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Theranostic inorganic—organic hybrid nanoparticles (IOH-NPs) with a cocktail of chemotherapeutic and
cytostatic drugs and a composition Gd,>* [(PMX)o s(EMP)oslz2~, [GAOH)IZ* [(PMX)o74(AIPCS4)0 1312, or [GAOH)IZ*
[(PMX)o70(TPPS4)0151>~ (PMX: pemetrexed, EMP: estramustine phosphate, AIPCS4 aluminum(i) chlorido
phthalocyanine tetrasulfonate, TPPS,: tetraphenylporphine sulfonate) are presented for the first time. These
IOH-NPs are prepared in water (40-60 nm in size) and have a non-complex composition with outstanding
drug loading (71-82% of total nanoparticle mass) of at least two chemotherapeutic or a mixture of cytostatic
and photosensitizing agents. All IOH-NPs show red to deep-red emission (650—-800 nm) to enable optical ima-
ging. The superior performance of the IOH-NPs with a chemotherapeutic/cytostatic cocktail is validated based
on cell-viability assays and angiogenesis studies with human umbilical vein endothelial cells (HUVEC). The
synergistic anti-cancer effect of the IOH-NPs with a chemotherapeutic cocktail is shown in a murine breast-
cancer cell line (pH8N8) and a human pancreatic cancer cell line (AsPC1), whereas the synergistic cytotoxic and
phototoxic efficacy is verified in response to illumination of Hela-GFP cancer cells, MTT assays with human
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colon cancer cells (HCT116), and normal human dermal fibroblasts (NHDF). HepG2 spheroids as 3D cell
cultures prove the effective uptake of the IOH-NPs with high uniform distribution and the release of the
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1. Introduction

Nanocarriers loaded with chemotherapeutics belong to the first
of still few nanocarrier formulations that received clinical
approval.' First examples in oncology are non-PEGylated liposo-
mal doxorubicin (Myocet®™) or PEGylated liposomal doxorubicin
(Caelyx®, Doxil®).? Such nanoparticulate formulations can have
several advantages over the freely dissolved chemotherapeutics
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chemotherapeutic drugs with the strong synergistic effect of the cocktail of drugs.

such as less side effects, the use of higher doses over shorter
periods of time, an increased drug accumulation in tumours
and/or a reduced off-target uptake in comparison to the freely
dissolved chemotherapeutic agent."* Moreover, nanocarriers
allow straightforward incorporation of imaging probes for
concurrent assessment of tumour-drug delivery and targeting.’
Besides a few clinically approved nanotherapeutics, several
nanocarrier-based concepts have been suggested for the transport
of chemotherapeutics from the viewpoint of materials science."*
Typically, the chemotherapeutic agent is encapsulated in a certain
matrix such as organic polymers (e.g. polyethylenglycol/PEG) or
biopolymers (e.g., polysaccharides, polypeptides),”> liposomes or
micelles,® or inorganic matrices such as silica, iron oxides, and
metal phosphates.” By far the largest number of these nanocarrier
concepts is limited to in vitro experiments and was not assessed
in vivo due to unexpected side effects, low activity, low biocompat-
ibility, or unknown reasons. Many nanocarrier systems yet suffer
from weaknesses such as inadequate drug loading (often <20% of
total nanocarrier mass), high material complexity, uncontrolled
drug leakage, limited cell uptake, damage of cell membranes,
unexpected toxicity and/or hypersensitivity. All in all, further
improvement and exploration of alternative, more robust delivery
systems with high drug loadings are indispensable.
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In addition to the most often studied delivery of a single
chemotherapeutic agent, a simultaneous release of two che-
motherapeutics with high concentration at the same time and
the same site of action would be desirable.® Specifically, this
holds for tumour treatment in order to reduce the therapeutic
dose of an individual drug, to enhance anticancer efficacy due to
synergistic or additive effects, and/or to minimize the risk of
multi-drug resistance. Such nanocarriers with a combination of
chemotherapeutic and/or cytotoxic agents were barely addressed
although such adjunctive approaches are most relevant in the
clinics.*” In this regard, the design of smart nanoplatforms for
combinational therapy has the potential to be the next-generation
cancer-treatment regime. Examples of the most common che-
motherapeutic agents that are used alone or in combination are
doxorubicin (DOX), paclitaxel (PTX), camptothecin (CPT), metho-
trexate (MTX), and curcumin.’

