported for drug delivery.[?2% 22%-2321 However,
light-responsive drug delivery MOFs systems have increased recent attention due to the
possibility to achieve spatiotemporal controlled release provided by irradiation with light of a
specific wavelength.[?®3 For example, Sharsheeva et al. proposed a nanocomposite based on
titania nanotubes, ZIF-8 particles and the antitumor drug doxorubicin (i.e., DOXO-ZIF-8-
TNT). They demonstrated that this nanosystem was capable of releasing an appropriate amount
of drug to effectively suppress the viability of IMR-32 neuroblastoma cells by locally applying
UV radiation for 40 minutes.[¥ Controllable release of the drug from the DOXO-ZIF-8-TNT
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nanocomposites is possible due to the photocatalytic activity of titania nanotubes that
decomposes ZIF-8 particles in the aqueous medium. The release kinetics of doxorubicin in a
PBS buffer solution (i.e., pH=7.4) is significantly different in the presence and absence of UV
irradiation, that is, in the absence of UV light, a scarce release of the drug was observed.

Motivation

The biocompatible microporous zeolitic imidazolate framework 8 (ZIF-8)[1°! has been
widely proposed for the sustained delivery of a wide variety of drugs.[?23 2262281 Although with
a progressive release, most previous reports refer to that 80-90% of the encapsulated cargo is
released within the first ~10 h in physiological environments. Hence, its clinical applications
are several restricted as a result of the chemical instability of ZIF-8 in water,>4which largely
degrades (depending on the ZIF-8 mass to water ratio and medium pH),1?27 231 thus, releasing
its cargo.

The development of core-shell nanostructures based on MOF and inorganic nanoparticles
(NPs) seems a good strategy to promote and control drug delivery under a specific external
stimulus (e.g., light, magnetic fields, ultrasounds), as already demonstrated for other
materials.?*®l These types of nanocomposites have been recently explored for optical
sensing,!?! therapeutics,[®® theranostic,!4”" and heterogeneous catalysis with promising
results.t*°1 However, the precise (temporal and spatial) controlled delivery of the cargo inside
cells upon stimuli has not been achieved, since the stability issues of MOFs in aqueous solution
has not yet been addressed.

Therefore, here we present the design of a thermoresponsive carrier comprising gold
nanostars (NSs) coated with ZIF-8 and stabilized with the amphiphilic polymer
poly[isobutylene—alt-maleic anhydride]-graft-dodecyl (PMA). The newly developed core-
shell nanostructures (we will refer to them as nanocomposites NCs) with a high drug loading
efficiency (similar as the conventional ZIF-8) are stable in aqueous solution and can be
activated to release the cargo upon illumination with near-IR (NIR) light in both aqueous
solution and inside living cells.

4.2 .Results and Discussions

4.2.1. The Influence of the Synthesis Parameters: CTAB as a Size-Directing
Surfactant

Commonly, ZIFs have been synthesized by combining a hydrated metal salt and an
imidazolate-type linker via solvothermal methods, at room temperature in organic solvents
(e.g., methanol, DMF, THF, and DEF), or in pure water. In the case of ZIF-8, which is
composed of Zn (11) ions and imidazolate rings coordinated in a framework structure, different
researchers have synthesized this type of MOF in aqueous solution at room temperature[t25 223
2371 to avoid the use of toxic organic solvents, but also to decrease the economical cost of
preparing ZIFs-based materials. Also, the use of surfactants in the synthesis has been used to
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control the ZIF-8 crystal growth process, acting as growth inhibitors, capping agents, and
aggregation inhibitors.12%]

The use of cetyltrimethylammonium bromide (CTAB) as a capping agent to control the
morphology and the size of ZIF-8 crystals have been previously reported.8 238 239 Additive
agents can act as sites for nucleation and growth of ZIF-8 particles.[2]

Thus, as a first step, we prepared ZIF-8 particles in the presence of CTAB at different
concentrations (see Table 4.2). We also prepared ZIF-67 particles (see Table 4.2) for
comparison and to validate our analysis. Zeolitic imidazolate framework 67 (ZIF-67) is a
subclass of metal-organic frameworks (MOFs), which is composed of Co (II) ions and
imidazolate rings (in the case of ZIF-8 and ZIF-67: 2-methylimidazole) coordinated in a
framework structure. ZIF-8 and ZIF-67 have similarities in their structure and organic ligands,
they have the same sodalite (SOD) topology, the same pore size of 11.6 A, and pore opening of
3.4 A (see Figure 4.1 and Table 4.1), making their mechanism of formation very close to each
other. 281 Different, researchers have done the in vitro evaluation of cobalt-based nanoparticles
as drug carriers, and found to generate oxidative stress, inflammatory response, cell
proliferation, and DNA damage.?*% 241 Therefore, we will only here use ZIF-67 particles for
comparative purposes, and to analyze in the near future other potential applications in the field
of catalysis and energy production and storage.

Briefly, in a typical synthesis, an aqueous solution containing zinc or cobalt nitrate (1mL,
0.025 M), 2MI (1mL, 1.3 M), and CTAB (1mL, different concentrations) was gently stirred for
2 min. Then, the solution was left undisturbed for 3 hours at room temperature (RT). The
resulting particles were then purified by centrifugation (7000 rcf, 5 min; unless otherwise
specified), the colorless supernatant was discarded, and the precipitate was redispersed and
stored in 3 mL MeOH.

Figure 4.3 shows the synthesis of ZIF-8 or ZIF-67 nanoparticles, and the mean dn) Size of

both ZIF-8 and ZIF-67, which is observed to decrease as the CTAB concentration increases.[2%®
242]
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Figure 4.3. Schematic illustration of the synthesis of ZIF-8 or ZIF-67 nanoparticles and mean dn of ZIF-8 and
ZIF-67 versus concentration of added CTAB. The corresponding polydispersity index (PDI) is specified on top of
each bar.

Table 4.2. Hydrodynamic diameters d, (mean value + standard deviation SD) as derived from DLS
measurements of ZIF-8 and ZIF-67 particles using different CTAB concentrations.

Sample CTAB [mM] dh“,(nm) dh(N,(nm) PDI
0 808.5 + 130.6 808.4 + 129.8 0.84 + 0.06
0.5 279.4 + 3.5 213.4+ 6.4 0.10 + 0.01
ZIF-8
1 207.6 + 0.9 179.3 £+ 0.8 0.08 + 0.10
2 156.3 + 3.6 126 + 5 0.13 £ 0.06
0 2604 + 63 2392 +73 0.22 + 0.07
0.5 411.5 £+ 12.15 363.7 + 8.8 0.03 +0.05
ZIF-67
1 292.7 + 38.8 197.1 £ 3.2 0.21 + 0.01
2 227.3+2.2 184.1 £+ 1.9 0.09 + 0.02

dng) and dwn) refer to the mean average hydrodynamic diameter from the intensity and number-weighted size
distributions derived from DLS, respectively. PDI refers to the polydispersity index. Standard deviation values
were calculated from three independent measurements.
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4.2.2. Colloidal Stability of Zeolitic Imidazolate Frameworks (ZIF-8 and -67)

Colloidal stability of ZIF-8 and ZIF-67 was evaluated for one week by DLS in methanol and
water, and for ZIF-8 in cell medium as well (see Table 4.3). Figure 4.4a shows the synthesis of
ZIF-8 and ZIF-67 nanoparticles, i.e., an agueous solution containing zinc or cobalt (ImL, 0.025
M), 2MI (ImL, 1.3 M), and CTAB (ImL, 5-10* M) was gently stirred for 2 min. Then, the
solution was left undisturbed for 3 hours at room temperature (RT), followed by purification as
described before. MeOH (supernatant) was removed and the resulting particles (precipitate)
were redispersed in the different solvents and DLS measurements were performed at different
time points.
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Figure 4.4. a) Schematic illustration of the synthesis of ZIF-8 or ZIF-67 nanoparticles, and Mean dnn, for one
week for b) ZIF-67 particles in methanol and water, and c) ZIF-8 particles in methanol, water, and cell
medium.

The results showed that the dh of ZIF-8 and ZIF-67samples in methanol remained stable
over one week, indicating that methanol did not affect their integrity and stability.
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In contrast, the integrity of ZIF-67 samples was compromised in water as reflected by the
rapid increase of dn immediately after placed in aqueous solution (see Figure 4.4b). Similarly,
the integrity of ZIF-8 samples was compromised in both water and cell medium as reflected by
the rapid decrease of dn after 5 h (see Figure 4.4c).

Table 4.3. Hydrodynamic diameters dn (mean value + standard deviation SD) as derived from DLS
measurements for ZIF-8 particles dispersed in methanol, water, or in cell medium at different time points, and
for ZIF-67 particles dispersed in methanol or water at different time points.

Sample Solvent Time (h) dhg)(nm) dhay(nm) PDI
0 276.8 + 2.2 239.1 £ 0.9 0.03 +0.02
MeOH 5 274.8 £ 3.7 236.7 £ 5.1 0.07 + 0.04
144 268 +5 234.4+ 4.7 0.04 + 0.04
0 267 + 4 234 +2 0.04 + 0.02
Water
ZIF-8 5 361.9 + 65.3 197.6 + 4.1 0.19 + 0.02
Cell medium 0 337.1 £ 36.2 329.8 + 35.9 0.8 + 0.1
5 158 + 48 157.4 + 48.8 1.0+ 0.0
0 310.0 + 6.6 234.3 + 19.1 0.10 + 0.02
MeOH 5 339.4 + 6.5 223.2 £ 16.5 0.12 + 0.06
144 305.5 £+ 5.6 218.4+ 2.4 0.13 +0.02
ZIF-67
0 950.9 + 69.9 905.8 + 54.6 0.08 + 0.07
Water
5 777.2 + 102.2 626.5 + 18.4 0.22 +0.03

dna) and dwn) refer to the mean average hydrodynamic diameter from the intensity and number weighted size
distributions derived from DLS, respectively. PDI refers to the polydispersity index. Standard deviation values
were calculated from three independent measurements.

4.2.3. Encapsulation of Gold Nanostars (NSs) into Zeolitic Imidazolate Frameworks
(Z1F-8) to form Core-Shell Nanocomposites

Once confirmed that the ZIF-8 size can be tuned by the addition of CTAB during the
synthesis, [125:2%81 our next step was to encapsulate a single gold nanostar within ZIF-8 particles.
Gold nanostars (NSs) were selected as the core due to their characteristic plasmonic band
centered at ~770 nm (see Figure 4.6d),[*" which is suitable for excitation within the therapeutic
window.[%¢1 Therefore, NSs were used as seeds to grow a ZIF-8 shell around.[*2> 1521

CTAB-coated gold nanostars (NSs) were synthesized according to a previously reported
protocol, ' using spherical citrate-stabilized gold nanoparticles (NPs) with an average core
diameter of ca. 11 nm as seeds, Ag" ions as blocking facet agents, and ascorbic acid as a
reducing agent (see Figure 4.5).
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Figure 4.5. Step-by-step formation of nanocomposites: seeds, stars and core-shell structure.

i) Nanoparticles (NPs) Seeds

The seed NPs were synthesized following the citrate-reduction procedure reported by Schulz
et al.[*3 (for more details see section 2.3.2).

i) Optical Characterization

UV/Vis absorption spectra of the obtained NPs seeds and the NSs as recorded in aqueous
solution are provided in Figures 4.6 a and d respectively. The concentration of the seed NPs
was determined from the UV/Vis spectra by using the Lambert-Beer law.l*”l Hereby, an
extinction coefficient at 450 nm of g(450) = 8.27x107 M*-cm™ was assumed,?* taking into
account that the average (+ standard deviation) core diameter of the seed NPs was dc = (11.4 =
0.9) nm as determined by Transmission Electron Microscopy (TEM) analysis (see Figures 4.6
b-c). In a typical synthesis of Au seed NPs as previously described in Chapter 2, without
concentration or purification steps, the concentration of NPs was cne = 3.7 nM. [7] Since these
NPs were used as seeds for NSs growth, the number of NSs is assumed to be the same as that
of the added NP seeds. The purified NSs were finally diluted in CTAB solution (5-10* M) at a
molar concentration of 2 nM (NPs concentration) for their storage and further use. Scanning
Electron Microscopy (SEM) analysis of the as-prepared NSs (see Figures 4.6 e-f) presented the
typical star-shaped morphology with an average (+ standard deviation) tip-to-tip length of Lns
=(82.6 £ 4.9) nm.

iii) Core-Shell AUNS/ZIF-8 Nanocomposite (NC)

The synthetic and purification protocol for the NCs was equivalent to the one previously
described for pristine ZIF-8 particles, but a NP solution (NSs at a concentration of 2 nM in
5x10* M CTAB aqueous solution) was added instead of the CTAB solution. In this case, the
appearance of bluish turbidity was gradually observed during the formation of ZIF-8. The
resulting NCs redispersed in 3 mL of methanol (MeOH) were assumed to have a particle
concentration of 0.67 nM, since this is the final concentration of NSs in the solution and it is
assumed that one NC was formed per NS (i.e., NSs acted as seeds and under optimized
conditions, almost all the ZIF-8 particles contained a NS in the center).
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Figure 4.6. Optical characterization of the as-prepared NPs seeds: a) UV/Vis absorption spectrum showing
their Surface Plasmon Resonance (SPR) peak at A = 517 nm; b) representative TEM image (scale bar corresponds
to 50 nm); and c) the corresponding histogram of the number-weighted size distribution N of the core diameter

dc of NPs as determined from TEM images, dc = (11.4 + 0.9) nm. Optical characterization of the as-prepared
NSs: d) UV/Vis absorption spectrum A showing their SPR peak at A = 768 nm; e) representative SEM image (scale
bar corresponds to 200 nm); and f) the corresponding histogram of the number-weighted size distribution N of
the tip-to-tip length Lys of the NSs as determined from SEM images, Lys = (82.6 + 4.9) nm (adapted with
permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

The choice of the NSs at a concentration of 2 nM was influenced by prior optimization of
core-shell Au nanorods (NRs)/ZIF-8 nanostructures by varying the Au nanorods concentration
(ie., 1, 2 and 4 nM) in 5-10* M CTAB aqueous solution in the synthesis. Scanning electron
microscopy (SEM) revealed the resulting core-shell AuNRs/ZIF-8 nanostructures having a
different concentration of AUNRS (see Figure 4.7). In the case of 1 nM, smaller ZIF-8 particles
appear to be empty, and in the bigger ones, only a few AuNRs are observed to be located inside
the framework structures (see Figure 4.7a). With 2 nM of AuNRs, SEM results confirmed that
all AuNRs are confined within the ZIF-8 particles and with similar sizes and well-defined
morphology (see Figure 4.7b). Finally, increasing the concentration of AuUNRs up to 4 nM, it
was noticed that, as when using 2 nM AuNRs, most of the ZIF-8 particles contained an AUNR
in the center and only residual AuNRs are observed to be located outside the framework
structures (see Figure 4.7c). This result indicated that CTAB-coated AUNRS act as seeds onto
which the ZIF-8 grows.
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Figure 4.7. SEM micrographs of core-shell AuNRs/ZIF-8 structures with different concentrations of AuNRs: a)
1nM (average size = 150 nM), b) 2nM (average size = 120 nM) and c) 4nM (average size = 90nM).

Thus, the number of AuNSs seeds was choosen by the optimization process mentioned
before to minimize by-products, in this case, such as non-coated NSs and/or pristine ZIF-8
nanoparticles. Scanning electron microscopy (SEM) revealed the resulting NCs having a
polyhedral morphology with an average size of ~218 + 24 nm (see Figures 4.8a-c); Figures
4.8d-f shows bare ZIF-8 particles with cubic morphology™& 228l with an average size of 169 +
27 nm, as control, when no NSs are added.

4.2.4. Encapsulation of Dye Molecules in AUNS/ZIF-8 Nanocomposite (NC-HOE)

The next step was the encapsulation of the bioactive cargo. We choose the bisbenzimide
compound Hoechst H 33258 (HOE), a blue fluorescent dye typically used for DNA staining in
molecular biology.?*! The properties of HOE are particularly interesting for our purposes
because DNA-unbound HOE is less fluorescent (ca. 1:30) than DNA-bound one, and free or
released HOE will stain cell nuclei.[?6]

Then, NCs were loaded with HOE (NC-HOE) by soaking the NCs in a HOE solution (in
methanol). After purification, an average of ~2.9x10° HOE/NC was estimated by fluorescence
measurements (using calibration curves, Figure 4.9) (see section 2.3.2).