Aiming at nanocarriers with a high-load chemotherapeutic
or cytotoxic cocktail, we here suggest inorganic-organic hybrid
nanoparticles (IOH-NPs). IOH-NPs have a saline composition
with an inorganic cation and a functional organic anion.'® They
are prepared in water and have an uncomplex composition and
structure such as [Gd(OH)]*'[(active agent A)(active agent B)]*~
with an extremely high load of active agents (60-80% of total
nanoparticle mass). Here, we exemplary combine the che-
motherapeutic drugs pemetrexed (PMX) and estramustine
phosphate (EMP) as well as the chemotherapeutic PMX with
the photosensitizing agents aluminum(m) chlorido phthalocya-
nine tetrasulfonate (AIPCS,) or tetraphenylporphine sulfonate
(TPPS,). IOH-NPs with such a chemotherapeutic or cytostatic
cocktail are presented for the first time. They are evaluated in
different tumour-cell assays and in 3D tumour spheroids.

2. Experimental section

Gd,*'[PMX];>~ IOH-NPs (PMX, pemetrexed, C,oH,;N50¢) were
prepared by injecting 0.5 mL of an aqueous solution of GdCl; x
6H,0 (18.6 mg, 0.05 mmol, 99%, Sigma, Germany) into 50 mL
of a vigorously stirred solution of Na,(PMX) x 7H,O (35.4 mg,
0.06 mmol, >98%, VWR, Germany). After 30 min of intense
stirring, the IOH-NPs were separated by centrifugation (15 min
at 25000 rpm) and redispersed in H,O (10 mL). To remove all
the remaining starting materials and salts, the colourless solid
was thrice redispersed/centrifuged in/from water for purifica-
tion. Finally, the IOH-NPs were redispersed in sterilized water.

[Gd(OH)*'[EMP]*~ IOH-NPs (EMP, estramustine phosphate,
C,3H3,Cl,NOgP) were prepared by injecting 0.5 mL of an aqu-
eous solution of GdCl; x 6H,O (18.6 mg, 0.05 mmol) into
50 mL of a vigorously stirred solution of Na,(EMP) (45.4 mg,
0.08 mmol, >98%, MedChemTronica, Sweden). After 30 min of
intense stirring, the IOH-NPs were separated via centrifugation.
Separation and purification were performed similarly to
Gd,* [PMX];>~ IOH-NPs.

Gd,*"[(PMX)o 5(EMP),5]s>~ IOH-NPs were prepared by injecting
0.5 mL of an aqueous solution of GdCl; x 6H,O (18.6 mg,
0.05 mmol) into 50 mL of a vigorously stirred solution of
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Na,(PMX) x 7H,O (17.7 mg, 0.03 mmol) and Na,(EMP) (21.3 mg,
0.04 mmol). After 30 min of intense stirring, the IOH-NPs were
separated via centrifugation. Separation and purification were
performed similarly to the Gd,*> [PMX];>~ IOH-NPs.

Fluorescence labelling

Fluorescence labelling of Gd,*'[PMX];>", [Gd(OH)]*'[EMP]*",
and Gd,*[(PMX),.50(EMP)g 50]s>~ IOH-NPs was performed by
addition of the deep-red emitting dyes indocyanine green (ICG)
or dye-modified nucleoside triphosphate DY-647-dUTP. To this
concern, the syntheses were performed as described before but
with ICG or DUT in addition. For ICG-labelling, Na(ICG) (3.9 mg,
0.005 mmol, C;3H,,N,NaOS,, abcr, Germany) was added to the
solutions of the anionic drugs before injecting the GdCl; x 6H,O
solution resulting in compositions Gd,*[(PMX)o.06(ICG)o.0s]s>~
[GA(OH) ' [(EMP)g.04(ICG)o.12]* 7, Gd,> [(PMX)o.50(EMP)g 47
(ICG)o.06Js>~. For DUT-labelling, DUT (1.1 mg, DY-647-dUTP,
Dyomics, Germany) was added to the solutions of the anionic
drugs before injecting the GdCl; x 6H,0 solution resulting in
compositions Gd,*[(PMX)y.09(DUT)g.01]s> ", [GA(OH)* [(EMP)q 00"
(DUT)o.01]* ", and Gd,* [(PMX)o_50(EMP)g_4(DUT)g 02]5> "