130



Gold Nanostars@Zeolitic Imidazolate Framework 8 Core-Shell
Nanostructures for Light Triggered Release: in Vitro

120 1
’ZIF-8
80 - ‘§
[oo) S T N
. z \
L 40 - §‘
N T AN
= VL 0 D"\ N b |
_ . 100 200 300
d. [nm]
40
o
1 30|
LL —_
~ |- E
S
n z
% 10}
3 L-VL-I
< :*. 0= 500 20 240
d,. (nm)

Figure 4.8. a-b) Low and high magnification SEM micrographs of ZIF-8 nanoparticles (SE2: type Il secondary
electrons, 3kV). c) Histogram of the number-weighted distribution N of the particle diameter (i.e., vertex-to-
vertex distance) dc of ZIF-8 particles, as determined from SEM images using ImageJ; dzir.s= 169 £ 27 nm. d-e)

Low and high magnification SEM micrographs of NCs (SE2: type Il secondary electrons, 3kV), scale bars

correspond to 200 nm. f) Histogram of the number-weighted distribution N of the diameter (i.e., vertex-to-
vertex distance) dnc of NCs, as determined from SEM images using ImageJ; dzir-s= 218 + 24 nm (adapted with
permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

) Quantification by Fluorescence Measurements

The amount of HOE molecules loaded into the NCs as dispersed in MeOH was quantified
by fluorescence (Aexc/Aem=350/480 nm) indirectly, by measuring the HOE remaining in the
supernatants after centrifugation and washing steps of the particles. The HOE concentration in
the supernatant was determined by interpolation of the measured fluorescence intensity (1) to a
previously constructed analytical calibration curve (see Figure 4.9a). This led to a value (mean
+ standard deviation, n=2) of 2.94x10° + 5.64 x10%> HOE per NC. It is worth noting that direct
fluorescence measurements of the HOE molecules loaded into the NC led to an underestimation
of the loaded amount, which is likely due to fluorescence quenching of HOE trapped in the ZIF-

8 pores.
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Figure 4.9. Calibration curves of HOE in (a) MeOH and (b) water were obtained from fluorescence
measurements under excitation at 350 nm (I). Fluorescence intensity (I) at the maximum emission peak as a
function of HOE concentration c is plotted, and the calibration equation is obtained by fitting a linear
regression line to the collected data; R? is the coefficient of determination (adapted with permission from ref.
[245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

4.2.5. Surface Functionalization in AUNS/ZIF-8 Nanocomposite (NC-HOE-PMA)

Next, a polymer grafting strategy was developed to “trap” the HOE inside the ZIF-8 voids
and avoid its leakage. To that aim, we employed a post-functionalization strategy based on
coating the NCs with PMA which has been extensively used for the functionalization of
inorganic NPs.[*"]

i) PMA-Based Amphiphilic Polymer

NC and NC-HOE were functionalized with a PMA-based amphiphilic polymer (i.e., poly
[isobutylene—alt-maleic anhydride]-graft-dodecyl) in order to provide them with long-term
colloidal stability in aqueous solution. The synthesis of the PMA (see section 2.3.2) as well as
the protocol for the PMA-functionalization was performed as described previously (see Figure
4.10).'1 The PMA optimization was based on achieving an optimum functionalization, that is,
producing NC-PMA particles, which are colloidally stable in aqueous solution, while using the
minimum amount of PMA for avoiding the formation of a large excess of free PMA micelles
in solution. Anyhow, these free polymer micelles were removed by centrifugation. A scheme
of the PMA—functionalization procedure of NC is shown in Figure 4.11.
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Figure 4.10. Synthesis of poly (isobutylene-alt-maleic anhydride)-graft-dodecyl. a) Poly (isobutylene-alt-maleic
anhydride) is used as hydrophilic backbone (pink box is showing one monomer unit). b) Dodecylamine is used as
hydrophobic side chain. The amphiphilic polymer was obtained by reaction of the hydrophilic backbone with
hydrophobic side chains. c¢) Structure of the amphiphilic polymer (PMA-g-dodecyl). The pink box in c shows a
monomer unit with attached side chain (final molar mass of one polymer unit Mp). The hydrophobic and
hydrophilic parts are drawn in red and blue, respectively. (Adapted with permission from ref. [17]. Copyright
2016, American Chemical Society).

i) Quantification by Fluorescence Measurements

A comparative analysis of TGA, N isotherms and fluorescence HOE Quantification was
further evaluated. The quantification of the HOE after the PMA-functionalization step was
carried out by fluorescence measurements as described previously, here the measurements and
calibration curve were performed in water, cf. Figure 4.9b. The amount of HOE after the PMA-
functionalization decreased to ~2/5 (1.25x10° + 6.11 x102 dyes molecules per NC) of the
original HOE content in NC-HOE, which may indicate that there is some HOE-leakage during
the PMA-functionalization process and/or PMA was encapsulated, partially occupying the ZIF-
8 voids.
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Figure 4.11. Scheme of the PMA-functionalization procedure of NC. PMA polymer (the red box shows one

monomer unit) and NCs are mixed in a round flask (3:1 MeOH:CHCl;) in a ratio of 150 monomers per nm? of

NC, the solvent is then evaporated using a rotary evaporator, and the final dried product is redispersed in

sodium borate buffer (SBB pH=9) by mild sonication. Purification of the resulting NC-PMA is carried out by

centrifugation and washing with water (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH
Verlag GmbH & Co. KGaA).

11)) Colloidal Characterization

After PMA functionalization and redispersion in water, the purified nanocomposites (NC-
HOE-PMA) retained the polyhedral morphology, bluish aspect (see Figures 4.12a-c) and the
hydrodynamic diameter of the original NCs (for comparison see Table 4.4 and Figure 4.13),
with {-potential from +34.2 to —27.5 mV before and after PMA functionalization, respectively,
consistent with that obtained from other PMA-coated NPs.'”l  Additionally, UV-Vis
spectroscopy was used to record the UV/Vis absorption spectrum of NCs in water, showing a
SPR band centered at 790 nm (see Figure 4.12d). Figure 4.12e shows the fluorescence spectra
of HOE before encapsulation (i.e. free dye) and after their loading into the NCs, in which a
significant shift of the maximum emission peak was observed (from 472 nm to 480 nm),
attributed to the interaction of HOE molecules with the ZIF-8 and/or the change of the
surrounding medium inside the ZIF-8 pores. It is worth mentioning that PMA-functionalization
of NCs led to a further redshift of the HOE emission from 480 nm to 492 nm.

After PMA-functionalization, the HOE loading dropped to ~40% of the original content
(~1.2-105 HOE/NC); this result suggests that some dye leakage may occurr during PMA-
functionalization and/or PMA partially replaced the dye within the porous ZIF-8 MOF
structure, as mentioned previously.

134



Gold Nanostars@Zeolitic Imidazolate Framework 8 Core-Shell
Nanostructures for Light Triggered Release: in Vitro

V2
15
d) ——NS
] —— NS@2zIF-8
a) 1.0
£
s
< 05
0.0 —
400 600 800 1000
b) A (nm)
.o A,
»
L
Te?® ’
e,
free HOE NC-HOE NC-HOE-PMA
€) 104 A
C) —— NC-HOE-PMA
0.8
0.6 4
£
s
=" 044
0.2
0.0 &5 . ;
400 500 600
A (nm)

Figure 4.12. Representative SEM images of NC-PMA particles taken at different magnifications, with several
detectors as well as voltages to get different information. a) Images collected with Everhart-Thornley detector
(SE2, secondary electrons) at 3 kV; b) InLens detector (SE1, secondary electrons) at 20 kV; and c) AsB detector

(backscattered electrons) at 20 kV. Scale bars correspond to 200 nm. d) Normalized UV/Vis absorption
spectrum Anorm of NC particles showing their SPR peak at A = 790 nm. Note that the UV/Vis spectrum of bare
gold nanostars (NS) is also shown for comparison. e) Normalized fluorescence spectra lnorm of HOE before (free
dye molecules) and after encapsulation into the nanocomposite (NC-HOE), as well as after PMA-
functionalization (NC-HOE-PMA), respectively (adapted with permission from ref. [245]. Copyright 2019, Wiley-
VCH Verlag GmbH & Co. KGaA).
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Figure 4.13. DLS intensity- (I), volume- (V), and number-weighted (N) size distributions, dn, of NC-HOE a)

before b) and after PMA-functionalization (NC-HOE-PMA). The NC-HOE sample was dispersed in MeOH wheras

the NC-HOE-PMA one was dispersed in water (adapted with permission from ref. [245]. Copyright 2019, Wiley-

VCH Verlag GmbH & Co. KGaA).

Table 4.4. Hydrodynamic diameters, dn, (mean value + standard deviation SD) as derived from DLS
measurements of NC-HOE and NC-HOE-PMA. The polydispersity index (PDI) for each sample is also given. Data
correspond to the raw ones shown in Figure 4.13.

Sample dhgy(nm) dh(v)(nm) dhvy(nm) PDI
NC-HOE 289 + 92 356 + 106 244 + 88 0.09
NC-HOE-PMA 273 + 98 348 + 103 235+ 85 0.26

dhq), dnwv) and dnn) refer to the mean average hydrodynamic diameter from the intensity, volume and number-
weighted size distributions derived from DLS, respectively. PDI refers to the polydispersity index. Standard
deviation values were calculated from three independent measurements.

4.2.6. Selected Nanoparticles

To summarize the previous results, the addition of CTAB during the synthesis can be tuned
the size of ZIF-8 particles. Then, the growth of a ZIF-8 particle on a single gold nanostar
resulting in a core-shell structure was performed, followed by the encapsulation of the bioactive
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cargo (i.e., Hoechst). Finally, the samples were functionalized with a PMA-based amphiphilic
polymer (i.e., poly [isobutylene—alt—maleic anhydride]—-graft—dodecyl). Figure 4.14 shows the
different nanoparticles in this chapter with their respective acronym.

~-d -4 ®ed T4 N4
¢ CH: ¢ * B :*, N i
W W | e | i
Cep o« | e i
---------------
ZIF-8 ' NC | NC-HOE i NC-PMA | NC-HOE-PMA

Figure 4.14. Schematic illustration of the different nanoparticles in this study.

4.2.7. Colloidal Stability of the Nanocomposites

Colloidal stability of PMA- and non-PMA (i.e., NC-PMA and NC, respectively)
functionalized systems was evaluated in water and cell medium for one week by DLS (see
Table 4.5). The integrity of non-PMA (or NC) samples was compromised in both media as
reflected by the rapid decrease of dn (<5 h), as shown in Figures 4.15a and c.

By simple visual inspection, one could also see how the characteristic turbidity of the NCs
(i.e., non-PMA) gradually disappears within few hours as observed from Figure 4.16a.
Moreover, scanning electron microscopy (SEM) inspection of NCs redispersed in water
illustrates their “disintegration” (see Figures 4.16b-c). On the other hand, dn of samples with
PMA remained stable, indicating that water or cell medium did not affect their integrity (see
Figures 4.15b-c), which was also corroborated by SEM inspection of NC-PMA after dispersion
for one week in water (see Figures 4.16d-f).
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Figure 4.15. DLS intensity-, volume-, and number-weighted size distributions, d, of NC a) before b) and after

PMA-functionalization, NC-PMA as dispersed in water at different time points. ¢) Mean d; for one week for NC

(red) and NC-PMA (blue) in water (squares) and cell medium (circles), respectively (adapted with permission
from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).
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Table 4.5. Hydrodynamic diameters, dn, (mean value + SD) as derived from DLS of nanocomposite particles
before (NC) and after PMA-functionalization (NC-PMA), and dispersed in water or in cell culture medium at
different time points. SD values correspond to the standard deviation of the diameter mean value as obtained
from several repeats (n=3).

NC
water cell medium
Time
dhgy ("M)  dnw) (M) dhey (M) PDI | dhg) (hm)  dny (hm)  dheyy (nm) PO
Oh 289 + 7 356 + 4 244 + 3 0.09 297 +10 378+12 271+9 0.22
1h 159+4  172+3 14512 0.17 219+4  232:5 201:4 0.36
5h 122+4  119:6 88 +7 0.25 154+ 6  142+7  118:6 0.30
NC-PMA
water cell medium
Time
dno) (nM)  dny) (NM)  drn) (NM) PDI dn) (nm)  dnv) (NM)  dney) (NM) vl
Oh 283 +5 359 + 8 238 +7 0.21 292+9 362+12 245+7 0.23
24 h 273+ 8 349+7  234+5 0.26 315+9  375+15 2605 0.22
72 h 277 + 6 346 + 9 236 +5 0.24 321+8 371+13 2586 0.27
7 days 281+5 345+7  239:9 0.24 318+9  369+13 252+7 0.32

dn), dnv) and dn) refer to the mean average hydrodynamic diameter from the intensity, volume and number-
weighted size distributions derived from DLS, respectively. PDI refers to the polydispersity index. Standard
deviation values were calculated from three independent measurements.
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. — e -
© — 1 e —— 1
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+
NON-PMA ""— Removing ~—— — = _— - \ = -
MeOH - 2
Fast
NC/MeOH dissolution  NS/H,0

of ZIF-8

—
200 nm

Figure 4.16. a) Assay to check the lack of stability of bare NC (without PMA coating) in aqueous solution. NC
particles initially stable in MeOH were centrifuged, MeOH (supernatant) was removed, and NC particles
(precipitate) were redispersed in water, resulting in the dissolution of the ZIF-8 shell around the NSs. b-c) SEM
micrographs of NCs with PMA coating (after exposure to aqueous solution, without centrifugation/purification)
after drop casting on Si substrates. d-f) SEM micrographs of NCs acquired with different detectors: d) SE2, 3kV,
e) InLens, 20kV, and f) AsB, 20kV (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag
GmbH & Co. KGaA).
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Structural Characterization

i) Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) analysis of both PMA and non-PMA coated samples
exhibit the characteristic Bragg peaks of ZIF-8 and AW’ and confirms that PMA-
functionalization does not affect the ZIF-8 shell crystallinity (see Figure 4.17). The relevant
peaks identified by PXRD analysis for each sample are summarized in Table 4.6.

‘ | sim ZIF-8

A A A
A l ZIF-8 ¢« B
N | A, A "

S
2 (V™
VE sim Au ZIF-8
A
¥
NC
S5
1 1 1 1
NC-PMA
10 20 30 40 50

20 (degree)

Figure 4.17. PXRD spectra of ZIF-8 (grey), NC (orange) and NC-PMA (blue). For comparison, simulations of ZIF-

8 [black, COD (Crystallography Open Database): 7111970] and Au-fcc (wine; COD: 9008463) are added. lhorm is

the normalized intensity (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH &
Co. KGaA).

i)  Surface Enhanced Raman Spectroscopy (SERS)

Once we confirm that our NCs are stable in aqueous solution, the next step was to test the
effective encapsulation of HOE into the MOF composites by surface enhanced Raman
spectroscopy, SERS (with and without PMA and/or HOE). Free HOE was used as control (see
Figure 4.18). The results indicated that SERS spectra of plasmonic NCs without HOE were
dominated by the characteristic vibrational modes of ZIF-8 (the imidazole ring puckering, 685
cm®; the CN stretching, 1146 cm™ and the CH waging, 1460 cm™).12471 Nevertheless, when
NCs were loaded with HOE, none of these vibrational features can be observed as a
consequence of the strong signal promoted by the dye in close contact with the plasmonic
surface (ring breathing, 980 cm™; CH deformation 1270 and 1455 cm™and CC and CN
stretchings,1554 and 1575 cm™), i.e., samples NC-HOE and NC-HOE-PMA showed the
characteristics SERS peaks for Hoechst dye and the small characteristics vibration modes of
ZIF-8.
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Table 4.6. Major peaks: (relative intensity > 6%) identified in the ZIF-8 diffractogram, (relative intensity > 6%)
identified in the NC diffractogram, and (relative intensity > 9%) identified in the NC-PMA diffractogram,
respectively.

FWHM Left

Sample Pos. [°20] Height [cts] [°20] d - spacing [A] Rel. Int. [%]
7.38 597 0.14 11.963 100.0
12.79 270 0.12 6.914 45.2
18.10 140 0.11 4.898 23.5
10.44 116 0.13 8.468 19.5
ZIF-8 16.53 84 0.08 5.359 14.1
26.68 57 0.13 3.338 9.6
14.77 270 0.12 5.991 8.2
24.52 44 0.12 3.628 7.5
29.68 42 0.11 3.008 7.0
7.39 531 0.19 11.948 100.0
12.81 264 0.16 6.904 49.6
38.28 132 0.65 2.349 24.9
18.13 127 0.17 4.891 23.9
NC (non 10.46 94 0.17 8.452 17.7
PMA) 26.73 65 0.10 3.332 12.2
16.54 60 0.16 5.354 11.2
14.81 43 0.12 5.977 8.2
24.55 43 0.18 3.623 8.2
29.73 37 0.10 3.002 6.9
44.38 35 0.87 2.039 6.6
7.36 24 0.17 12.001 100.0
16.52 22 0.17 5.361 89.6
12.78 21 0.25 6.923 88.5
38.24 19 0.62 2.352 76.8
18.13 13 0.26 4.889 52.2
NC-PMA 14.79 11 0.09 6.923 45.5
8.44 11 0.09 10.463 45.0
10.46 11 0.11 8.447 44.4
29.70 5 0.20 3.005 22.5
24.44 5 0.30 3.639 22.2
44,54 5 1.30 2.033 19.7
25.50 2 0.50 3.489 9.7
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Figure 4.18. SERS spectra of free HOE and nanocomposites (NCs) with or without HOE trapped (adapted with
permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

4.2.8. Thermal Characterization

Furthermore, the thermodynamic characterization of the prepared NCs and pristine ZIF-8 were
systematically investigated by thermogravimetric analysis (TGA) performed under air
atmosphere (see Figure 4.19). The samples without PMA showed a sharp weight loss (50-60
wt%) at around 400 °C, associated with the total combustion of 2-methylimidazole and the
formation of different inorganic residues: ZnO in case of ZIF-8, or ZnO and Au® in case of NC
and NC-HOE, as identified by XRPD of the residues (see Figure 4.20). PMA-modified samples
showed an initial mass loss (~10 wt%) associated with the PMA glass transition (150-250 °C)
and a final departure (~20 wt%) at around 250-350 °C,[*"! followed by the combustion of the
2-methylimidazole as observed in non-PMA samples (~400 °C). The different inorganic
residues served us to estimate the relative content of Au, PMA, ZIF-8 and HOE among samples
(see Table 4.7).
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Figure 4.19. TGA of the different nanoparticles (adapted with permission from ref. [245]. Copyright 2019,
Wiley-VCH Verlag GmbH & Co. KGaA).

i) Recalculation of the Inorganic and Organic Content

Taking into account the evaporation of water and remaining solvents within the porosity T<
150 °C, the recalculation of the inorganic and organic content (% wt = weight percentage) of
the samples (i.e., ZIF-8, NC, NC-HOE, NC-PMA and NC-HOE-PMA), is described below
(numerical values are provided in Table 12):

NS wt % in NCs: considering there is no loss of organic content of ZIF-8 (Melm) during
the synthesis:

Organic wt % NC

Inorganic wt % NCquivalen™ 7 =7 s
2 /0 equivalent Organic wt % ZIF-8

x Inorganic wt % ZIF-8  (4.1)

NS wt % = Total Inorganic wt % NC - Inorganic wt % NCquivaient (4.2)

HOE wt % in NC-HOE: considering the inorganic content (NS and Zn) remains constant:

Organic wt % NC-HOE.qivalent = Inorganic wt % NC-HOE Organic wt % NC (4.3)

Inorganic wt % NC

HOE wt % = Total Organic wt % NC-HOE - Organic wt % NC-HOE g ivatent  (4.4)

PMA wt % in NC-PMA: considering the inorganic content (NS and Zn) remains constant:
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Organic wt % NC-PMA .quivaten™ Inorganic wi % NC-PMA Organic wt % NC (4.5)

Inorganic wt % NC

PMA wt % = Total Organic wt % NC-PMA - Organic wt % NC-PMAg,ivaent (4.6)

HOE & PMA wt% in NC-HOE-PMA: considering the inorganic content (NS and Zn)
remains constant and that 1/3 of HOE remains inside after PMA functionalization:

Organic wt % NC-HOE-PMA ¢qyyqlen= st ¥t % RCHOBPYA » Organic wt % NC - (4.7)

Inorganic wt % NC

(PMA+HOE) wt % = Total Organic wt % NC-HOE-PMA - Organic wt %
NC-HOE-PMAequivalent (48)

Inorganic wt % NC-HOE-PMA
Inorganic wt % NC-HOE

HOE wt % = (%/5) x HOE wt % in NC-HOE (4.9)

PMA wt % = (PMA+HOE) wt % - HOE wt % (4.10)

Table 4.7. Organic and inorganic weight percentage (wt %) derived from TGA measurements in selected
samples, and estimated % wt of Au, HOE and PMA.