[GA(OH)**[(PMX)o.74(AIPCS4)o.15]>~ IOH-NPs (AIPCS,: alumi-
num(u) chlorido phthalocyanine tetrasulfonate, Cjz,H;6AlCI-
NgO,,S,) were prepared by injecting 0.5 mL of an aqueous
solution of GdCl; x 6H,O (29.8 mg, 0.08 mmol, 99%, Sigma,
Germany) into 50 mL of a vigorously stirred solution of
Na,(PMX) x 7H,0 (44.1 mg, 0.074 mmol) and H,4(AIPCS,)
(39.3 mg, 0.04 mmol, Frontier Scientific, USA), which had been
previously adjusted to a pH of 7 upon addition of 0.1 M NaOH.
After 30 min of intense stirring, the IOH-NPs were separated via
centrifugation. Separation and purification were performed
similarly to Gd,*'[PMX];>".

[GA(OH)*'[(PMX).70(TPPS4).15]°~ IOH-NPs (TPPS,: tetra-
phenylporphine sulfonate, C,,H,sN,01,S,4) were prepared by
injecting 0.5 mL of an aqueous solution of GdCl; x 6H,0 (29.8
mg, 0.08 mmol, 99%, Sigma, Germany) into 50 mL of a
vigorously stirred solution of Na,(PMX) x 7H,O (41.8 mg,
0.07 mmol) and Hy(TPPS,) x 10H,O (37.2 mg, 0.03 mmol,
Frontier Scientific, USA), which had been previously adjusted to
a pH of 7 upon addition of 0.1 M NaOH. After 30 min of intense
stirring, the IOH-NPs were separated via centrifugation. Separa-
tion and purification were performed similarly to the
Gd,*'[PMX];> IOH-NPs.

Further data regarding analytical equipment, material char-
acterization, in vitro assays and 3D tumour spheroids are
detailed in the ESI.f

’

3. Results and discussion
3.1 Material concept and nanoparticle synthesis

Aiming at an aqueous synthesis of nanocarriers for drug
delivery with a simple material composition and structure as
well as a high drug load (> 60% of total nanoparticle mass), we
have developed the concept of inorganic-organic hybrid nano-
particles (IOH-NPs)."® IOH-NPs have a saline composition with

This journal is © The Royal Society of Chemistry 2023
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an inorganic cation and a drug anion, which is functionalized
by phosphate, sulfonate, or carboxylate groups. In combination
with a suitable cation, the drug anion forms an insoluble saline
compound in water. Specific examples, for instance, are
[zrO**[FdUMP]*~, [ZrO'[BMP]*~ or [ZrO]*'[CLP]>", containing
the chemotherapeutic agent 5'-fluoro-2’-deoxyuridine-5’-mono-
phosphate (FAUMP), the glucocorticoid betamethasone phos-
phate (BMP), or the antibiotic clindamycin phosphate (CLP) as
drug anions.'””" Besides the aqueous synthesis and the new
nanocarrier concept for drug delivery, the high drug load is a
characteristic feature of these IOH-NPs. Thus, [ZrO]* [FAUMP]*~,
[zrO*[BMP]*~, and [ZrOJ'[CLP]*~ have drug loads of 75% of
FAdUMP, 81% of BMP, and 82% of CLP per nanoparticle.

In principle, the IOH-NP concept could also allow the
simultaneous combination of different types of active agents
in a single nanoparticle, which is aimed here for the first time.
Such a combination of active agents seems most interesting for
tumour therapy and may help to reduce the risks of resistance
and metastasis. As a first proof-of-concept, we have combined
the two chemotherapeutic drugs pemetrexed (PMX) and estra-
mustine phosphate (EMP) in Gd,*'[(PMX), 5(EMP),5]s>~ IOH-
NPs (Fig. 1(a)). PMX and EMP are clinically approved and used
for the therapy of, e.g., breast, lung, and prostate cancer. Both
PMX and EMP are also known to cause severe side effects (e.g:,
nausea, vomiting, gynecomastia, feminization, demasculinization,
sexual dysfunction, blood clots, and cardiovascular compli-
cations).” In addition, the chemotherapeutic PMX is combined
with the photosensitizing agents aluminum(m) chlorido phthalo-
cyanine tetrasulfonate (AIPCS,) or tetraphenylporphine sulfonate
(TPPS,), resulting in [Gd(OH)['[(PMX)o4(AIPCS,)015]"~ and
[GA(OH)*[(PMX) 70(TPPS4)o.15]>~ IOH-NPs (Fig. 1(b)). Such phtha-
locyanines and porphyrins are clinically approved and used for
photodynamic therapy (PDT)."* Based on the IOH-NP concept, we

a) Cytotoxic agents
Cl
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here aim at IOH-NPs with a chemotherapeutic and cytotoxic cock-
tail for the first time.