Sample Organic wt % Inorganic wt % Au wt % HOE wt % PMA wt %
ZIF-8 63.92 36.08 n/a n/a n/a
NC 52.89 47.11 17.26 n/a n/a
NC-HOE 60.57 39.43 14.44 16.30 n/a
NC-PMA 64.95 35.05 12.84 n/a 25.60
NC-HOE-PMA 70.10 29.90 10.95 4.94 31.59

4.2.9. Surface Characterization

i) N2 Isotherms Analysis

The surface area and porosity properties of the different the types of particles were evaluated
by nitrogen adsorption-desorption experiments. N2 sorption measurements at 77 K of ZIF-8,
NC, NC-HOE, NC-PMA and NC-HOE-PMA showed type | isotherms (see Figure 4.21a),
characteristic of microporous materials, with a BET specific surface areas (Sget) of 1800, 1570,
1260, 850 and 220 m?-g ™%, respectively. Specific surface area was determined by applying BET
equation (Brunauer, Emmett & Teller) in the pressure interval P/P, =0.01-0.3 (being Po the
saturation pressure).
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Figure 4.20. PXRD spectra of TGA residues. For comparison, simulations of ZnO (violet; COD: 2300112) and Au
(wine; COD: 9008463) are added. lnhom is the normalized intensity (adapted with permission from ref. [245].
Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

The normalization of the Sger by the porous ZIF-8 weight shows no significant difference
between the ZIF-8 and NCs, indicating that the ZIF-8 shell shares the same textural properties
as the pristine ZIF-8 (see Table 4.8). The important reduction of the microporosity (normalized
Sget before and after HOE encapsulation ~1800 versus 1500 m?-g™?) confirms that the HOE is
allocated within the ZIF-8 shell.

The corrected surfaces indicate that PMA not only provides an outer coating for the NCs,
but also partially fills the NC-PMA (Sger~ 1440 m?-g~1), which agrees with the results obtained
by fluorescence (~60% HOE loss after PMA, final corrected Sger~ 470 m?-g). Furthermore,
the additional and progressive N2 sorption at higher pressures (P/Po = 0.3- 0.9) in the PMA -
coated samples suggests gas adsorption on the surface polymer branches (0.25 cm®.g™ in NC-
PMA versus 0.06 cm3-g in the pristine ZIF-8, respectively). Of note, the volume occupied by
HOE in NCs (estimated from the total HOE content and N2 sorption measurements: V~0.13
cm?®.g, see Table 4.8 and Figure 4.21b, and from fluorescence data: V~0.15 cm3-g, is within
the range of its theoretical volume (V~0.24 cm3.g*, estimated by taking into account the
volume of a HOE molecule under vacuum and its loading in the solid. Pore volume and pore
size distribution were calculated by the NLDFT method (Non-Localized Density Functional
Theory) and the HK (Horvath-Kawazoe) methods, respectively.
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In fact, although the estimated HOE dimensions (18.5x4.1x4.1 A) are slightly larger than
the accessible windows of ZIF-8 (~3.6 A),[*®l the potential HOE rearrangement and the
flexibility of ZIF-824% support the HOE location within the porous particle structure in
agreement with SERS data.
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Figure 4.21. a) N, sorption isotherms at 77 K of the different nanocomposites (NCs). b) HK pore volume
distribution of selected samples (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag
GmbH & Co. KGaA).

i) Comparative Analysis of TGA, N2 Isotherms and Fluorescence HOE
Quantification

HOE content in NC was estimated from different characterization data, providing values in
the same order of magnitude. Notice that we had to take rough approximations such as the
volume of one NC, the concentration of NC or the number of HOE per NC (from fluorescence
data).
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TGA:
Considering the % wt values in Table 4.7, the weight ratio HOE/ZIF-8 is:

g HOE wt %
RLOE — o _ d =024  (411)
gzrs  100-NSwt% - HOE wt % - NS wt %

Then, taking the number of HOE molecules (MWnoe = 424 g/mol) corresponding to the
HOE ratio above calculated, and the HOE volume (Vhoe = 18.5 x 4.1 x 8.6 A = 0.65 x 102
cm?®, overestimated dimensions of HOE in vacuum) per g of ZIF-8, the pore volume occupied
by the HOE load can be estimated as:

Pore volumeyor = RAx: X MWyop™ x Nj X Viop= 0.22 cm®g™! (4.12)

N2 Isotherms:

Considering the data (corrected) from Table 4.8, the pore volume occupied by the HOE
loaded is:

Pore volumeyor = Pore volumeye - Pore volumeyc.pop = 0.13 cm?g™! (4.13)

HOE Loading Estimated from Fluorescence Quantification:

From the HOE loading estimation based on fluorescence data (i.e., Nnoe = 2.93x10° +
6.20x102 HOE/NC-HOE), we can make an approximation of the pore volume occupied by the
HOE loading as:

Pore volumeyor = NjjopX Vior*( Vienor-Vas)' X Pgne= 0-15 em’g!  (4.14)

where the volume of one NC-HOE was approximated tothat of one cube of edge L = 154 nm
(which corresponds to a square of edge 154 nm circumscribed in a circle of diameter 218 nm),
and then

Vnenop-Vas =L =3.60 x 1077 cm? (4.15)
Also, we estimated the density of a NC as:

=0.012 x p, +0.988 x =0.50gcm™  (4.16)

PeteNe Pzir-g

where pau =19.3 gcm™, pzir-s = 0.35 g cm™, and we estimated from geometrical considerations
and the TGA analysis (Au wt % in NC) that one NS occupies ca. 1.2 % of Vnc.
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Table 4.8. Data extracted from the N, isotherms analysis.

Micropore volume Micropore volume  Mesopore volume

Sample (;3;1) (P/Po<0.3) (mSZZE_I) . (P/Pg<0.3) (P/P4=0.3-0.9)
(cm’g™) (cm’g")* (cm’g")*

ZIF-8 1800 0.68 : : 0.06

NC 1570 0.61 1840 0.74 0.10

NC-HOE 1260 0.51 1510 0.61 0.12

NC-PMA 850 0.40 1440 0.67 0.25

NC-HOE-PMA 220 0.11 470 0.24 0.23

* corrected considering exclusively the ZIF-8 weight

4.2.10. Thermoplasmonic Behavior Studies in Aqueous Solution and Inside Living
Cells

Photothermal characterization of the nanosystems and the entire experimental work

involving cells were part of the Ph.D. thesis of Raguel Martinez Gonzalez (Completed) (see

Chapter 6 Appendix 6.1).

Results arising from the thermoplasmonic behavior studies of NCs in aqueous solution and
inside living cells can be summarized as follows:

1) Bare (in methanol) and PMA-coated (in water) NCs were irradiated for 1 min (7 W/cm?)
with a NIR optical system. It was found that the greater the concentration, the higher the
temperature was achieved (~44 °-56 °C) (see Figure 4.22a).

2)

3)

After irradiation, NCs were precipitated and the HOE content (released) in the
supernatant was quantified by fluorescence. The irradiated samples showed a much
higher HOE release than the control ones, heated in a thermostatic batch (1 min, 50 °C),
or than non-treated samples (RT) (see Figure 4.22b).

HOE-loaded, non-PMA- and PMA-coated Ns were added to adherent cells. The
intracellular monitoring of cargo delivery upon illumination with a NIR light (785 nm,
3 mW) was carried ou using SERS imaging with a confocal microscope.

3.1)

3.2)

From SERS results (see Figure 4.22c); no signals belonging to HOE were
detected for NC-HOE. This is consistent with the degradation of ZIF-8 in the
water previously to cell uptake. In the case of NC-HOE-PMA, a clear HOE signal
was recorded in certain regions of the cell (likely in lysosomes)?>° previous to
light illumination. In fact, after 8 h of irradiation no HOE signal could be
discerned. However, the release kinetics clearly show that ~75% of HOE is
released for the first 2 h of illumination. These results contrast with those
obtained for the same nanomaterial but in the absence of continuous illumination.
At time 0 h and after 8 h SERS spectra show clear HOE signals, indicating that
the integrity of the drug carrier was not compromised.

SERS data fully agree with equivalent studies by confocal microscopy. From
Figure 4.22d, NC-HOE-PMA showed HOE accumulation (blue colored dots) in
the vicinity of the nuclei, which were not blue-stained due to the lack of HOE
leakage. On the other hand, the non-PMA-coated sample showed bright nucleus
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blue staining as a consequence of HOE leakage as a consequence of the lack of
NC integrity in cell medium (see Figure 4.22¢).

3.3) Finally, cells containing NC-HOE-PMA were irradiated with the NIR
illumination setup (5 min, 7 W/cm?, beam diameter ~1 cm?). A stained nucleus
was observed thanks to controlled HOE release (see Figure 4.22f).
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Figure 4.22. a) HOE release in methanol by fluorescence (I) after NIR illumination of the NC-HOE system (pink)
at different concentrations (c); as controls, NC-HOE was heated in a thermostatic batch (50 °C, 1 min, yellow)
or non-heated (red). b) Equivalent HOE release (l) in water for the NC-HOE-PMA system (blue); control samples
at ¢=0.05 nM did not show any significant HOE release (*below the detection limit). c) SERS spectra of NCs after
incubation with cells. Spectra were acquired in the presence and absence of NIR illumination (785 nm); solid
and dashed lines represent the time points 0 h and 8 h, respectively. d-f) Confocal microscopy image of cells
incubated with NC-HOE (d), NC-HOE-PMA(e) and NC-HOE-PMA after NIR treatment (f). In d-f), blue and orange
color represent HOE and cell membrane staining (CellMask™ Deep Red), respectively; scale bar is 40 pm
(adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).
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4.3.Conclusions

In this chapter, we demonstrated the development of a ZIF-8-nanomaterial combined with
thermoplasmonic and high drug-loading capabilities that are stable in both aqueous solutions
and cells. Zeolitic imidazolate Frameworks -8 and -67 (i.e., ZIF-8 and ZIF-67) particles were
produced with very high monodispersity and precise size using cetyltrimethylammonium
bromide (CTAB) as a growth-arresting surfactant. The ZIF-8 particles comprised a core of gold
nanostar (NS) that was encapsulated during the synthesis. The nanostructures were loaded with
bisbenzimide molecules as a functional cargo. The stability of the particles in aqueous medium
was achieved by coating them with the amphiphilic polymer PMA (poly-[isobutylene-alt-
maleic anhydride]-graft-dodecyl), which also prevents the drug from being uncontrollably
released. After PMA functionalization and redispersion in water, the purified nanocomposites
retained the polyhedral morphology and the hydrodynamic diameter (dn = 235 £ 85 nm). From
N2 sorption isotherms data it was observed that as the complexity of the system grows, the
porosity of the samples decreases. The crystallinity of the ZIF-8 shell was not affected by the
PMA functionalization, in agreement with XRD results. SERS data and confocal microscopy
studies on living cells agree with the fact that bare samples (uncoated) showed bright nucleus
staining as a consequence of HOE leakage. On the other hand, NCs with the PMA coating only
showed accumulation (blue-colored dots) in the vicinity of the nuclei, due to the lack of HOE
leakage; conversely, after NIR light irradiation the samples showed clear nuclei staining thanks
tot he light-induced HOE release.

150






Chapter 5




5. CaCOsSub-Micrometric Capsules for Ultrasound Triggered
Release: in Vitro and in Vivo

5.1. Introduction

Self-assembly of macromolecules, therapeutics, and/or inorganic nanoparticles into
multifunctional drug delivery systems allow unique opportunities to developed next-generation
theranostic nanomedicines.[?1: 521 There are a wide variety of well-established nanocarriers
such as those based on liposomes, polymeric micelles, microemulsion droplets, polymersomes,
metal-organic-frameworks (MOFs), and so forth.®”1 However, the layer-by-layer (LbL)
assembly of polymers onto porous templates allows the fabrication of ultrathin polymer shell
capsules that can be loaded with drugs, 2% 253-2%] therefore, LbL capsules are highly versatile in
the field of drug delivery.[33 61. 65,108,256, 2571 h| method offers versatility and flexibility that
allows to (i) encapsulate almost any drug, from small molecules (e.g., dyes) to large
macromolecules (e.g., proteins, enzymes, oligonucleotides, etc.),’?%8 (ii) layer self-assembly by
charge, hydrogen bonding, host-guest interactions, etc. of a wide variety of polymers (e.g.,
biodegradable, stimuli-responsive, bearing therapeutic function),’?*® and (iii) to incorporate
inorganic NPs into its shell to provide multimodal imaging and/or stimuli-responsive
capabilities.[?56: 2601

LbL assembly is performed by the addition of alternating charged polyelectrolyte layers onto
the sacrificial macromolecule-loaded cores. The PSS/PDADMAC polyelectrolyte system
(polyanion PSS: poly (sodium 4-styrene sulfonate); polycation PDADMAC: poly(diallyl
dimethylammonium chloride) have been extensively used in in vitro studies, showing
negligible toxicity compared to the toxic individual polyelectrolytes. [26% 2621 However,
biodegradable polymers have drawn important attention due to their biocompatibility. Thus, a
large variety of biodegradable LbL systems, even more biocompatible than the
PSS/PDADMAC system, have been also reported.l?* 263 2641 Dextran, poly-L-arginine, and

poly-L-lysine, amongst others, are some of the biodegradable polymers that have been already
USEd.[gl’ 265, 266]

The change of the surface charge after the deposition of alternating polymeric layers of
opposite charge can be confirmed by zeta potential measurements. It is important to say that, to
avoid the dissolution of the cores (i.e., sacrificial template) during LbL, the combination of
polyelectrolytes must be carried out at a mildly alkaline pH value (pH 9).

CaCOs (Sacrificial Template)

CaCOgparticles have been used as sacrificial templates to prepare micro- and nano-capsules,
as well as silica and polystyrene particles, amongst others.[?? 267l Compared to silica or
polystyrene, CaCO3z ones are promising as drug reservoirs with high-loading capacities (i.e.,
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macromolecule per particle) because the cargo is added during the CaCOs3 particle formation
(i.e., pre-loading)?®! CaCO; has three anhydrous crystalline polymorphs, including calcite,
aragonite, and vaterite. Typically, vaterite has a spherical crystal form called framboid or
raspberry?%l (see Figure 5.1a). Many authors claim that the vaterite sphere is the result of
smaller single-crystal subunits arranged with some degree of order.[?6°-2"X1 Figures 5.1b-c show
a detailed examination of the CaCOs particle surface?? and the radial fiber-like internal
structure of CaCOs particles,?”® respectively.

vaterite core

" &

0% ) “

amorphous o
sphere (pink) oriented nanocrystals randomly
(gray grains) oriented
nanocrystals
(black and white
grains)

Figure 5.1. Scanning electron microscope (SEM) images of different vaterite particle shape: a) CaCOs vaterite
crystals (adapted with permission from ref.[272] Copyright 2010, The Royal Society of Chemistry). b) Core
particle surface (adapted with permission from ref. [272] Copyright 2010, The Royal Society of Chemistry). c)
Core particle interior (adapted with permission from ref. [273] Copyright 2004, American Chemical Society). d)
Schematic illustration of the formation process of a vaterite microsphere (adapted with permission from ref.
[274] Copyright 2012, American Chemical Society).

Imai et al. studied the particle growth scenario of monodispersed microspheres of vaterite,
called the “sphere-to-dumbbell-to-sphere”.?’4 The formation pathway of an amorphous
microsphere includes a small vaterite core formed with polystyrene sulfonate (PSS); then,
oriented nanocrystals grow in the amorphous sphere, and these, in turn, are covered with
randomly oriented nanocrystals (see Figure 5.1d). As we mentioned before, vaterite has a
typical spheroidal structure, however, other complex shapes have been also reported: flower-
like shaped[?®! (see Figure 5.2a), rosette-shaped’® (see Figure 5.2b), hexagonal-shaped?’l
(see Figure 5.2¢), lens-shaped!?’" (see Figure 5.2d) and plate-shaped!?%® 2781 (see Figure 5.2¢)
ones.
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A

Plate-shape

Lens-shape

Figure 5.2. a) Flower-like shaped vaterite (adapted with permission from ref. [275] Copyright 2010, Materials
Research Society). b) Rosette-shaped vaterite. (adapted with permission from ref. [276] Copyright 2006,
American Chemical Society). c) Hexagonal shaped vaterite (adapted with permission from ref. [274] Copyright
2012, American Chemical Society). d) Lens-shaped vaterite (adapted with permission from ref. [277] Copyright
2005, American Chemical Society). e) Plate-shaped vaterite (adapted with permission from ref. [279]
Copyright 2002, WILEY-VCH Verlag GmbH).

Vaterite has been used for the preparation of controlled drug delivery carriers thanks to its
large porosity and surface area, but also, it is worth mentioning that it has a very low stability
which results in a rapid disintegration under relatively mild conditions.[28% 21 Therefore,
CaCOg particles can be easily removed after a layer-by-layer assembly process, LbL, using, in
general, a Ca®* chelating agent (i.e., ethylenediaminetetraacetic acid - EDTA). 2 In contrast,
polystyrene- and silica-templated particle cores require more aggressive conditions for their
dissolution as, for example, organic solvents (i.e., tetrahydrofuran or dichloromethane) and
buffered hydrofluoric acid, respectively.?’]