In principle, the synthesis is straightforward and performed
by water-based precipitation at room temperature (Fig. 1).
Accordingly, a concentrated aqueous solution of GdCl; x
6H,0 was injected with vigorous stirring into an aqueous
solution of the respective active agent (i.e., Nay(EMP),
Na,(PMX), H,(AIPCS,), Hy(TPPS,)). Following the LaMer-Dine-
gar model of particle nucleation and particle growth,* a high
supersaturation was induced upon injection and resulted in rapid
particle nucleation, favouring the formation of small-sized nano-
particles. The as-prepared Gd,*[PMX];>~, [Gd(OH)]*'[EMP]*",
Gd,*"[(PMX)o 5(EMP)ys]s>",  [GA(OH)*'[(PMX)o74(AIPCS4)o.15]*~
and [Gd(OH)*[(PMX)70(TPPS,)o.15]>~ IOH-NPs were purified by
repeated centrifugation/redispersion in/from water to remove
remaining starting materials and salts. Thereafter, the IOH-NPs
were dried to powder samples or redispersed to obtain colloidally
stable suspensions in water (Fig. 1).

3.2 Nanoparticle characterization

The novel Gd,*'[PMX];*~, [GA(OH)]*'[EMP]*~, Gd,*[(PMX)o.5-
(EMP)o 5>, [GA(OH)'[(PMX)o74(AIPCS,)o15]>~ and [GA(OH)]*'-
[(PMX).70(TPPS4)o.15]>~ IOH-NPs were characterized in regard of
particle size, size distribution and colloidal stability, chemical
composition and fluorescence labelling. First of all, particle size
and colloidal properties were addressed. According to dynamic
light scattering (DLS), aqueous suspensions of the as-prepared IOH-
NPs exhibit mean hydrodynamic diameters of 60 to 100 nm
(Table 1, and Fig. 2(a), (d); ESLT Fig. S1-S3, S7, S8). Scanning
electron microscopy (SEM) confirms the presence of spherical
particles with mean diameters of 40 to 60 nm (Table 1 and
Fig. 2(a), (c), (d), (f); ESLT Fig. S1-S3, S7, S8). The latter values were
calculated by a statistical evaluation of >100 particles on SEM

H,O
+ Gd* - Gds.z[(PMX)os(EMP)nslz.a
o (&)
©  |OH-NPs with ©
[PMX]* chemotherapeutic or cytostatic
o cocktail o
b) Phototoxic agents & 5 °
0OsS. SOz
038 SO, o 2
N Ol N\ H0 _ [CHOHIUPMX),1(AIPCS )]
7NN +Cd

038 'S0;

[AIPCS,]" [TPPS,J*

Q.

[GA(OH)I " [(PMX)oo(TPPS, ), ]

Fig. 1 Scheme illustrating the aqueous synthesis of IOH-NPs with a cocktail of chemotherapeutic and cytostatic drugs: (a) Gd,> [(PMX)o 5(EMP)g 5132~
with pemetrexed (PMX) and estramustine phosphate (EMP); (b) [GA(OH)I>*[(PMX)g 74(AlPCS4)01312~ and [GA(OH)I**[(PMX)g70(TPPS4)0151°~ with peme-
trexed (PMX), aluminum(in) chlorido phthalocyanine tetrasulfonate (AIPCS,4) and tetraphenylporphine sulfonate (TPPS,).

This journal is © The Royal Society of Chemistry 2023
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Table 1 Particle size and zeta potential of the as-prepared IOH-NPs
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Particle size/nm (according to DLS)

Particle size/nm (according to SEM)

Zeta potential/mV (at pH 7.0)

Gd,*'[(PMX)g.5(EMP)q.5]s>~ 82 + 17

Gd,*'[PMX];*~ 97 + 18

[Gd(OH)]* [EMP]*~ 60 + 16

[Gd OH)]%[(PMX)0.74(A1PCS4)0.13]2’ 98 + 21

Gd,*"[AIPCS,];* % Not measured
59 £+ 27

[Gd(OH)]Z*[(PMX5)0_70(TPPS4)O_15]2*
La,>"[TPPS,;* **¢

Not measured

35+2 —34
59+ 5 —20
26 £2 —12
55+ 3 —-33
47 £ 4 —26
42+ 3 —-20
68 £ 8 —34

% The pseudo-binary compounds Gd,*"[AIPCS,];*~ and Las*'[TPPS,];*~ were characterized and discussed elsewhere.

images. The larger particle diameter from DLS reflects the hydro-
dynamic diameter and the presence of a rigid layer of water
molecules adsorbed on the particle surface. The IOH-NPs form
colloidally stable suspensions without the need for any additional
surface-active agents for size control and/or colloidal stabilization,
which further facilitate the synthesis and also enable to keep a
simple structure and composition of the nanocarriers. The good
colloidal stability of the IOH-NPs can be ascribed to the intrinsic
charge stabilization as indicated by zeta-potential measurements
(Table 1 and Fig. 2(b), (e); ESLT Fig. S1-S3, S7, S8). Thus, negative
charging of —15 to —35 mV is observed in water in the physiolo-
gically relevant pH range of 6.5-7.5. Typically, the as-prepared IOH-
NP suspensions do not show any sedimentation over a period of
3-4 weeks.

To prove the chemical composition of the IOH-NPs, different
analytical methods were involved. X-ray diffraction (XRD) indi-
cated the IOH-NPs to be non-crystalline (Fig. S4, ESIT), which is
not a surprise when taking the large volume of active anions
and the low temperature of synthesis into account. In fact, such
amorphous drug nanocarriers can be ideal in regard to their

dissolution kinetics,'® being slow enough to achieve maintenance
of high tumour concentrations, whilst rapid enough to avoid side
effects due to particle accumulation. Fourier-transform infrared
(FT-IR) spectroscopy evidences the presence of the respective
active anion (ESL, T Fig. S1-S3, S7 and S8). Thus, the characteristic
vibrations of the drug anion are observed and well in agreement
with the starting material as a reference. Energy dispersive X-ray
spectroscopy (EDXS) confirms the presence of gadolinium, phos-
phorus and sulphur in the IOH-NPs. Finally, the chemical com-
position of the IOH-NPs was quantified by total organics
combustion via thermogravimetry (TG) and elemental analysis
(EA) (Table 2; ESI,t Tables S1, S2 and Fig. S1-S3, S5, S7-S9). Here,
the calculated values are in agreement with the experimental
observation and confirm the cation-to-anion ratio as well as the
overall composition of the IOH-NPs.

To enable IOH-NPs with chemotherapeutic cocktail for
fluorescence-based monitoring, they were labelled with indo-
cyanine green (ICG)"” or Dyomics DY-647-dUTP (DUT) as a
fluorescent dye (ESLt Fig. S6). Both show deep-red emission
with absorption at 600-800 nm (ICG) and 500-700 nm (DUT) as

a ¥ B ° 9) Gd* [(PMX), (EMP), I,
>
304 £ -104
=
® k=
T 20{ " L 204
& SEM DLS g
€ S
Z &
10 -30 1
H
"
0 . . -40 . x -
1 10 100 1000 4 8
Diameter / nm pH
d) e) 4o
304
>
€
SEM 3 201
X 204 Z
-~ 2
g 2
: :
2 10l DLS 3 -304 .
0 : ; -40 : r
1 10 100 1000 5 7 8
Diameter / nm pH

Fig. 2 Particle characterization of Gd,**[(PMX)os(EMP)osls?~ (a)—(c) and [Gd(OH)I2*[(PMX)o70(TPPS4)015l°~ (d)—(f) IOH-NPs: (a + d) Particle size
distribution according to DLS and SEM, (b + e) Zeta potential of agueous suspensions, (c + f) SEM images at different levels of magnification (for all
further IOH-NPs see ESI, T Fig. S1-S3, S7, S8).
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Table 2 Chemical composition of the as-prepared IOH-NPs
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Elemental analysis/%