The use of CaCOs particles as sacrificial templates offers interesting prospects to encapsulate
macromolecules in polyelectrolyte micro-and-nano—capsules.% 3% 2651 Two different
approaches have been used to encapsulate molecules of interest within the polymeric capsules
made from CaCOs particle templates: “preloading” and “post-loading”. Preloading strategies
required porous templates. In contrast to silica- or polystyrene-templated LbL particles, CaCO3
particles allows for achieving high-loading capacities (i.e., macromolecules per particle)
because the cargo is added during the formation of the CaCOs particles (pre-loading).l®!
Moreover, the bioactivity of the encapsulated macromolecules into CaCOz particles is not
affected by macromolecule encapsulation and subsequent LbL polymer deposition. Petrov et
al. found that, in the case of calcium carbonate microparticles, the coprecipitation method was
five times more effective than cargo physical adsorption.[?? In the coprecipitation method, the
molecule of interest is captured during the growth process by CaCOs3 particles through the
combination of aqueous solutions of CaCl, and NaCQ3.5? 2821 On the other hand, in the “post-
loading” techniques, prefabricated polymeric capsules are loaded with macromolecules or low
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molecular-weight compounds by modifying the physicochemical environment. To achieve this
goal, the capsule shell is permeable to small molecules but not for macromolecules.??l The
encapsulation of small molecules is possible through shrinking (i.e., with temperature),% and
that of large molecules by changing the pH, ionic strength, or solvent polarity. The capsule
loading efficiency depends on the polymeric groups present in the outer charge compensation
layer and on the multilayer construction.[?l

The cargo release from capsules can occur by simple diffusion,?2 267 284 or py
biodegradation of the polymeric shell from both internal or external triggers(?> 267 284l
Triggering from internal factors involves predetermined conditions that change the capsule’s
surrounding environment, and the subsequent release of the cargo can occur. These include a
change in pH,?% enzymatic degradation,?®®! and redox processes. The use of external stimuli
such as light, magnetic fields, or ultrasounds (US) appears to be especially attractive for creating
local stimuli to induce a controlled cargo release. Hence, stimuli-controlled drug delivery
systems can enhance targeted delivery of nanomedicines by choosing when (temporal
resolution) and where (spatial resolution) to trigger drug release. For example, Elbaz et al.
found different curcumin release profiles when changing the composition of the polymeric
layers. The nanocapsules composed by chitosan and Eudragit L100 as the fifth and sixth-layer,
respectively, showed a delayed drug release at two pH values (i.e., 1.2 and 7.4), and
demonstrating the capacity to protect the drug in the stomach (pH 1.2) and the restricted release
in the intestine at neutral pH.?871 Although the release of macromolecules produced by external
stimuli has been extensively demonstrated in vitro with LbL microcapsules,®4 2%l in vivo
studies remains still relatively unexplored.

Motivation

The biological studies employing micrometric size of CaCOs-derived capsules (typically,
having diameters from 3 to 10 pm)/2881 present one main limitation as in vivo i.v. injectable
medicinal products. As to safety issues, due to their large size, LbL capsules are likely to be
rapidly sequestered within the capillaries in the lungs and by the organs of the
reticuloendothelial system.28: 28 Microvascular occlusion that may lead to thrombotic side
effects is also a concern, especially if the microparticle system lacks enough elasticity to pass
through pores smaller than their diameter.[?¢°]

Therefore, in the present chapter, we produced sub-micrometric CaCOz —templated polymer
capsules (NCs) of approximately 600 nm in diameter using the LbL technique. The NCs were
composed of non-biodegradable PSS and PDADMAC polymers. Additionally, to optimize the
encapsulation protocol, as well as to investigate a potential macromolecule’s role in the
encapsulation process, three fluorescently labeled macromolecules were encapsulated: dextran
(70 kDa), bovine serum albumin (BSA, 66.5 kDa) and recombinant tissue plasminogen
activator (rtPA) (70 kDa). The rtPA is an extremely “fragile” serine protease 2°0-2%2] jnvolved
in the breakdown of blood clots, being its systemic administration among the main effective
treatments during the acute phase of ischemic stroke, and also applicable in the treatment of
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acute myocardial infarctions, pulmonary thromboembolism, peripheral arterial thrombosis, and
leg vein thrombosis. 2%l

Herein, we explore an original approach based on sonosensitive LbL NCs, where NCs were
used as a multifunctional carrier for rtPA, which retained its enzymatic activity while
encapsulated, even in the presence of a plasminogen activator inhibitor. For tracking purposes,
the cargoes were fluorescently labeled (rtPA or other model macromolecules used herein) and
the NCs were tagged with magnetic NPs. Also, the use of ultrasound (US) to trigger the release
of fully functional rtPA from multilayer capsules was demonstrated in vitro and in vivo in mice.

5.2. Results and Discussions

5.2.1. The Influence of the Synthesis Parameters: PVSA to control growth formation
of CaCOs particles

Coprecipitation is the most common method for the synthesis of sacrificial porous CaCOs3
cores, in which aqueous equimolar solutions of CaCl, and Na>COs are mixed at room
temperature. This method is commonly used to fabricate porous CaCO3 microparticles (3—10
um), ¥ typically made of calcite, the most stable polymorph of CaCO3.12%* 2% During the first
60 minutes of Ca?"- COs* mixing, the thermodynamically unstable amorphous CaCOs
transforms into a metastable polymorph of CaCOs (i.e., nanocrystalline vaterite), which later (~
20 h) transforms to calcite via a dissolution-reprecipitation mechanism. 2% Researchers have
reported that the use of additives such as polymers and copolymers can preferably promote the
growth of calcite or vaterite.[7% 2% poly(vinyl sulfonic acid) (PVSA) has been used during the
CaCO3 growth to control growth formation and to stabilize the initially formed vaterite cores,
delaying calcite transformation.®? 2°71 Usually, 330 mM solutions of the precursors (CaCl; and
Na,COs) are used for the fabrication of CaCOs microparticles.®® 281 However, we used
relatively much lower concentrations (20 mM) of CaCl, and Na,COs3 to produce our cores.
Thus, 1 mL of 20 mM CaClz-2H,0 (147.01 g/mol) solution and poly (vinylsulfonic acid)
(PVSA, different concentrations, see Table 5.1) were mixed under continuous stirring (550
rpm) in a beaker. Then, 1 mL of 20 mM Na>COz (105.99 g/mol) solution was added rapidly,
and the solution was mixed (550 rpm) for 30 min at RT. The cores were obtained by
precipitation at 3x10° rcf (5 min). After centrifugation, the precipitate was washed water and
washed/precipitated one more at 3x10° rcf (5 min) to further characterize them.

Dynamic light scattering (DLS) showed the change in the number-weighted size population
distribution of the resulting particles for different PVSA concentrations used (see Table 5.2).
As the concentration of PVSA increases, the peak size decreases, in agreement with previous
results (see Figure 5.3).[2°71 Moreover, it was confirmed by SEM imaging that samples in the
absence of PVSA exhibit a cubic morphology (see Figures 5.4a-b) associated with calcite,[?6®
291 having an average diameter of dcc o = 3163 + 709 nm (see Figure 5.4 c).
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Table 5.1. PVSA concentrations to produce different particles.

Reaction time

Sample CaCl3°2H,0 [mM] Na;CO3; [mM] PVSA [uM] Gt
CCc_o 20 20 0
CC_0.1 20 20 50 30
CC_0.2 20 20 100
CC_1 20 20 500
— O
Solutions \330' —
: (=)
CaCl,-2H,0 g /-
+ =
PVSA =] Stirring purification
(different
concentrations) l
Na,CO
T DLS
800 | 0.08 J
=
0.06
600 | J
N ’ @ 0.05
£ m
k.
—~ 400} .
.
= 0
5
200 | J
0 1 1 1 ’l’l 1
0 50 100 500
PVSA [uM]

Figure 5.3. Schematic representation of the experimental setup for the synthesis of CaCOj; particles at
different PVSA concentrations and DLS data of the number-weighted average size peak for particles at
different PVSA concentrations; the number on top of each square corresponds to the polydispersity index
(PDI).

On the other hand, samples in the presence of PVSA display a spherical morphology (see
Figures 5.4d, e, g, h, j, k) that is associated with vaterite, 2% 29I having an average diameter of:
dcc 01 =693 £ 124 nm, dcc 02 = 541 + 83 and dcc 1 = 518 + 108 nm (see Figures 5.4 f, i, I).
These results indicate that P\VVSA not only acts as a surfactant but also has an active role in the
formation of the cores. Figure 5.4 shows the SEM images of all the samples shown in Table
5.1.
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Table 5.2. Mean average hydrodynamic diameters and (-potential values of CaCOs particles at different PVSA
concentrations.

Sample name dh) (nm) dne) (nm) PDI (;-(;;:)\i;c;\ntial
cc_o 313.0 + 225.6 313.5 + 226.6 0.98 + 0.05 -28.5+0.9
CC_0.1 746.4 + 21.6 730.5+2.4 0.08 + 0.04 -13.9+ 0.4
CC_0.2 620.1 + 33.2 574.3 £ 13.5 0.06 + 0.05 -14.3 £+ 0.7
CC_1 550.5 + 14.8 493.3 £+ 10.7 0.05 + 0.04 -13.8 £+ 0.2

dna) and dn) refer to the mean average hydrodynamic diameter from the intensity and number-weighted DLS
size distributions, respectively. PDI refers to the polydispersity index. Standard deviation values were calculated
from three independent measurements.

5.2.2. Structural Characterization: CaCQOs particles

i) Powder X-Ray Diffraction (PXRD)

To study the crystal structure of the CaCOg3 cores and their stability over time, freshly
prepared cores (in the presence of PVSA, 50uM) were freeze-dried (during approx. 12 h)
immediately after purification of the cores (sample 0 h), after 6 h (sample 6 h) or after 1 month
of the core’s preparation-purification process (see Figure 5.5). Freeze-dried samples (whitish
powders) were studied by powder x-ray diffraction (PXRD). In freshly prepared samples
(samples 0 h or 6 h), PXRD showed that the major crystalline component of our CaCOs is
mostly composed of the polymorph vaterite, as indicated by the characteristic major diffraction
peaks at 24.9°, 27° and 32.8° (see green marks in Figure 5.5), which correspond to [110], [112]
and [114] reflections. Although very weak at 0 h, we can observe in samples at 6 hours and 1
month a stronger peak calcite (29.4°) is formed. In all the cases, the diffraction pattern shows a
combination of vaterite and calcite, with varying weights.
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Figure 5.4. Low and high magnification SEM micrographs of different species of CaCOj3 particles from Table 1
after drop casting on Si substrates: a-b) CC_0, d-e) CC_0.1, g-h) CC_0.2 and j-k) CC_1 (SE2, 3kV). c) Size
histogram (dcc_o: mean diameter of CC_0) obtained after measuring the diameter of over 100 CC_0 particles
using ImageJ; dcc o= 3163 + 709 nm. f-1) Size histogram (dcc 0.1, dcc 0.2, dcc_1: mean diameter of CC_0.1,
CC_0.2 and CC_1, respectively) obtained after measuring the diameter of over 300 CC_0.1, CC_0.2 and CC_1
particles using ImageJ; dcc 0.1 = 693 + 124 nm, dcc 0.2 = 541 + 83 and dcc 1 = 518 + 108 nm.

However, PXRD suggested that vaterite-type CaCOsz particles are partially or totally
transformed into calcite after 1 month in aqueous solution. To our knowledge, peaks at 30.4°
and 34.5° (red marks in Figure 5.5) cannot be explained by the polymorphs calcite or aragonite,
and we ascribe them to crystallization intermediates or any of the several forms of vaterite;
vaterite has been suggested as a group of related structures that differ in the order of stacking
within the carbonate layers, rather than as a single disordered material.F%! Therefore, freshly
prepared cores were used in all the preparations.
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Figure 5.5. PXRD of samples 0 h (red line), 6h (black line) and 1 month (blue line). For comparison we added
simulations of calcite (pink line, ICDD PDF: 98-007-9674) and vaterite (green line; ICDD PDF: 98-002-7827).
Pink, green and red asterisks sit at characteristic peaks of calcite, vaterite and “unknown” phases, respectively
(adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

i) Fourier Transform Infrared Spectroscopy (FTIR)

Furthermore, Fourier transform infrared spectroscopy (FTIR) was used to identify the
presence of vaterite in the CaCOgz cores. Freshly prepared cores (in the presence of PVSA,
50uM) were freeze-dried (during approx. 12 h) immediately after purification of the cores
(sample 0 h). The FTIR spectra of the precursors: CaClz, Na;COgz, PVSA, and the calcium
carbonate particles (CaCOs cores) in the presence of PVSA (50 puM) are shown in Figure 5.6a.
The band assignments of the FTIR vibrations of the three different types of calcium carbonate
particles are presented in Table 5.3. According to the data shown in Figure 5.6b, the bands at
around 875 cm™* (v2) and 745 cm™ (va), correspond to COs? vibrations associated to vaterite.[%
3031 The band at 1087 cm™ (v1) also corresponds to the vaterite form; 26%1 however, we noted a
shift of the band vi to 1034 cm™ that can be related to the presence of PVSA in the sample.
Thus, the presence of vaterite in the CaCOs cores was confirmed by both PXRD and FTIR
analysis.

Table 5.3. Assignment of FTIR absorption bands of vaterite, calcite and aragonite.

IR absorption band

v (cm™) va2(cm™) vi(cm™) va(cm™) Reference
Experimental
vaterite 1034 875 - 745 data from this
work
vaterite 1087 877, 876 745, 744 [269, 304, 305]
calcite 1080 879, 877, 874 1492-1429 713, 712, 706 [29, 304, 305]
aragonite 1083, 1080 866, 858, 844 1504, 1492 713-11, 706, 700 [29, 304, 305]
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Figure 5.6. FTIR spectra of the a) CaCl,, Na,CO3, PVSA precursors, and the calcium carbonate particles (CaCOs
cores) in the presence of PVSA (50 uM). b) Zoomed area of FTIR spectra of the CaCO; cores at = 600-1200 cm'',
showing characteristics carbonate vibrational bands of vaterite.

5.2.3. CaCOs3 Macromolecule-Loaded Particles

) Dye-labeling

Protein labeling efficiency depends on the type of protein labeled, so the degree of labeling
is the average number of dye molecules coupled to each protein molecule i.e., the dye: protein
molar ratio and can be controlled by varying the ratio of dye labeling to the protein.l*%! Thus,
a high level of labeling is advantageous because it allows high sensitivity. However, over-
labeling may cause either quenching, decreased solubility, or loss of biological activity; and on
the other hand, too low dye-protein labels will lead to weak fluorescence emission.2%"! Here,
we selected 25 dyes per protein (i.e., 25:1) as the optimal molar ratio.
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Dextran labeled with rhodamine B isothiocyanate (RBITC, Dextran-RBITC) was used as
received (average MW = 70 kDa). In the case of rtPA, we used Alteplase (trade name
Actilyse®) as a raw active ingredient. This commercial injectable formulation of rtPA contains
as excipients polysorbate 80 (0.1 g per g of rtPA) and arginine (34 g per g of rtPA). These are
crucial to prevent precipitation of rtPA and, therefore, had to be included during dye-labeling
or cores formation, as otherwise, rtPA formed visible aggregates. In the case of BSA (66 kDa)
and rtPA (70 kDa), proteins were mixed with fluorescein-5-isothiocyanate (FITC) in
phosphate-buffered saline (PBS, pH = 8) at a ratio of 25 dye molecules per 1 protein molecule,
and left to react protected from light for 4 h.

The dye-protein was collected according to the manufacturer’s instructions (see section
2.2.3).

i) The Bradford Assay

Bradford assay was used to determine the protein concentrations cm (see Figure 5.7) after
dye-labeling in the buffer used in the column (i.e., PBS or PBS + arginine for BSA or rtPA,
respectively). The respective calibration curves were prepared by measuring the fluorescence
of different samples of known concentration cm. The fluorescence was measured using a plate
reader, which allowed to correlate protein (or dextran) concentration and fluorescent signal.
The samples of dye-labeled protein were protected from light and stored (4°C) at cm = 1 mg/mL.
Notice that although the ratio dye-to-protein was kept constant (approx. 25), in the case of BSA
the labeling efficiency was higher (see slopes 5.7 vs. 1.5 for BSA and rtPA, respectively). This
was because BSA presents a higher number of lysine residues than rtPA (60 vs. 22).
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Figure 5.7. Examples of correlation between concentration cy (as determined by the Bradford assay in case of

dye-labeled proteins, or as prepared in the case of dextran-RBITC) and fluorescence counts | (x10%). Linear fits

(LF) in each case were used to calculate unknown concentrations cy of rtPA-FITC, BSA-FITC, or dextran-RBITC,
from fluorescence readings (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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i) Synthesis of Macromolecule-Loaded CaCOs particles

Vaterite was preferred over calcite because of its higher porosity and rapid degradation in
mildly acidic media.[?8 2811 Using mild conditions to “dissolve” the cores is important to
prevent bioactivity draining of the encapsulated proteins, as well as to speed up the NCs’
production. The concentration of PVSA (50 uM) was optimized to achieve as much cargo (i.e.,
number of macromolecules per NC) as possible, while keeping sub-micrometric sizes (< 700
nm).

A schematic representation of the macromolecule-loaded core process is depicted in Figure
5.8.

AT
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Figure 5.8. Schematic representation of the synthesis of the macromolecule loaded CaCOs particles.

iv) Quantification of Cargo

To optimize the encapsulation protocol, as well as to investigate a potential macromolecule’s
role in the encapsulation process, three fluorescently labeled macromolecules were
encapsulated, namely dextran (70 kDa), bovine serum albumin (BSA, 66.5 kDa) and rtPA (70
kDa).

BSA-FITC, rtPA-FITC or dextran-RBITC content (i.e., loading efficiency LE) was done in
all cases as an indirect measurement of the mass of cargo based on fluorescence, using the
calibration curves previously described (see Figure 5.7). We used the following expression:

mass of cargo in purified cores

LE (%) = x100  (5.1)

mass of cargo added

and obtained, using equivalent synthetic conditions by varying loading efficiencies (LES) (i.e.,
encapsulated-to-added macromolecule) depending on the cargo: LE(core@rtPA-FITC) = 24.5
%; LE(core@BSA-FITC) = 1.5 %; LE(core@dextran-RBITC) = 11.9 %.

The loading efficiency of rtPA was outstanding, which is very important to produce a cost-
viable thrombolytic nanomedicine. We ascribe the highly efficient rtPA loading to a more
favorable CaCOs interaction than in case of BSA or dextran, which is somehow not surprising
since the influence of specific proteins in the biomineralization of CaCOs is well known.[%!
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From now on, only cores loaded with BSA and rtPA will be used for further fabrication of the
nanocapsules (NCs) and experiments, where the NCs loaded with BSA will be used as a model
during this work.