Total organic content/% (according to TG) C H N S Drug load/%
Gd,* [(PMX)o.5(EMP) 55>~ 71.2 43.1 3.7 7.1 0.0 78.7
Calculated 74.9 44.8 4.3 7.3 0 81.8
Gd,* [PMX];>~ 77.1 44.2 4.0 13.1 0.0 78.3
Calculated 77.2 45.3 3.6 13.2 0 80.2
[Gd(OH)*'[EMP]*~ 63.2 38.6 3.8 2.1 0.0 72.5
Calculated 63.6 39.9 4.5 2.0 0 74.8
[GA(OH)*'[(PMX)o.74(AIPCS,)0.15]*~ 70.4 37.7 3.5 10.9 2.8 71.2
Calculated 68.9 37.7 2.8 11.0 2.8 71.3
Gd,*[AIPCS,]," 3¢ 79 36 3 13 8 81.2
Calculated 78 35 1 10 11 81.0
[GA(OH)*[(PMX).70(TPPS4)o.15]>~ 73.5 41.0 3.7 9.6 3.1 72.6
Calculated 70.4 40.5 3.0 9.4 3.2 71,5
La,>'[TPPS,];*~ *°¢ 76 46 3 5 10 78.9
Calculated 76 47 2 5 11 83.1

“ The pseudo-binary compounds Gd,**[AIPCS,];*~ and La,**[TPPS,];*~

well as emission at 750-850 nm (ICG, Apax = 810 nm) 630-
780 nm (DUT, Apna = 675 nm). Due to their intense emission, they
are required only in very small portions (ICG: 5 mol%, DUT:
1 mol%). The cyto/phototoxic IOH-NPs [GA(OH)'[(PMX)o4
(AIPCS,).15~ and [GA(OH)P'[(PMX)o.o(TPPS4)o15]>~ do not need
any additional fluorescence labelling since AIPCS, and TPPS, show
fluorescence themselves with strong absorption at 550-720 nm
(AIPCS,) and 380-600 nm (TPPS,) as well as deep-red emission at
650-770 nm (AIPCS,, Amax = 686 nm) and 540-700 nm (TPPS,, Amax =
585 nm) (ESL} Fig. S10).

3.3 Invitro studies with IOH-NPs and chemotherapeutic cocktail

Prior to the examination of the activity of IOH-NPs with a
chemotherapeutic cocktail, first of all, the uptake by tumour cells
and the detectability of the DUT-related emission were studied.

a) pH8NS cells

b) AsPC1 cells

Fig. 3 Time-dependent uptake of DUT- labelled Gd5** [(PMX)0 50(EMP)g 49(DUT)g 01]52~

were characterized and discussed elsewhere.

To this concern, Gd,**[(PMX)g.50(EMP)4o(DUT)o01]5>~ IOH-NPs
were selected. Since they contain both drugs, they can be also
considered to be representative also for the single-drug IOH-NPs.
The uptake of the photosensitizing IOH-NPs Gd,*'[AIPCS,];*~ and
La,>'[TPPS,];*~ was already studied elsewhere."® Gd,*'[(PMX)q.5¢-
(EMP)p 40(DUT),01]5>~ TOH-NPs (50 uL of IOH-NP suspension per
1 mL of cell culture medium) were incubated with 5 x 10°
adhearent murine breast-cancer cells (pH8NS cells)'® and human
pancreatic cancer cells (AsPC1 cells) over 48 h. Thereafter, the
IOH-NP uptake was examined by recording the DUT-derived
fluorescence via confocal microscopy (Fig. 3 and ESLi Fig.
$11)." After incubation, both pHSNS breast-cancer cells
and AsPC1 pancreatic-cancer cells have efficiently taken up the
Gd,* [(PMX)o 50(EMP)g 4o(DUT)g 01 ]5>~ IOH-NPs. Some uptake was
already visible within the first 2-5 h of incubation, and the

2h 5h 24 h 48 h

IOH-NPs by (a) pH8N8 cells and (b) AsPC1 cells (5 x 10° cells per

well) incubated over 2-48 h with 50 uL mL™* of IOH-NPs. DAPI was excited with a 405 nm laser and the emission collected at 415-500 nm (blue). DUT

was excited using a 633 nm laser and the emission collected at 645-780 nm (red), (identical scale bar for all images; see ESI,

images).
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amount of the IOH-NPs was increasing continuously over time
resulting in a high nanoparticle load after 48 h. The IOH-NP uptake
observed in the pH8NS cells (Fig. 3(a)) was slightly higher (and
earlier detectable) than for the AsPC1 cells (Fig. 3(b)). The evidence
and high detection capacity of DUT-labelled IOH-NPs via confocal
microscopy proves that they could also be an effective tool to
monitor nanoparticle delivery in vivo via NIR-fluorescence imaging.

To evaluate the cytotoxic efficacy of the as-prepared che-
motherapeutic IOH-NPs, first of all, in vitro studies with single-
drug Gd,*[PMX];>~ and [Gd(OH)]*'[EMP]*~ IOH-NPs were
performed, again, using AsPC1 cells (Fig. 4(a) and (b)) and
pH8NS cells (Fig. 4(c) and (d)). Colorimetric cell viability assays
were used to determine the metabolic activity of the respective
cells directly after the treatment (0 h) as well as after 24 and
72 h of incubation. Untreated cells incubated with increasing
volume (corresponding to the used volumes of the IOH-NPs) of
phosphate-buffered saline (PBS) as a negative reference show a
strong increase of the metabolic activity corresponding to
considerable cell growth the longer the time of incubation
(Fig. 4(b) and (c)). In contrast, both single-drug IOH-NPs show
a clear concentration-dependent efficacy after 24 and 72 h of

a) AsPC1 cells
Gd*,[PMX]*, IOH-NPs

~

b) AcPC1 cell
(reference

View Article Online
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treatment. This confirms the chemotherapeutic IOH-NPs not only
be effectively internalized by the cells but also evidently release
their drug load, resulting in the expected concentration-
dependent cytotoxic efficacy. AsPC1 cells turned out to be more
affected by [Gd(OH)]* [EMP]*~ (Fig. 4(a)), whereas Gd,> [PMX];*>~
shows a higher activity on pH8NS cells (Fig. 4(d)). Similar beha-
viour was also observed for the freely dissolved drugs (ESL¥
Fig. S12 and S13). It must be noticed that certain absorption
of medium, drugs, and nanoparticles occurred (black pillars,
Fig. 4 and ESLt Fig. S12, S13), which needs to be taken into
account to evaluate the actual cell growth (indicated by red lines).
Gd,*[(PMX)o 5(EMP)q 5]5>~ IOH-NPs with chemotherapeutic PMX/
EMP cocktail shows clear concentration-dependent efficacy on
both AsPC1 and pH8NS cells (Fig. 4(a) and (d)), which is higher as
compared to the single-drug IOH-NPs. Here, it must be noticed
that Gd,*[(PMX)os(EMP)o5]s> IOH-NPs also contain each drug
only with half of the concentration as the single-drug IOH-NPs.
In comparison to mixtures of the freely dissolved drugs,
Gd,*"[(PMX)o 5(EMP),5];>~ IOH-NPs even result in a slightly
reduced cell growth, specifically at low concentrations (5 and
10 pL, ESLt Fig. S12 and S13). Qualitatively, these observations are

d) pH8NS cells
Gd*,[PMX]*, IOH-NPs
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o
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Fig. 4 In vitro studies of IOH-NPs with single drug and chemotherapeutic cocktail on (a), (b) AsPC1 and (c), (d) pH8N8 cells. MTT-based viability assay

after 0 to 72 h of (a), (d) treatment with the indicated IOH-NP concentrations (0 to 50 ug mL™) in comparison to (b), (c) untreated cells. The
concentration of the freely dissolved drugs was according to their content in the IOH-NPs. Red lines indicate the self-absorption of the medium, and/or
drugs and/or IOH-NPs. Error bars correspond to the standard error of n = 4.
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also confirmed in cell assays by assessing the confluence using a
live-cell analysis system (ESI,T Fig. S14-S21).

The different effects of the IOH-NPs on AsPC1 and pH8NS
tumour cells are not surprising, as these cells originate from
different species (human vs. mouse), tissues (pancreatic carcinoma
vs. mammary carcinoma), and as they also exhibit different pro-
liferation rates, chemoresponsiveness, and basal levels of metabolic
activity. The delivery of chemotherapeutics via nanocarriers has
been also already shown to positively affect drug pharmacokinetic
by prolonging blood circulation, but also to improve their pharma-
codynamics and uptake by tumour tissue.' Here, nab-Paclitaxel
(i.e. albumin-nanoparticle-bound paclitaxel) is a prominent exam-
ple that is already routinely applied in the clinic.”® The results show
that Gd,*[(PMX),5(EMP),5),>~ IOH-NPs with chemotherapeutic

a) [Gd(OH)I"[(PMX), ,,(AIPCS,), ..