V) Structural Characterization: CaCOs3 particles

Moreover, scanning electron microscopy (SEM) revealed the formation of sub-micrometric
spherical cores (only cores loaded with BSA and rtPA, see Figures 5.9a and c): mean core
diameter dc@ssa = 617 = 80 nm and dcertra = 651 + 76 nm for cores loaded with BSA and
rtPA, respectively (see Figures 5.9b and d). Dynamic light scattering (DLS) analysis also
revealed highly monodisperse sub-micrometric colloids: mean average hydrodynamic diameter
(number distribution) dcesayy = 623.4 £ 19.3 and dceany = 592 + 17. Additionally, cores
loaded with rtPA resulted in a more negative zeta potential compare to the ones loaded with
BSA: Ccripa=-48.9 mV + 5.5, and {cesa = -41.7 mV + 2.6 (see Table 5.4).

400 600 800
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Figure 5.9. a) SEM micrograph of core@BSA particles (scale bar is 1000 nm) (SE2, 10kV). b) Size histogram
(dcessa: mean diameter of core@BSA) obtained after measuring the diameter of 300 core@BSA particles using
ImageJ; dcessa = 617 £ 80 nm. c) SEM micrograph of core@rtPA particles (scale bar is 2000 nm) (SE2, 3kV). b)

Size histogram (dcertra: mean diameter of core@rtPA) obtained after measuring the diameter of over 300

core@rtPA particles using ImageJ; dcertea = 651 £ 76 nm. In a,b) samples after drop casting on Si substrates are
shown (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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Table 5.4. Mean average hydrodynamic diameters and ¢-potential of nanocores.

Sample dhq) (nm) dnvy (M) PDI C-potential (mV)
core@rtPA 648 + 26 592 + 17 0.09 -48.9 £ 5.5
core@BSA 664.4 + 9.4 623.4 + 19.3 0.14 -41.7 +2.6

5.2.4. Multifunctional Sub-Micrometric Capsules (NCs)

After macromolecule trapping, LbL assembly was performed by the addition of alternating
charged polyelectrolyte layers onto the sacrificial macromolecule-loaded cores. The cores were
loaded with BSA and rtPA, and then, the multilayer films were constructed with layers of
poly(sodium 4-styrene sulfonate) (PSS) and poly(diallyl dimethylammonium chloride)
(PDADMAC) polyelectrolytes, with Mn/Zn doped iron oxide nanoparticles (ioNPs) as an
alternating layer, and an outermost layer of gelatin. PSS and ioNPs were used as negatively
charged layers, and PDADMAC and gelatin as positively charged layers (see Figure 5.10). The
outmost layer of gelatin was added aiming to provide our nanocarriers with targeting
capabilities. We adopted basic gelatin, heat-denatured collagen, which binds to von Willebrand
factor (VWF), a key component of platelet-rich thrombi.l*%: 3191 \/\WF-targeting strategies have
been considered as promising candidates for strokes therapy to restore cerebral blood flow
without increasing intra-cerebral bleeding complications.!!!

The layer of Mn/Zn doped iron oxide NPs was added to confer magnetic resonance imaging
(MRI) capabilities to our system. Thus, the synthesis and characterization of ioNPs will be
firstly discussed and the preparation of the gelatin layer.

Layers
Core@cargo |
“ ioNPs PSS  PDADMAC gelatin

/ b3
/\.7 X\ X
Ve x
// xx

Figure 5.10. Schematic illustration of the description of the layers in the NCs used in this work.
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1) Synthesis, Polymer Coating and Characterization of Mn/Zn-doped Fe oxide NPs
(ioNPs)

IONPs were synthetized by a thermal decomposition method adapted from a previous

workB? (see section 2.3.3).

The resulting colloids (oleic acid/oleylamine stabilized Mn/Zn ioNPs) were analyzed by
transmission electron microscopy (TEM). The average ioNP core diameter dne Was measured
with Image J software (see Figure 5.11b), resulting in dnp = 13.03 + 1.08 nm.

b) s

10 12 14 16
(nm)

dioNP

Figure 5.11. a) TEM micrograph of ioNPs; b) Size histogram obtained with ImageJ software after measuring the
core diameter of 300 ioNPs. Scale bar corresponds to 50 nm (adapted with permission from ref. [301].
Copyright 2019, Elsevier B.V.).

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the ioNP
composition and the ioNPs mass concentration (m). The stoichiometry found was
Zno1Mng2Fe2 704 and the inorganic concentration (including the oxygen content) was 0.9 g/L.
The ioNP molar concentration (Cnp) was calculated as follows (please note that the organic
contribution is not considered): The mass of a single NP mnp was determined as the product of
the core material density (p) and the core volume (Vnp). Therefore, the molar mass of the ioNPs
Mnp can be calculated by multiplying the mne by Na. Since Fe is the most predominant metal
in the core ferrite, the magnetite (FesO4) density value (5.18 g-cm=) was used for these
calculations.

Mnp=p Vap'Na - (5.2)
The volume of a single ioNP Vnp was calculated as follows. The dne value used was the
determined by TEM (see Figure 5.11a). The Ve is equal to 1.15x107* cm®.

Vip=3m (dNT")3 (5.3)
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Thus, the Mnp was 3.61x10° g/mol. Then, the molar NP concentration Cne was determined
as follows, resulting in a concentration of 2.50x107" M (0.25 uM).

m

Cv= yov ©G4)

In order to make the oleic acid/oleylamine capped ioNPs stable in aqueous solution, NPs
were coated with the amphiphilic polymer dodecyl grafted-poly(isobutylene-alt-maleic
anhydride), hereinafter referred to as PMA (i.e., ioNP@PMA), following previous.[”]

The PMA-coated ioNPs were done considering an experimental parameter, Rpjarea Which
refers to the number of polymer monomers added per nm? of NP surface. This experimentally
determined parameter was fixed at 2000, below which PMA-coated ioNPs may form aggregates
(i.e., grouping of NPs coated with PMA). Then, for a specific volume of ioNP solution (Vnp)
of a known concentration Cnp, and using an effective diameter desr which comprises the dnp
plus twice the length of the organic ligands (approx. 1.2 x 2 nm, i.e., oleic acid and oleylamine),
the volume of polymer Vp needed is determined as follows, for more details see a previous
work.["]

. RP/area'n'deff'CNP'VNP (55)
Vp=
Cp
Hydrodynamic size and surface zeta potential were measured in a Zetasizer Nano ZSP. The

results showed a hydrodynamic diameter (in number) of approx. 22.3 £ 1.7 nm (polydispersity
index= 0.24) and a zeta potential value of -56.4 £ 1.7 mV.

i) Layer-by-Layer Assembly (LbL)

It is worth emphasizing that a wide range of biodegradable LbL systems, more
biocompatible than the PSS/PDADMAC system, have been reported.[?* 263 2641 However, the
objective in this work is to demonstrate the US-triggered rtPA delivery in vivo and, therefore,
the robustness of the non-biodegradable PSS/PDADMAC system is well-suited to such end.
Thus, the methodology should be easily extended to other biodegradable polymers such as
dextrane, poly-L-arginine, poly-L-lysine, and others with no protocol modification or only
slight modifications, mostly concerning to the polymer concentration, the buffer nature and the
NaCl concentration used during the layer-by-layer assembly.

Nanocapsules of Non-Biodegradable Polymers

Poly (sodium 4-styrenesulfonate) (PSS) and poly (diallyldimethylammonium chloride)
(PDADMAC) were used as polyanion and polycation, respectively. PSS/PDADMAC LbL
systems have been extensively used in vitro, showing negligible toxicity compared to the toxic
individual polyelectrolytes, as mentioned before.[?6% 2621 This combination of polyelectrolytes
allows to sequentially deposit polymeric layers at a mildly alkaline pH value (pH 9), which
prevents the dissolution of the nanocores during LbL assembly.
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Figure 5.12. Schematic representation of the LbL process starting with A) CaCOs cores loaded with
macromolecules (core@cargo), which after coating with 2 bL of PSS/PDADMAC, ioNPs and an outermost gelatin-
based bL (gelatin), and “EDTA-dissolution” of the CaCO3; matrix, yield NCs loaded with macromolecules
(NC@cargo). Arrows and numbers represent the different synthetic steps, including purification of the colloids
by centrifugation. b) Schematic representation of LbL steps (layers of PSS or PDADMAC or ioNPs or gelatin):
from cores to NCs.

LbL deposition of polymers and ioNPs was carried out onto freshly prepared
macromolecule-loaded cores (see Figure 5.12a). A schematic representation of the LbL process
is depicted in Figure 5.12b (see Chapter 2 for the synthesis details).

Nanocapsules of Biodegradable Polymers

The strategy of the electrostatic layer-by-layer self-assembly technique for multilayer film
fabrication presented before can be applied in a straightforward way to assembly capsules from
CaCOg particles and as well alternating layers with other types of metal particles or molecules
for preparing functional materials. Thus, Figure 5.13 shows one example of the morphological
characteristics, using scanning electron microscopy (SEM), of hollow capsules, loaded with
atorvastatin generated from CaCOs particles via a layer-by-layer route with biodegradable
polyelectrolytes (i.e., dextran sulfate and poly-L-arginine) and with gold nanorods (AuNRS)
and miRNA as alternating layer (see Chapter 2 for the synthesis details).
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Dextran sulfate
Poly-L-arginine

Figure 5.13. Low and high magnification SEM micrographs of LbL assembled polymer hollow capsules generated
from CaCOs; template: a-f) hollow capsules containing 6 layers (poly-L-arginine/dextran sulfate/poly-L-
arginine/AuNRs/poly-L-arginine/miRNA) (0.5M NaCl, poly-L-arginine at 1mg/mL, dextran sulfate at 2mg/mL)
(a, b, c: InLens, 3kV, d: SE2, 3kV, e, f: InLens, 3kV).

5.2.5. Optimization of Capsule Shell

After LbL onto the nanosystems, the macromolecule-leakage was estimated by comparing
the fluorescence intensity (1) in the precipitated systems (i.e., mass of cargo) and the fluorescent
intensity in the supernatants (SN, i.e., mass of cargo leakage). The leaking experiments were
carried out in PBS under continuous agitation and at room temperature. Notice that rtPA or
BSA remained stable in the loading buffer (absence of precipitation even after centrifugation at

10* rcf) and, therefore, the intensity measured in the precipitated material represents a good
estimation of the encapsulated cargo.

Typically, macromolecules having relatively high molecular weights (approx. above 1-10
kDa) cannot diffuse in or out through the semipermeable LbL shell (pores size approx. 3-5
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nm),B3 3141 as shown extensively with different macromolecules encapsulated in LbL
microcapsules.[?58 3151 The permeability of LbL microcapsules to small molecules (e.g., approx.
0.4 kDa) can be reduced by heat treatment, which reduces the pore size of the LbL shell.3* In
the case of microcapsules (i.e., diameter around 5 um) at least a 4 bilayer (bL) structure is
typically used to prevent cargo leakage. !

Thus, to establish the NC’s robustness for reliable macromolecule encapsulation and to
determine the minimum suitable number of polyelectrolyte bilayers, the potential leakage of
model dye-labeled BSA from NCs (NC@BSA) with two, four and six bilayers (2 bL, 4 bL,,
and 6 bL, respectively) was investigated.

Table 5.5. Fluorescence data expressed in % corresponding to loading/leakage of macromolecules
encapsulated in NCs.

I (%)

Sample 0h 24 h 48 h 72 h 7 days
Core@BSA-FITC SN 21 +3 18+2 19+8 21 £ 1 25+ 1
2bL C 797 82:7 81+3 79 +3 75+3
NC@BSA-FITC SN 24 + 1 8+1 18 + 3 11+0 18+ 0
2bL C 76 £ 5 9213 82+ 14 896 82:5
Core@BSA-FITC SN 8+2 19 +4 23 +1 40 £ 10 30+ 4
4bL o 92 +2 81+5 77 +5 60 + 6 70 +7
NC@BSA-FITC SN 17 £2 203 235 10 0 214
4bL C 83+2 809 77 £ 1 90 + 1 79+2
Core®@BSA-FITC SN 18+7 26 +3 16+ 3 26+0 18+3
6bL C 822 74 + 14 84+8 74+3 82+7
NC@BSA-FITC SN 31 24 + 1 12 £1 14+2 25+2
6bL C 97 +5 76 + 4 88 4 86 + 4 751

C: cargo; SN: supernatant.

To quantify the leakage of the encapsulated dye-labeled cargo after LbL, both before or after
“dissolving” the CaCOz3 core matrix, the nanosystems were precipitated, and the cargo was
quantified in both the precipitates and the supernatants by fluorescence. Figures 59a-c show
the BSA encapsulation stability for nanosystems with different shell compositions: 2, 4, and 6
bilayers, respectively (see Figure 5.14d). As can be seen from Table 5.5 at the time O h, the
supernatant from NCs (i.e., without the CaCOs core) reduces gradually as the number of
bilayers increases from 2 to 6. The difference in BSA leakage between the nanosystems before
and after “dissolving” the CaCOz core matrix might arise from both the “dissolution of the
cores” and the purification (i.e., centrifuge and washing) method.

Then, over time, the nanosystems exhibited a fluctuating loading/leakage of BSA
encapsulated that can be due to shell permeability in aqueous solution. However, regardless of
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the number of layers, the results show that the nanosystems can withstand up BSA without any
statistically significant leakage along one week.

Table 5.5 shows the fluorescence data from Figures 5.14a-c corresponding to

loading/leakage of BSA encapsulated in the nanosystems.
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Figure 5.14. BSA encapsulation stability after LbL in CaCO3 cores (without “dissolving” the CaCO3; core matrix)
or NCs (that is, the core dissolved), both nanosystems with increasing bL configurations: a) 2 bL, b) 4 bL and c)
6 bL for one week in PBS; Core or NC refer to the precipitated sample, and SN refers to the supernatant. All
data represent mean =+ s.d. (three independent measurements). In all data, statistical significance was assessed
by the t-test: each sample was compared with the basal level at 0 h (ns, not significant; *P < 0.05; **P < 0.01;
***P < 0.001). d) Shell composition information: PS: PSS, PD: PDADMAC and ioNPs: iron nanoparticles; for
example, 2bL: PSS/PDADMAC/ioNPs/PDADMAC/PSS (adapted with permission from ref. [301]. Copyright 2019,
Elsevier B.V.).

Based on these results, we chose the 2bL shell composition to evaluate the stability of
nanosystems loaded with rtPA. Thus, the LbL assembly of the system loaded with rtPA was
performed as follows (from the core to the outermost layer): macromolecule-loaded CaCO3
core — (PSS/IPDADMAC) — ioNPs — (PDADMAC/PSS) — gelatin (see Figure 5.15b).

To quantify the leakage of the encapsulated dye-labeled cargo after LbL, both before or after
“dissolving” the CaCOz core matrix, the nanosystems were precipitated, and the cargo was
quantified in both the precipitates and the supernatants by fluorescence over one week.
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Table 5.6. Fluorescence data expressed in % corresponding to loading/leakage of macromolecules
encapsulated in NCs.

I (%)

Sample Oh 24 h 48 h 72 h 7 days
Core@rtPA-FITC SN 414 7+1 133 10 + 1 14+ 5
2bL C 96 + 29 93+5 87+3 90+9 86 + 1
NC@rtPA-FITC SN 28+2 22+4 29 +1 31+2 38+3
2bL C 722 78 +3 71+7 69 +7 62 +2

C: cargo; SN: supernatant.

The difference in rtPA leakage between the nanosystems before and after “dissolving” the
CaCOs core matrix led to the same assumption that might arise from the “dissolution of the
cores” process (i.e., centrifuge and washing steps). Like the BSA leakage-profile, the
nanosystems exhibited a fluctuating loading/leakage of rtPA encapsulated that can be due to
the shell permeability in aqueous solution over time (see Table 5.6). According to Figure 5.15a,
the nanosystem only showed residual rtPA leakage after one week, both in the case of keeping
or removing the CaCOgz core matrix. Table 5.6 shows the fluorescence data from Figure 5.15a
corresponding to loading/leakage of rTPA encapsulated in the nanosystems.

These results demonstrated here that two polymer bilayers (with or without an outermost
gelatin layer) are robust enough to prevent cargo leakage from the NCs either loaded with BSA
or rtPA.
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Figure 5.15. a) rtPA encapsulation stability in cores (without “dissolving” the CaCO3 matrix) or NCs (that’s is,
with dissolved cores) for one week in PBS. Core or NC refer to the precipitated sample, and SN refers to the
supernatant. All data represent mean =+ s.d. (three independent measurements). In all data, statistical
significance was assessed by the t-test: each sample was compared with the basal level at 0 h (ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001). b) Shell composition information: PS: PSS, PD: PDADMAC, ioNPs:
iron nanoparticles and G: gelatin (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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5.2.6. Characterization of the Multifunctional Sub-Micrometric Capsules (NCs)

i) Structural Characterization

The deposition of each layer was followed by dynamic light scattering and zeta potential ({-
potential) measurements for the system with rtPA. Layer-by-layer coated CaCO3 particles with
gelatin as the top layer show a reversal in {-potential after each layer deposition. The CaCOs
templates had a negative (-potential of ~ -49 mV. The {-potential of the particles shifted from
~-49 mV to ~ -34 mV with the deposition of the first PSS layer; then, from ~ -34 mV to + 24
mV with the deposition of the second layer PDADMAC, and finally, to ~ +15 mV when
terminated with gelatin (see Figure 5.16 and Table 5.7). Instead, the CaCO3 templates loaded
with BSA had a negative (-potential of ~ -42 mV. The {-potential of the particles shifted from
~-42 mV to ~ -17 mV when terminated with PSS (see Table 5.7).

Dynamic light scattering (DLS) analysis also revealed the formation of monodisperse sub-
micrometric colloids; the addition of the layers increased the hydrodynamic diameter (number
distribution) of the CaCOs templates loaded with rtPA from ~ 592 nm to ~ 890 nm with most
of the increases attributed to the 1% PDADAMAC layer and to the terminal gelatin layer. In the
case of CaCOg3 templates loaded with BSA, the hydrodynamic diameter (number distribution)
of the cores increased from ~ 623 nm to ~ 850 nm to the terminal PSS layer (see Table 5.7).

Scanning electron microscopy (SEM) inspection of NCs loaded with BSA, rtPA and rtPA +
gelatin (NC@BSA or NC@rtPA, and NC@rtPA _gelatin, respectively) after drop casting on
silicon substrates also confirmed the NCs morphology and size (dncessa = 735 = 130 nm,
dncertra = 549 + 88 nm and dncartpa+ gelatin = 780 £ 210 nm; see Figure 5.17).
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Figure 5.16. Mean values of {-potential (blue colored square symbols) and hydrodynamic diameter (green
colored square symbols) evolution after each layer deposition of rtPA-loaded NCs (adapted with permission
from ref. [301]. Copyright 2019, Elsevier B.V.).
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Table 5.7. Mean average hydrodynamic diameters and (-potential of nanocores and NCs.

¢-potential

Sample LbL-step dnqy (nm) dhvy (NnmM) PDI (mv)
core-rtPA 648 + 26 592 + 17 0.09 -48.9 + 5.5
15t PSS 638.1 + 34.3 577.6 + 35.5 0.13 -34.3+43
15t PDADMAC 909.4 + 73.8 869.9 + 61.4 0.30 23.9+3.8
15t joNPs 796.0 £ 11.3 765.7 £ 91.4 0.28 -26.9 + 4.4

NC@rtPA 2" PDADMAC 821.1£77.3 755.5 £ 44.4 0.30 25.2 £ 4.1
2nd PSS 834.6 + 36.3 799.6 £ 32.3 0.18 -39.1 £ 5.1
gelatin+EDTA 890.0 + 34.9 890.4 + 33.3 0.62 15.6 + 3.6
gelatin+EDTA 883.1 + 46.5 802.1 + 44.5 0.24
gelatin+EDTA 853.7 + 48.5 835.7 + 43.9 0.23
core-BSA 664.4 + 9.4 623.4 + 19.3 0.14 -41.7 £+ 2.6

NC@BSA 6 bL 864.4 + 38.9 851.7 + 38.4 0.09 -17.3 £ 0.90
6bL + EDTA 1119 + 80.41 1080 + 64.30 0.08 -16.8 + 0.7

dug) and dun) refer to the mean average hydrodynamic diameter from the intensity and number weighted DLS
size distributions. PDI refers to polydispersity index. Standard deviation values were calculated from three
independent measurements.
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Figure 5.17. a) SEM micrograph of NC@BSA particles (scale bar is 1000 nm) (InLens, 10kV). b) Size histogram
(dncessa: mean diameter of NC@BSA) obtained after measuring the diameter of over 300 NC@BSA particles using
ImageJ; dncessa = 735 + 130 nm. c) SEM micrograph of NC@rtPA particles without the outermost gelatin layer
(scale bar is 1000 nm) (SE2, 3kV). d) Size histogram (dncertea: mean diameter of NC@rtPA without the gelatin
layer) obtained after measuring the diameter of over 150 NC@rtPA particles (no gelatin) using ImageJ; dncertra
= 549 + 88 nm. e) SEM micrographs of NC@rtPA particles with the outermost gelatin layer (SE2, 3kV). f) Size
histogram (dncerg: mean diameter of NC@rtPA+gelatin with the outermost gelatin layer) obtained after
measuring the diameter of over 100 NC@rtPA+gelatin particles using ImageJ; dncerg= 780 + 210 nm. g-h) High
magnification SEM micrographs of NC@rtPA+gelatin particles with the outermost gelatin layer, ioNPs are
distinguishable as bright dots in the polymer shell of collapsed NCs (SE2, 3kV) (adapted with permission from
ref. [301]. Copyright 2019, Elsevier B.V.).
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i) Flow Cytometry (FC)

Measurements were performed to determine the NCs concentration (i.e., NC/mL). The lower
size detection limit for light scattering of conventional flow cytometers is typically in the order
of 300-500 nm. Fluorescence and SSC signals were recorded to gather information of the
fluorescently labeled encapsulated cargo (BSA or rtPA). Dispersions of 600 nm NCs were
analyzed by FC, generating a distinctive side scattering signal from the background (PBS
buffer). Concentrations between 100 to 1000 NCs / uL for 600 nm NCs were analyzed, cf.
Figure 5.18. The number of events measured in the corresponding NC gate divided by the
acquired volume gives the final NC concentration.
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Figure 5.18. NCs dispersion analysis by flow cytometry. The variation of the flow cytometry SSC and the
fluorescence signal as a function of the fluorescently-labeled encapsulated molecules are shown. a) Scatter
density plots of SSC signal versus FSC signal for different NCs with diverse cargos: rtPA (red) and BSA (blue). b)
Scatter density plots of SSC signal versus fluorescence signal (from the corresponding channel, 512/18 nm for
FITC for the NCs with the different cargos: rtPA (red), and BSA (blue). c) Scatter density plots of SSC signal
versus fluorescence signal (from the corresponding channel, 512/18 nm for FITC for the non-fluorescent NCs. d)
Representative histograms of side scattering distributions of different loaded-NCs samples (rtPA and BSA). e)
Representative histograms of MFI from the different channels (512/18 nm for FITC) associated with the
encapsulated cargo (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

i) Quantification of the Cargo Content per NC

Quantification of the cargo content per NC was done in all cases as an indirect measurement
of the mass of cargo based on fluorescence using the calibration curves previously described
(see Figure 5.7), and the quantification of the NC per mL obtained by Flow Cytometry. The
following expression was used:

mass of cargo in purified NC/mL % Avogadro Number
Number of NC / mL MW (cargo)

Cargo/NC = (5.6)
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Moreover, NCs concentration and quantification of macromolecules per NC were evaluated
by flow cytometry as described before (see Table 5.8).

Table 5.8. Number of macromolecules encapsulated per NCs for different NC@rtPA batches.

Sample NC/mL pg rtPA/mL pg rtPA / NC No. protein/NC

4,71 x 108 12.9 0.03 2.09 x 10°

4.38 x 108 14.7 0.03 2.56 x 10°

4,54 x 108 15.3 0.03 2.58 x 10°

4.95 x 108 10.5 0.02 1.61 x 10°
NC@rtPA

4,04 x 108 18.7 0.05 3.53 x10°

4.60 x 108 11.4 0.02 1.89 x 10°

4.72 x 108 13.2 0.03 2.13 x 103

4.64 x 108 16.1 0.03 2.65 x 10°

5.2.7. Bioactivity of Encapsulated and Ultrasound-Loading Released

Different enzymatic assays were carried out to evaluate the bioactivity (i.e., enzymatic
activity) of rtPA, both inside the NCs and once released from the NCs by means of the
application of US. Three different assays were used to test the rtPA activity. The amidolytic
(i.e., amide bond) activity of rtPA was studied using chromogenic and fluorogenic substrates,
whereas the rtPA fibrinolytic (i.e., thrombolytic) activity was tested using preformed rat-blood
clots. It should be mentioned that the US were applied to NCs in Eppendorf tubes (see Figure
5.19c). Chromogenic substrates are peptides that after reaction with enzymes give rise to a
colored product and are used to determine the activity of proteinase inhibitors by adding an
active enzyme to the analyzed sample. A fluorogenic substrate allows the detection of the
enzymatic activity by a fluorescent signal.3']

In particular, spectroscopic methods are used for studying the hydrolysis of peptides
substrates, to determine the activity of proteolytic enzymes, based on the change of absorption
spectrum of the solution studied or on the change of its fluorescence after enzymatic hydrolysis
of chromogenic or fluorogenic substrate. [l

i) Chromogenic Assay

Firstly, a rtPA chromogenic peptide substrate (see Figure 5.19a) was used to quantify the
amidolytic activity of a free FITC-labeled rtPA in solution (rtPA-FITC), inside the CaCOs cores
(without CaCOz removal, i.e., core@rtPA), and in the cavity of NCs (i.e., NC@rtPA), as shown
in Figure 5.19b. B Due to the low molecular weight (MW) of the chromogenic substrate (MW
= 659 Da), this can pass through the pores of both the microporous CaCO3z cores and the
semipermeable LbL shell, thereby allowing for the quantification of rtPA activity. In addition,
the rtPA and BSA activity of NCs without the outmost gelatin layer also was quantified.
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Free Alteplase (i.e., thrombolytic agent also referred to as tissue plasminogen activator) was
used as reference (100 %). From Table 5.9 we observed that the absorbance of the free Alteplase
was equal to that created by free FITC-labeled rtPA in solution. Samples, with zero
concentration of rtPA, did not exhibit a significant absorbance. Moreover, samples with cores,
without cores and after US treatment showed similar absorbance values, as well as higher
compared to samples with gelatin.

Therefore, compared with free Alteplase (taken as reference, 100 %) we found virtually the
same rtPA amidolytic activity among all samples, which confirms the following:

1) FITC-labeling of rtPA does not affect its enzymatic activity,

i) rtPA supported in the cores is fully active,

i) after CaCOs removal, rtPA keeps its activity inside the NCs, and
iv) after US treatment, rtPA keeps its activity inside the NCs.

a)

] o
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without PAI-1 with PAI-1

c)

us

Figure 5.19. a) Scheme of the bioactivity assay (upon binding of the chromogenic substrate, rtPA releases p-
nitroalanine - pNA) to determine the rtPA amidolytic activity upon set-up: US were applied to the NCs in
Eppendorf tubes (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

Moreover, to analyze if the encapsulated rtPA is protected from its natural inhibitor, which
is the plasminogen activator inhibitor-1 (PAI-1; MW = 43 kDa), a member of the serine protease
inhibitor (serpin) superfamily,[?®l FITC-labeled rtPA free in solution (rtPA-FITC) or
encapsulated (NC@rtPA) were mixed with PAI-1 and the rtPA chromogenic peptide substrate
(with PAI-1) (see Figure 5.19a).12%4
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Table 5.9. Raw absorbance data and corresponding % values obtained for the chromogenic rtPA substrate. Free
Alteplase was used as reference (100 %).

Sample Asos (a.u.) A (%)

Alteplase 3.6 £+ 0.1 100 £ 1
rtPA-FITC 3.6 £ 0.1 100 + 1
PBS/Arg 0.1 0.1 31

core@rtPA-FITC 3.2+0.1 90 + 3
NC@rtPA-FITC 3.6 +0.2 102 + 4
NC@rtPA-FITC w US 3.7+ 0.0 104 = 1
NC@rtPA-FITC w/o gelatin 2.7+0.3 74 +7
NC@rtPA-FITC w/o gelatin w US 2.7+0.1 76 + 4
NC@BSA-FITC 0.6 £+ 0.1 17 + 1

NC@BSA-FITC w US 0.6 + 0.1 172

As shown in Figure 5.20 and Table 5.10, PAI-1 inhibited the amidolytic activity (~ 17%) of
non-encapsulated rtPA. In contrast, encapsulated rtPA kept its amidolytic activity (~ 78%)
because PAI-1 cannot diffuse through the LbL porous shell due to its size (i.e., 43kDa), similar
as rtPA, which cannot diffuse out.

with PAI-1
100 ns

50 //A/

Activity (%)

Figure 5.20. PAI-1 inhibition assay results of selected samples of free rtPA (rtPA-FITC) and encapsulated rtPA
(NC@rtPA). All data represent mean + s.d. (three independent measurements). In all data statistical
significance was assessed by the t-test: each sample was compared with Alteplase (adapted with permission
from ref. [301]. Copyright 2019, Elsevier B.V.).

These confirmed findings are particularly relevant as they anticipate the potential benefits of

using in vivo the nanosystems proposed, i.e., the rtPA half-life in blood may be greatly
improved by encapsulation in NCs.
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Table 5.10. Raw absorbance data and the corresponding % values obtained for the chromogenic rtPA substrate

and PAI-1.
Asos (a.u.) A (%)
Sample w/o PAI-1 w PAI-1 w/o PAI-1 w PAI-1
rtPA-FITC 3.6 0.1 0.6 + 0.1 100 + 1 17 + 4
NCe@rtPA-FITC 3.4+0.2 2.8+0.7 95 +4 78 £ 19

i) SensoLyte® assay

Then, to produce a more efficient sonosensitive nanocarrier, the US-triggered protein release
from the cavity of NCs was studied by firstly preparing dye-labeled BSA-loaded NCs (i.e.,
NC@BSA) with different number of polyelectrolyte bilayers as a model system (i.e., 2 bL, 4
bL and 6 bL), and exposed them to US during 15 or 120 min. The selected US application
parameters (720 mW/cm?, 2 MHz, 15 or 120 min) have been confirmed safe in rodent
models,®® and are in the range of parameters used in clinical transcranial Doppler
sonography.?Y For example, similar parameters have been previously confirmed for US-
triggered release of doxorubicin from LbL microcapsules (diameter of approx. 5 um, 4 bL).

Here, the quantification of US-triggered release of macromolecules (BSA and rtPA) from
the cavity of NCs was estimated from fluorescence measurements: relative fluorescence (i.e.,
macromolecule-FITC) of the supernatant (SN, US-release) to the fluorescence of the
precipitated product (cargo non-released).

As is shown in Figures 5.21a-b and Table 5.11 it was found that within 15 min of US
application, fluorescence analysis showed that the NCs with 2 bL exhibited notably BSA release
(~ 50 %) in the supernatant (i.e., the release of the dye-labeled BSA), after precipitation of the
NCs. On the other hand, NCs with 4L and 6L both exhibited BSA release of ~ 22% in the
supernatant. After 120 min US application, again, only the 2 bL system showed significant BSA
release (~ 60 %).

Finally, based on these results, we performed similar experiments with capsules loaded with
rtPA (i.e., NC@rtPA) with 2 bL plus gelatin, and results confirmed that after 15 min of US
application, approx. 50 % of the encapsulated rtPA (i.e., the fluorescence of FITC-labeled rtPA)
was found in the supernatant (see Table 5.11 and Figure 5.21b).
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Figure 5.21. a) NC@BSA with two, four and six bL (2bL, 4bL and 6bL), and exposed to US for 120 min (720
mW/cm?, 2 MHz, 120-min). b) Fluorescence-quantified (Intensity, %) US-triggered delivery into the supernatant
of BSA or rtPA for NC with different number of bL after 15 min of US application (720 mW/cm?, 2 MHz). In all
data, statistical significance was assessed by the t-test: each sample was compared with the corresponding
sample without US (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001) (adapted with permission from ref.
[301]. Copyright 2019, Elsevier B.V.).

Table 5.11. Fluorescence quantification of US-induced cargo release from NC@BSA (2-, 4- and 6-bL) and
NC@rtPA particles (three independent experiments using different NC@rtPA concentrations).

| (counts) 1 (%)

Sample w/ot US 15 min 120 min w/o US 15 min 120 min
NC@BSA SN 199 + 17 563 + 37 455 + 25 26 +2 55+ 4 61+3
-FITC 2bL  cargo 564 + 23 468 + 13 295 + 21 74 +3 45+ 1 39+3

SN1 13194 45191 X

SN2 10473 19665 X 1321 48+9 X
NC@rtPA  SN3 2558 49320 X
-FITC 2bL  cargo1 77844 57853 X

cargo2 69379 26907 X 87 + 1 52+9 X

cargo3 19436 35880 X
NC@BSA SN 45 + 21 65 +2 129 + 8 11+5 22 +1 30+2
-FITC4bL  cargo 380 + 101 234+ 16 305+9 89 +24 78 +5 702
NC@BSA SN 29 + 15 74 + 6 80+ 13 9+5 22 +2 22 +3
-FITC 6bL  cargo 285+7 257 £ 20 286 + 8 91+2 78+ 6 78 £2

Once US-triggered rtPA release was confirmed and quantified by fluorescence
measurements, the enzymatic activity (amidolytic) of the released rtPA was quantified by a
fluorogenic assay (SensoLyte® AMC tPA activity assay). According to Figure 5.22 and Table
5.12, the released rtPA is fully bioactive, in agreement with the fluorescence quantification of
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the supernatants. The fluorogenic assay allows for reliable measurements in physiological
media such as blood and plasma. Thus, later, this assay was also used to quantify rtPA activity
after US application in vivo (see section US-triggered delivery of rtPA in vivo).

Table 5.12. Sensolyte activity assay performed in NC@rtPA particles in the supernatant (SN) and precipitate
(cargo) after 15 min of US.

l442 (counts) la42 (%)
Sample w/o US 15 min w/o US 15 min
SN 423 + 44 989 + 31 19+2 43 £ 1
NC@rtPA
cargo 1841 + 215 1289 + 83 819 57 £ 4
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Figure 5.22. Enzymatic activity of rtPA released from NC®@rtPA particles quantified in the supernatant by the
fluorogenic assay SensoLyte® upon US application. In all data, statistical significance was assessed by the t-
test: each sample was compared with the corresponding sample without US (ns, not significant; *P < 0.05; **P <
0.01; ***P < 0.001) (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

iii) Clot Assay

The final test done was a clot assay following previous reports. 2221 Here, the efficiency (i.e.,
bioactivity) of the US-released rtPA to reduce the size of clots (artificially pre-formed in
microwell plates) was evaluated indirectly by measuring the absorbance of hemoglobin at 520
nm (i.e., red) that increases as the clots dissolve.

Initially, as a calibration curve, solutions of free rtPA solutions of increasing concentrations
(i.e., 0-100 pg/mL) were added to preformed clots at the bottom of microwell plates. Then, after
1 h of incubation, the absorbance at 520 nm (i.e., red) of differently colored solutions (extracted
from the clot wells) was measured, which showed an enhanced absorbance with increasing rtPA
concentrations (see Figure 5.23a). NCs without cargo (i.e., 100 pL, 4.2x 10" NC/mL) were
added as a control, showing negligible effects as expected (see Figure 5.23b). In addition, we
added NCs with the following characteristics: the supernatant (SN) or precipitate (PPT) of the
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sample NC@rtPA (1 ug/mL) with US (15 min), NC@rtPA (1 ug/mL) w/o US, NC@TrtPA (1
ug/mL) with US (15 min) (see Table 5.13).

In the case of NC@rtPA (100 pL, 4.2x 107 NC/mL), rtPA encapsulated (1 pg/mL) was
added; without US application, clots were only partially dissolved, which we ascribe to residual
rtPA leaking. In the case of US application, clots were as dissolved as the same amount of non-
encapsulated rtPA, showing a similar activity (increased 520 nm-absorbance) (see Figure
5.23b).
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Figure 5.23. Clots assay: a) Calibration curve of clot dissolution using increasing free rtPA concentrations. b)
Absorption at 520 nm, Asy, after addition to the clots of: saline, free rtPA (1 pg/mL), NC@rtPA particles with
encapsulated rtPA (1 pg/mL) in the presence and absence of US, and non-loaded NC in the presence and
absence of US (absorbance As;p measurements illustrate the ability of the different samples to dissolve the
clots). All data represent mean + s.d. (three independent measurements). In all data, statistical significance
was assessed by the t-test: each sample was compared with the saline group (ns, not significant; *P < 0.05; **P
< 0.01; ***P < 0.001) (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

Table 5.13. Clots assay data.

Asyo (a.u.)

Sample w/o US w US
saline 0.48 + 0.01
rtPA-FITC 0.1 pg/mL 0.54£0.10
rtPA-FITC 1 pg/mL 1.19 £ 0.21 None
rtPA-FITC 10 pg/mL 2.28 £ 0.05
rtPA-FITC 100 pg/mL 3.66 £ 0.11
NC@rtPA 1 mg/mL 0.84 £ 0.12 1.32 +0.12
NC@rtPA 1 pg/mL SN 1.14 £ 0.22

None 0.71 £ 0.16
NC@rtPA 1 pg/mL PPT 71+0.
NC 0.23 + 0.02 0.44+ 0.16
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5.2.8. NCs Dispersion and Fluorescence Analysis after US Treatment

) Flow Cytometry

Flow cytometry assay was performed to characterize the NCs dispersion and fluorescence
without (w/0) and with US treatment (see Figure 5.24).

Flow \\\ \\.:

Cytometry

= -

Figure 5.24. Schematic Illustration of the characterization of NCs before and after US treatment. US were
applied to the NCs in Eppendorf tubes (adapted with permission from ref. . Copyright 2019, Elsevier B.V.).

Flow cytometry data from the forward and side scatter channels (FSC and SSC) showed a
significant change in the NCs after US application (see Figure 5.25). The scattering (forward
and side-) and fluorescence intensity of the NCs samples and the SN in the presence and absence
of US treatment were measured with a Guava® easyCyte BG HT flow cytometer (Millipore®),
at a constant flow rate of 0.12 pL/s, using a blue laser emitting at 488 nm and a green laser
emitting at 532 nmn as excitation sources. FSC and SSC signals were recorded to gather
information of the NC concentration and dispersion. Fluorescence and SSC signals were
recorded to gather information of the fluorescently labeled encapsulated cargo (rtPA).
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Figure 5.25. NCs dispersion analysis after US treatment by flow cytometry. The variation of the FCS and the
SSC signals of the NC and SN as a function of the US application are shown. a) Scatter density plots of FSC
signal versus SSC signal, and SSC signal versus fluorescence signal (corresponding to the 512/18 nm channel for
control NCs with rtPA in the supernatant. b) Scatter density plots of FSC signal versus SSC signal, and SSC signal
fluorescence signal (corresponding to the 512/18 nm channel for control NCs with rtPA in the supernatant after
US treatment. This assay confirms the US-triggered release of rtPA by fluorescence increases in the
supernatant of NC after US treatment (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

5.2.9. Ultrasound-Triggered in vivo Delivery of rtPA

All previous US-controlled release results illustrated that a system with 2bL is a suitable
carrier for in vivo drug delivery. Therefore, a capsule-based on 2bL plus gelatin was selected
for the in vivo experiments.

Ultrasound triggered release characterization and the entire experimental work in vitro and
in vivo were part of the Ph.D. thesis of Clara Correa Paz (Completed).

Swiss mice (male, 25-30 g) were used as the animal model to investigate the in vivo
performance of the NC@rtPA particles for the US-controlled release of rtPA. Treatments were
administered through the femoral vein, and blood samples were further obtained from the
carotid artery. This approach allowed us to analyze the in vivo stability of the rtPA-
encapsulation and to evaluate the US-induced drug release. For more details concerning animal
procedures and results obtained from the in vivo experiments see Chapter 6 Appendix 6.2.

Results arising from the in vivo delivery of rtPA in mice by US application can be
summarized as follows:

1) Three standard toxicity markers were evaluated after i.v. administration of NC@rtPA
particles (1 mg/kg rtPA dose, bolus, approx. 5.1 mg/kg Fe) and, in all cases, whole blood
analysis showed normal enzymatic levels.
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2) The enzymatic activity of in vivo US-released rtPA was quantified with the SensoLyte
assay in freshly extracted plasma samples.

3) Blood extractions were done through a cannula inserted in the carotid artery. Blood
samples were taken before administering the treatments (basal) and 5, 20, and 40 minutes
after the administration. The US was continuously applied (40 min) in the abdominal
region, as shown in Figure 5.26a. For comparison, different samples were tested: non-
encapsulated rtPA (1 or 10mg/kg), NC@rtPA (1 mg rtPA/kg) and NC@rtPA (1 mg
rtPA/kg) with US-application.

4) After 40 min of administration of non-encapsulated (free) rtPA, its activity is, in either
case, no significant compared to basal levels. In the case of NC@TrtPA particles (1 mg/kg)
in the absence of US application, rtPA activity is in the order of the non-encapsulated
rtPA sample (1 mg/kg), which may be due to some rtPA leakage in vivo. After 40 min,
rtPA activity in the NC@rtPA group dropped to basal levels. In the case of US-application
(40 min) after administration of NC@rtPA (1 mg/kg), the rtPA activity increased over
time, reaching about 7-fold for basal levels after 40 min. These results demonstrate that
the half-life of rtPA can be greatly enhanced by encapsulation in our sonosensitive NCs
(see Figure 5.26D).

5) The in vivo fate (biodistribution) of the NCs was investigated by MRI and ICP-MS; no
MRI contrast differences were found among treated (i.v. NC@rtPA, 1 mg rtPA/kg mouse)
or non-treated (saline) animals. Regarding ICP-MS analysis, significant increases of Fe
concentration were not found in the brain, heart, liver, spleen, or kidneys in any case. On
the other hand, the Fe concentration in the lungs of animals treated with NC@rtPA
particles plus applied US was slightly higher than in control animals.
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Figure 5.26. a) In vivo scheme to evaluate the rtPA encapsulation and the US drug release. b) Blood rtPA
activity was determined in the 5 groups tested (n = 3), before treatment administration (blood rtPA basal
levels), and 5, 15 and 40 min later on. All data represent mean =+ s.d. Statistical significance was assessed by
two-way analysis of variance followed by Dunnett’s multiple comparisons test. In b), each treatment time (5,
15 or 40 min) was compared with rtPA levels in the saline group; in c) each treatment was compared with the
corresponding rtPA basal levels (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) (adapted
with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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5.3. Conclusions

In this chapter, we demonstrated that the addition of PVSA [poly (vinylsulfonic acid)]in the
course of CaCOs nanoparticle synthesis lowered the nucleation rate, stabilized the particle
surface, and served as particle size modulator. PRXD and FTIR results confirmed that the major
crystalline component of our CaCOz cores is the polymorph vaterite. However, the
characteristic calcite peak grows along time. The successful incorporation of delicate
biomolecules such as rtPA, (recombinant tissue plasminogen activator), BSA, and dextran into
monodisperse CaCOs particles with loading efficiencies of: core@rtPA-FITC) = 24.5 %j;
LE(core@BSA-FITC) = 1.5 %; LE(core@dextran-RBITC) = 11.9 % was demonstrated.
Moreover, CaCOz sub-micrometric polymer capsules via the layer-by-layer technique based on
the deposition of both non-biodegradable PDADMAC/PSS and biodegradable poly-L-
arginine/dextran sulfate polymers were presented. The PDADMAC/PSS multilayer capsules
were prepared with the addition of ioNPs and gelatin layers. The capsules loaded with rtPA
were approximately 600 nm in size, and it was found that rtPA retained its enzymatic activity
inside the NCs. We were able to optimize the NCs shell thickness, with two bilayers (with or
without an outermost gelatin layer) being the most suitable system that allows the ultrasound-
induced release of fully functional rtPA in vitro and in vivo (in mice), whilst preventing leakage.
The inversion of the surface charge after each deposited layer was confirmed by {-potential
measurements. The activity of the released rtPA from the NCs was approx. 3.5-fold-improved
compared to a similar amount of non-encapsulated rtPA (1 mg/kg). The proposed research
strategy presented in this study significantly extended the half-life and activity of rtPA in mice
compared to non-encapsulated rtPA.
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6.1.Chapter 4 Appendix

6.1.1. Cell Studies

i) Cell Culture

Hela (cervical cancer cell line) and A549 cells (adenocarcinomic human alveolar basal
epithelial cell line) were cultured in DMEM with phenol red, 4.5 g/L D-glucose, L-glutamine
and pyruvate (DMEM, 1X, Gibco, #41966-029) supplemented with 10 % Fetal Bovine Serum
(FBS, Gibco, #10270-106) and 1% Penicillin Streptomycin (P/S, Corning, 100X, #30-002-Cl).
Cells were maintained under humid conditions at 37 °C and 5 % of CO». Cells were passaged
after cleaning Dulbecco’s Phosphate Buffered Saline (DPBS, 1X, Gibco, #14190-094) with
0.25 % Trypsin-EDTA (1X, Gibco, 25200-056) when the culture reached confluency.

i) Cell Viability

In order to study the number of viable cells after NPs exposure, we carried out the resazurin
assay, cf. Figure 6.1. HeLa and A549 were seeded in 96-well plates (NEST Scientific,
#701001), 7500 cells per well in 100 pL of cell growth medium (0.3 cm? per well) 24 h before
NPs exposition. Then, medium was removed and 100 uL of cell culture growth medium with
the desired concentration of NPs were added. We incubated the cells with the NCs the time of
interest (4 and 24 h) at 37 °C and 5 % CO.. After that, we rinsed each well three times with
phosphate buffered saline (PBS) and added 100 pL of freshly prepared solution with 90 % of
media and 10 % of resazurin (resazurin sodium salt in water 0.2 mg/mL filtered; Resazurin
Sodium Salt, Sigma Aldrich, #199303-1G). Cells were incubated during 3 h at 37 °C and 5 %
CO2 under dark conditions.

Non-fluorescent resazurin (Alamar blue) is oxidized by living cells into its fluorescent
product resorufin (excitation at 579 nm and emission at 584 nm). In this way, the fluorescence
intensity of each well is proportional to the number of living cells there. After the incubation
time, plates were measured with a plate reader (Infinite® 200 PRO, Tecan, Switzerland) under
560 £ 20 nm excitation and fluorescence was collected with a 610 + 20 nm filter. The
fluorescence value of each well provided by the instrument is an average of nine consecutive
measures in the same well. Final intensity value for control cells (I¢), the ones that were not
treated, is an average of, at least, nine different well values. Final intensity values for samples
(Ig) are a mean of three independent wells values. So, we can calculate the final cell viability
values as:

cell viability (%) = 100 (6.1)
C

191



Maria Fernanda Navarro Poupard

Al)HelLa/4h

A2) HelLa /24 h

T T T T T T
B NC-HOE _| | NC-HOE _|

125 NC-HOE-PMA 125 NC-HOE-PMA
100 - 100 -
> 75 - > 75 -

% 50 % 50
> i ] > i T
25 | EC50 = (132 + 5) pM - 25 L EC50 = (129 + 5) pM -
EC50 = (105 + 3) pM EC50 = (97 + 3) pM
(O 1 1 1] Ot L L L
1 10 100 1000 1 10 100 1000
c (pM) ¢ (pM)
B1) A549/4h B2) A549 /24 h

125 k ' ' NC—HOEI i 125 L I I NC-HOEI i

NC-HOE-PMA NC-HOE-PMA
100 - 100 -
E 75 - E 75 -

% 50 ._g 50
> i ] > i ]
25 Ecso- (143 + 27) pM T 25 I ges0= (117 + 3) pM T
EC50 = (172 + 10) pM EC50 = (167 + 4) pM
Ot I 1 1 ot L L L]
1 10 100 1000 1 10 100 1000
c (pM) ¢ (pM)

Figure 6.1. Cell viability using the resazurin assay of HelLa cells (A) and A549 cells (B) under exposure to
increasing concentrations of the particles before (NC-HOE) and after PMA-functionalization (NC-HOE-PMA), and
evaluated at two incubation times: 4 h (1) and 24 h (2). Half-maximal responses (EC50 values) were calculated
by fitting (logistic function in OriginLab, fixing minimum viability to 0 %) (adapted with permission from ref.

[245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

iii)

In order to perform all the confocal imaging experiments with living cells, 20000 HeLa cells
in 200 pL were seeded on p-Slide 8 well-ibiTreat chambers (1 cm? per well, Ibidi, Germany,
#80826) at least 12 h before the particle exposure. Our nanosystems were diluted to a
concentration of 50 pM in culture media. After 4 h, cells were cleaned three times with fresh
PBS to remove particles non-associated with cells. For cell membrane staining, we made a
CellMask™ Deep Red (ThermoFisher, #C10046) dilution with 1 puL in 1000 pL of DMEM.
We added 100 pL of this staining solution to the cells and we incubated them during 3 minutes
at 37 °C in dark conditions. After this, we cleaned again three times with PBS and added HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) supplemented media to cells (Dulbecco’s
Modified Eagle Medium without phenol red, +4.5 g/L D-glucose and L-glutamine, 25 mM

Confocal Imaging
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HEPES and without pyruvate, 1X, Gibco, 21063-029). Confocal images of living cells were
captured on an Andor Dragonfly spinning disk confocal system mounted on a Nikon TiE
microscope equipped with a Zyla 4.2 PLUS camera (Andor, Oxford Instruments) and an OKO-
lab incubator to keep cells at 37 °C during all the experiment. Images were taken with different
magnification objectives (20X, 60X, 100X). HOE fluorescence was measured with an
excitation of a 405 nm laser and a 450(50) nm filter. CellMask™ Deep Red channel was
obtained under the excitation with a 637 nm laser and using the 725(40) nm filter. All the images
were processed with ImagelJ.

Iv) Laser Irradiation

After checking the cells with the NC-HOE-PMA nanosystems to the microscope without
irradiation, we performed an irradiation protocol as follows: we used an 808 nm laser (Lasing,
#FC-W-808A) with a zoom fiber collimator (Thorlabs, #ZC618SMA-B) to control the spot size
as well as irradiate cells homogeneously, cf. Figure 6.2. In order to calculate the intensity in
W/cm? that cells received, a power energy meter was used (Thorlabs, #°PM100D) with a thermal
power head (10 W, 25 mm, Thorlabs, #S425C) to measure the output power. To obtain the spot
size a viewing card was used (Thorlabs, #VRC4) to see the spot and ImageJ to measure it. Since
the beam is collimated, we consider a homogeneous spot and, thus, the fluency was obtained
just dividing the power by the surface (in cm?) of the spot. Different time and power conditions
were analyzed and 5 minutes at 7 W/cm? selected as the optimal conditions.

808 nm source

collimation and
zoom system
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\
W\

Figure 6.2. Left: Schematic representation of the NIR irradiation set-up used to activate HOE-release from the
NC-HOE-PMA particles inside living cells; middle: beam diameter; right: actual image of the collimation/zoom
system (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA).

V) SERS Imaging

To perform SERS imaging with living cells, A549 cells were seeded at a density of 60000
cells/cm? onto a Nunc™ A-Petri Dishes (Thermo Fisher Scientific) in DMEM medium without
red phenol, 4.5 g/L D-glucose, 4 mM L-glutamine and 25 mM HEPES (DMEM, 1X, Gibco,
#21063-029) supplemented with 10% heat-inactivated Fetal Bovine Serum (Gibco, #10270-
106) and 1% Penicillin Streptomycin (P/S, Corning, 100X, #30-002-ClI). After 16 h of culture,
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A549 cells displayed a semi-confluent (75%) phenotype under phase-contrast microscopy
(IMT2 microscope by Olympus; Barcelona, Spain). Experiments were carried out at this semi-
confluent state. NC-HOE and NC-HOE-PMA systems were redispersed in MeOH or in sterile
Milli-Q water, respectively, at a concentration of 0.5 nM. NCs were added to A549 cells to a
final concentration of 50 pM and kept in the incubator for 4 h. At the end of the experiment,
culture medium with non-internalized NCs was discarded, and cells were inspected in the SERS
confocal microscope. A control consisting of a Petri dish with no cells but containing complete
medium also incubated at 37°C, was included in this set of experiments to subtract the
background signal caused by the Petri dish and the culture medium.

The laser was focused into the samples with a 5X objective, providing an optical resolution
of 1 um. The inelastic radiation was collected with a Renishaw Invia system by using a high-
resolution grating of 1200 g cm™ and a NIR laser (785 nm). Samples were studied in single
points or by mapping extended areas with the Renishaw StreaLine accessory. For the SERS
characterization of the nanomaterials, samples were studied in powder. For quantitative
analysis, bands were deconvoluted by curves of Lorentzian shape, where the band position and
the full widths at half maxima were fixed after applying a linear baseline. Experiments in the
presence and absence of light were carried out as follows: For NIR illumination, cells were
placed under the microscope and illuminated continuously with 3 mW at the sample. Spectra
were collected every hour at 0.3 mW with acquisition times of 10 s. This difference of power
was set to minimize the effect of the laser on the nanocomposites during data collection. In the
case of the experiments without light, the same scheme was repeated but with no exposition of
the sample to light (only for the spectral acquisition).

The following collage images, at different magnifications provide an overview of the
behavior of the NC-HOE (see Figure 6.3) and NC-HOE-PMA nanosystems (see Figure 6.4).
Confocal imaging was used to assess the effect of laser irradiation on the NC-HOE-PMA
system inside HeLa cells, cf. Figure 6.5.

194



Appendix

Figure 6.3. Collage of confocal microscopy images (top-left: blue channel; top-right: bright field; bottom-left:
orange channel; bottom-right: merged blue + orange) at different magnifications (A,B: 20X; C,D: 60X; E,F:
100X) for the NC-HOE nanosystem (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag
GmbH & Co. KGaA).
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Figure 6.4. Collage of confocal microscopy images (top-left: blue channel; top-right: bright field; bottom-left:
orange channel; bottom-right: merged blue + orange) at different magnifications (A,B: 20X; C,D: 60X; E,F:
100X) for the NC-HOE-PMA nanosystem (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH
Verlag GmbH & Co. KGaA).
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Figure 6.5. Collage of confocal microscopy images (top-left: blue channel; top-right: bright field; bottom-left:
orange channel; bottom-right: merged blue + orange) at 60X magnification for the NC-HOE-PMA nanosystem
after NIR treatment (adapted with permission from ref. [245]. Copyright 2019, Wiley-VCH Verlag GmbH & Co.

KGaA).
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6.2.1. In Vivo Studies

) Materials and Methods

Swiss male mice (25 to 30 g, Harlan Laboratories, Barcelona, Spain) were maintained at
controlled conditions of temperature (22 °C £ 1°C) and humidity (60 % + 5 %) with a 12/12 h
light/dark cycle for a week prior to surgery and up to 7 days after surgery. Mice had access to
food and water ad libitum. Anesthesia was induced by the inhalation of 5 % sevoflurane in a
nitrous oxide/oxygen mixture (70/30). Rectal temperature was monitored and maintained at 37
°C £ 0.5 °C by using a feedback-controlled heating system. At the end of the procedures, mice
were sacrificed under deep anesthesia (8 % sevoflurane). Experiments were conducted
according to protocols approved by the local Animal Care Committee according to the
European Union (EU) rules (86/609/CEE, 2003/65/CE, and 2010/63/EU).

Intravenous (i.v.) treatment administration was performed under anesthetic conditions, as
follows: a 0.5 cm incision was made on the right paw; the femoral vein was exposed and
cannulated with a 30-gauge needle for treatment administration. For arterial blood sampling, a
catheter (polythene tube of 80 cm of length and 0.28 mm ID and 0.61 mm OD from Smiths)
was introduced 0.3 mm (approx.) in the external common artery until the bifurcation of the
carotid common artery. Group treated with rtPA and US, Doppler probe was applied on the
abdominal region. For US application, an ultrasound gel (Transonic Gel@) was used. After
blood sampling (40 min after treatments administration), the catheters were removed, and the
animals were sacrificed for further ICP-MS organs (brain, heart, liver, lungs, spleen and
kidneys) analysis. The organ preparation for ICP-MS and evaluation of the results were done
following the methods reported by Talamini et al.?]

Five different treatments were tested in Swiss male mice (n = 3): 1) 200 uL of saline (used
as vehicle control group), 2) 200 pL rtPA (1 mg/kg, bolus administration), 3) 200 pL rtPA (10
mg/g, 10 % bolus administration + 90 % infusion during 40 min), 4) 200 uL NCs@rtPA (1

mg/kg rtPA, bolus administration), and 5) 200 uL NCs@rtPA particles (1 mg/kg rtPA, bolus
administration) combined with US (applied during 40 min). Intravenous (i.v.) treatment
administration was performed through the right femoral vein, and the blood samples (150-200
pL) were obtained from the right common carotid artery in healthy animals. An independent
group of 3 animals were used to evaluate the in vivo toxicity and potential brain lesion caused
by NCs. For that aim, blood samples were obtained before NCs administration (basal levels)
and 1, 3 and 7 days later. Toxicity was determined in blood samples using hepatic enzymes
release (GOT and GPT) and renal enzymes (creatinine).
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i) Results and Discussions

e In Vivo Performance of the NC@rtPA Particles

Swiss mice (male, 25-30 g) were used as animal model to investigate the in vivo performance
of the NC@rtPA particles for US-controlled release of rtPA. First, three standard toxicity
markers were evaluated after i.v. administration of NC@rtPA particles (1 mg/kg rtPA dose,
bolus, approx. 5.1 mg/kg Fe): glutamate oxaloacetate transaminase (GOT) and glutamate
pyruvate transaminase (GPT) levels as hepatotoxicity markers, and creatinine levels as
nephrotoxicity marker. These markers are widely used to assess toxicity after administration of
nanomaterials in rodent models, being the liver and kidneys the most likely recipients of the
nanoparticles after i.v. administration.*?* Briefly, blood extractions (32 pL) were carried out
before (basal level) and after administration of the NC@rtPA particles (24 hours, 3 days and 7
days). In all cases, whole blood analysis showed normal enzymatic levels (i.e., within limits of
healthy animals; see Figure 6.6 and Table 6.1).

Table 6.1. Hepatotoxicity and nephrotoxicity markers: GOT, GPT, and creatinine levels.

GOT GPT Creatinine
ID Basal 24h 3 days 7days Basal 24h 3days 7days Basal 24h 3 days 7 days
882 80.2 91.4 96.6 78.2 24.6 38.8 10 17.98 <0.5 <0.5 <0.5 <0.5
829 62.2 108.4 X X 12.34 34.8 X X <0.5 <0.5 X X
830 91.8 90 81.6 79 15.4 35.4 20.6 25.8 <0.5 <0.5 <0.5 <0.5
A
t":':ge 78415 97:10 89+11 79+1 1746 36+2 1548 226  x X X X
120
I basal

_100 [ ]24h A

5‘ [_]3d

= 80 [ 7d

1%

2 60 -

@

B 40 = .

2 ns"S

m

20 E
0
GOT GPT
Marker

Figure 6.6. GOT and GPT levels in mice. In all data statistical significance was assessed by the t-test; each
sample was compared with the corresponding basal level (ns, not significant; *P < 0.05; **P < 0.01) (adapted
with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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¢ In Vivo Fate (Biodistribution)

The in vivo fate (biodistribution) of the NCs was investigated by MRI and ICP-MS. NCs
contained a layer of NPs (approx. 0.15 pg Fe/NC, approx. 128 ug Fe per mouse) were used for
contrast purposes. Although these may be clearly detected at a very low dose of NCs (2 uL of
NCs, 4.2x 10" NC/mL, approx. 13 ng Fe) after intracerebral injection by MRI, no MRI contrast
differences were found among treated (i.v. NC@rtPA, 1 mg rtPA/kg mouse) or non-treated
(saline) animals.

ICP-MS

Animals (n = 3) were euthanized approx. 1 h after the administration (in the presence and
absence of US-application) of the NC@rtPA particles (or non-encapsulated rtPA), and brain,
liver, spleen, lungs, heart and kidneys were extracted to study the biodistribution (i.e., Fe
content in selected organs) of the NCs by ICP-MS. A significant increased Fe concentration
was found neither in brain, heart, liver, spleen nor kidneys. In contrast, the Fe concentration in
the lungs of animals treated with NC@rtPA particles plus US was slightly higher than in control
animals (see Figure 6.7a). Equivalent inductively coupled plasma mass spectrometry (ICP-MS)
biodistribution studies in animals euthanized 7 days after NCs administration were done,
showing no difference in Fe concentration in selected organs with respect to control animals
treated with saline (see Figure 6.7b).

MRI Studies

MRI studies were conducted on a 9.4 T horizontal bore magnet (BrukerBioSpin, Ettligen,
Germany) with 12 cm wide actively shielded gradient coils (440 mT/m). Radiofrequency (RF)
transmission was achieved with a birdcage volume resonator; signal was detected using a two-
element arrayed surface coil (RAPID Biomedical, Germany), positioned over the head of the
animal, which was fixed with a teeth bar, earplugs and adhesive tape. Respiratory frequency
and body temperature were monitored throughout the experiment. Transmission and reception
coils were actively decoupled from each other. Gradient-echo pilot scans were performed at the
beginning of each imaging session for accurate positioning of the animal inside the magnet
bore. T2-weighted images were acquired using a multi-slice multi-echo (MSME) sequence with
a 11 ms echo time (TE), 2.8 s repetition time (TR), 12 echoes with 11 ms echo spacing, flip
angle (FA) of 180°, 2 averages, 50 KHz spectral bandwidth (SW), 16 slices of 0.5 mm, 19.2 x
19.2 mm2 field of view (FOV) with saturation bands to suppress signal outside this FOV, a
matrix size of 256 x 256 (isotropic in-plane resolution of 75 pm/pixel x 75 um/pixel) and
implemented without fat suppression option.
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Figure 6.7. ICP-MS NCs Fe organ biodistribution in a) animals sacrificed 40 min after treatments or b) animals
sacrificed 7 d after the treatments. ICP-MS data expressed as percentage of the injected dose (%ID) per organ
in ¢) animals sacrificed 40 min after treatments or d) animals sacrificed 7 d after the treatments. Please, note
that in c) and d) even for the animals not treated with Fe-containing samples data has been corrected
considering the injected Fe (Fe;j) dose (128 pg) in order to show the endogenous Fe content. All data represent
mean + s.d. (three independent measurements). In all data statistical significance was assessed by the t-test,
each sample was compared with the corresponding saline control (ns, not significant; *P < 0.05; **P < 0.01)
(adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).

The acquisition time was 23 min.T2*-weighted images were acquired using a multi-
gradient-echo sequence (MGE) with a5 ms echo time (TE), 1.2 s repetition time (TR), 8 echoes
with 4.5 ms echo spacing, 100 KHz spectral bandwidth, flip angle (FA) of 20°, 16 slices of 0.55
mm, 2 averages, 19.2 x 19.2 mm? field of view (FOV) with saturation bands to suppress signal
outside this FOV, a matrix size of 256 x 256 (isotropic in-plane resolution of 75 um/pixel x 75
um/pixel) and implemented with fat suppression option. The acquisition time was 10 min. MRI
post-processing was performed using ImageJ software (W. Rasband, NIH, USA) on
independent workstation.
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Therefore, in order to prove the MRI imaging capabilities of the NCs, a direct NCs
intraparenchymal injection was performed. For intraparenchymal injection, mice were placed
in a stereotaxic frame (Stoelting Co., Wood Dale, IL, USA) under sevoflurane anesthesia. A 1-
cm-long midline incision was made in the scalp. Two small cranial burr holes were drilled
through the skull, one on the right hemisphere and other one on the left, for the subsequently
injection of the NCs@rtPA and saline, respectively. A Hamilton syringe (Hamilton, Reno, NV,
USA; 10 puL) was filled with 3.0 uL of NCs@rtPA or vehicle (saline). The syringe was mounted
onto the injection pump and the needle was slowly inserted into the brain to a depth of 3.25 mm
below the surface of the skull. A volume of 2.0 uLL of NCs or vehicle was injected at a rate of
0.5 puL/min over 4 min. The needle was left in place for 5 minutes and then removed slowly at
a rate of 1 mm/min. The burr hole was filled with bone wax (Ethicon, Somerville, NJ, USA),
and the scalp incision was closed and moved to the MRI for brain scan.

MRI scan was performed at 1, 3 and 7 days after the i.v. administration, however, no relevant
accumulation in brain was observed (see Figure 6.8). Therefore, to test the NCs@rtPA contrast
in brain organ, NCs@rtPA (2 pL of NCs, 4.2x 10" NC/mL, approx. 13 ng Fe) were injected
intraparenchymally in the cerebral tissue of healthy animals (n=3) and later scanned by MRI
(see Figure 6.9). Statistical significance was assayed by assessed by two-way analysis of
variance followed by Dunnett’s multiple comparisons test using GraphPad Prism 6.

Basal

24 hours

3 days

7 days

Figure 6.8. MRI image of a mouse 's brain after NCs@rtPA i.v. injection at different times, left panel shows T2
MRI signal and right panel, T2* signal (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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Figure 6.9. MRI image of a mouse brain after NCs@rtPA and saline intraparenchymal injection. a,c) The MRI
signal in T2 decreased 65.87 % in the right hemisphere, where the NCs@rtPA particles had been injected, in
comparison with the left hemisphere, where the control (saline) was injected. b, d) In T2* the NCs MRI signal
decreased 79.33 % compared with control signal. In all data statistical significance was assessed by the t-test,
each sample was compared with the corresponding saline control (*P < 0.05; ***P < 0.001) (adapted with
permission from ref. [301]. Copyright 2019, Elsevier B.V.).

e Ultrasound-triggered in vivo delivery of rtPA

The enzymatic activity of in vivo US-released rtPA was quantified with the SensoLyte assay
in freshly extracted plasma samples. For comparison between US-released (from NC@rtPA)
and non-encapsulated rtPA, i.v. administration of free rtPA was used: 1 mg/kg dose (approx.
25-30 pg rtPA per mouse), as commonly used in clinical practice for treatment of acute
ischemic stroke (0.9-1 mg/kg, maximum 90-100 mg rtPA, see prescribing information of
Alteplase). NC@rtPA particles or non-encapsulated rtPA were administrated as i.v. bolus (0.2
mL) in less than 1 min. Additionally, a higher dose (10 mg/kg, approx. 250-300 ug rtPA per
mouse) of non-encapsulated rtPA was administrated: initial 1 mg/kg (10 %) dose as i.v. bolus
in less than 1 min, followed by a 9 mg/kg (90 %) dose as i.v. continuous infusion over 40 min.
The latter bolus + infusion administration protocol is commonly used in preclinical mouse
models (10 mg/kg) and as thrombolytic treatment in the clinic (0.9-1 mg/kg, 10 % bolus + 90
% infusion over 2 h, as described in the prescribing information of Alteplase). In preclinical
mouse models, the 10-fold rtPA dose is motivated by the characteristics of the fibrinolytic
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system in rodents, which is known to be about 10 times less sensitive to rtPA than in humans.?>
3261 In all cases, 0.2 mL of sample were injected (bolus or bolus + infusion) in the femoral vein.
Blood extractions were done through a canula inserted in the carotid artery. Blood samples were
taken prior to administering the treatments (basal) and 5, 20 and 40 minutes after the
administration. US were continuously applied (40 min) in the abdominal region (see Figure
6.10a).

In the case of non-encapsulated rtPA (1 or 10 mg/kg), as expected, rtPA activity rapidly
decreases due to the low half-life of rtPA (approx. 5 min). Such decay is less pronounced after
the 10 mg/kg administration (i.e., 10 % bolus + 90 % infusion over 40 min). After 40 min of
administration of non-encapsulated rtPA, its activity is in either case no significant compared
to basal levels. In the case of NC@rtPA particles (1 mg/kg), rtPA activity is in the order of the
non-encapsulated rtPA (1 mg/kg), which may be due to some rtPA leakage in vivo. After 40
min, rtPA activity in the NC@rtPA group dropped to basal levels. In the case of US-application
(40 min) after administration of NC@rtPA (1 mg/kg), a completely new trend arose: rtPA
activity increased over time, reaching about 7-fold with respect to basal levels after 40 min.
This result is particularly important as it demonstrates that the half-life of rtPA can be greatly
enhanced by encapsulation in our sonosensitive NCs (see Figures 6.10b-c).
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Figure 6.10. a) In vivo scheme to evaluate the rtPA encapsulation and the US drug release. Treatments were
administered through the femoral vein, and blood samples were further obtained from the carotid artery. This
approach allowed to analyze the in vivo stability of the rtPA-encapsulation and to evaluate the US-induced
drug release. b, c) Blood rtPA activity was determined in the 5 groups tested (n = 3), before treatment
administration (blood rtPA basal levels), and 5, 15 and 40 min later. All data represent mean + s.d. Statistical
significance was assessed by two-way analysis of variance followed by Dunnett’s multiple comparisons test. In
b), each treatment time (5, 15 or 40 min) was compared with rtPA levels in the saline group; in c) each
treatment was compared with the corresponding rtPA basal levels (ns, not significant; *P < 0.05; **P < 0.01; ***P
< 0.001; ****P < 0.0001) (adapted with permission from ref. [301]. Copyright 2019, Elsevier B.V.).
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7. General Conclusions

This chapter presents the main conclusions arising from this Ph.D. thesis. The overall aim
of this thesis was to highlight the controlled synthesis and functionalization of two specific
porous materials based on calcium carbonate polymeric nanoparticles (CCPNs) and porous
coordination polymers (PCPs) at the nanoscale level, mainly for its use in biological
applications.

Although previous works have been proposed different methodologies for the fabrication of
CCPNs and PCPs, our research documented straightforward methods that allow controlling the
morphology and functionalization of the particles (i.e., CCPN, ZIF-8, and Cu-based CP) at the
nanoscale with high monodispersity, and potential applications in biomedicine and catalysis.

The protocols in Chapters 3, 4 and 5 gave rise to nanoparticles of adequate morphology and
size for each study. The first project entitled “Copper Based Coordination Polymer
Nanoparticles for Catalytic Reduction: Methylene Blue into Leucomethylene Blue” in Chapter
3 showed the preparation of a novel porous coordination polymer nanoparticles composed of
Cu?* and imidazolate with different shapes. The addition of CTAB, the reaction time, and the
effect of the solvent during the synthesis determines the size, morphology, and structure of the
highly monodisperse nanospheres. These nanospheres (NP1) evolve into larger nanosheets
(NP2) if the reaction time is 72 hours or even longer which have similar porosity, crystalline
structure, and good activity towards catalysis in the reduction of methylene blue. The presence
of water on the nanospheres leads to a change in morphology, starting with the formation of
nanofibers, which evolve into nanospikes (NP3) which have low-porosity and a kinetic constant
value like the control.

The second project entitled “Gold Nanostars@Zeolitic Imidazolate Framework 8 Core-Shell
Nanostructures for Light Triggered Release: in Vitro” in Chapter 4 demonstrated the
development of a ZIF-8-nanomaterial with combined thermoplasmonic and high drug-loading
capabilities that is stable in aqueous solution and when stored in cells. The ZIF-8 particles
comprise a core of gold nanostars (NSs). The stability of the particles in aqueous medium was
achieved by coating them with the amphiphilic polymer PMA (poly-[isobutylene-alt-maleic
anhydride]-graft-dodecyl). The ZIF-8-based nanomaterial was produced with very high
monodispersity and precise shape using the surfactant CTAB (hexadecyltrimethylammonium
bromide). The obtained monodisperse ZIF-8-based nanomaterial released its cargo upon
illumination with near-IR (NIR) light in aqueous solution and inside living cells.

The third project entitled “CaCO3z Sub-Micrometric Capsules for Ultrasound Triggered
Release: in Vitro and in Vivo” in Chapter 5 demonstrated demonstrated the successful
incorporation of delicate biomolecules such as rtPA (recombinant tissue plasminogen activator)
into monodisperse CaCOs sub-micrometric polymer capsules via layer-by-layer technique. The
addition of PVSA [poly(vinylsulfonic acid)] in the course of the CaCOz3 nanoparticle synthesis
was found to lower the nucleation rate, stabilize the surface, and also serve as size modulator.
The capsules were approximately 600nm in size, where rtPA retains its enzymatic activity while
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General Conclusions

trapped. We were able to optimize the NC’s shell thickness, allowing us the ultrasound-induced
release of fully functional rtPA in vitro and in vivo in mice, while at the same time preventing
leakage. The proposed research strategy presented in this study significantly extended the half-
life and activity of rtPA in mice compared to non-encapsulated rtPA. Therefore, the results
obtained indicate that this strategy could be applied in a straightforward way for preparing thin
films of various molecules such as polymers, nanoparticles, etc. as well to incorporate different
kinds of drugs or combination of drugs.
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