.

b) Negative control

0 min
c) [Gd(OH)]"'[(PMX),,,,(TPPS,), ..’

d) Negative control

0 min

10 min

10 min
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cocktail have high efficacy against different types of tumour cells
although they contain a lower concentration of a specific drug as
compared to the respective single-drug IOH-NPs. This synergistic
effect can be expected to be much stronger in in vivo settings than
for in vitro assays, which are limited by a short duration of the
experiment and isolated cell monocultures. I vivo, IOH-NPs with a
chemotherapeutic cocktail may not only result in an improved
tumour treatment but also help to overcome chemotherapy resis-
tance and to reduce side effects, which are the main drawbacks of
long-term drug treatments.

3.4 Invitro studies with IOH-NPs and cytotoxic cocktail

Whereas the effective formation of reactive oxygen species
(ROS) of Gd,*'[AIPCS,];*~ and La,*"[TPPS,];*~ IOH-NPs was

25 pm
20 min

25 um

25 pm

20 min

Fig. 5 Confocal microscopy images of Hela-GFP cells after incubation with [GA(OH)I**[(PMX)o 74(AlPCS4)0131°~ (a) and [GA(OH)IZ*[(PMX)o70(TPPS4)0.151~ (c)
IOH-NPs (50 ug mL™% for 24 h. Cells were illuminated for 10 and 20 min at 635 nm (for AIPCS,) or at 532 nm (for TPPS,). Untreated Hela-GFP cells illumination
are used as negative control (b) and (d). Depicted are the merged images of the fluorescence emission for GFP (leyc = 488 nm, Aem = 500-540 nm) and the IOH-
NPs (Jexe = 635 NM, Aem = 650-750 nm for AIPCSy; Aexc = 532 NnM, Aem = 550-650 nm for TPPS,), (identical scale bar for all images in a row).

This journal is © The Royal Society of Chemistry 2023
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shown before (ESI,T Fig. $22),'°**" dual-drug IOH-NPs with a
synergistic cytotoxic and phototoxic effect are presented here
for the first time. The activity of [GA(OH)]'[(PMX).s4-
(AIPCS4)o.1s~ and [GA(OH)*[(PMX)o70(TPPSy)o15]°~ IOH-NPs
with a cytostatic cocktail was tested in vitro using HeLa-GFP cancer
cells. Here, confocal fluorescence microscopy indicates cellular
uptake based on the red AIPCS,/TPPS,-derived emission (550-
600 nm) of the IOH-NPs, which provides a good contrast against
the emission of the green fluorescent protein (GFP) of the cancer
cells (Fig. 5(a) and (c)). The intensity of the GFP emission is also
coherent with the viability of the cells and shows the activity of
intracellular metabolic processes. For this reason, HeLa-GFP cells
are also considered as an excellent experimental model to visualize
the cytotoxic impact of the [Gd(OH)**[(PMX),.74(AIPCS4)o.15]>~ and
[GA(OH)*'[(PMX).70(TPPS4)o.15]*~ IOH-NPs upon activation by
light. The feasibility of the [GA(OH)*'[(PMX)o.74(AIPCS4)o.15]*~ and
[GA(OH)*'[(PMX).70(TPPS4)o15]”~ IOH-NPs for PDT is demon-
strated after 10 and 20 min of illumination (635 nm for AIPCS,;
532 nm for TPPS,). Thereafter, the cells show significant changes in
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their shape and morphology, indicating cell death (Fig. 5(a) and
(¢)). Moreover, the green emission of the HeLa-GFP cells is signifi-
cantly reduced after illumination. For [GA(OH)P[(PMX)y.o-
(TPPS,)o.15]>~, the green emission vanishes almost completely
(Fig- 5(c)). This evidences a strong phototoxic effect due to effective
ROS generation of the AIPCS,- or TPPS,-containing cytotoxic IOH-
NPs compared to untreated cells as negative controls (Fig. 5(b) and
(d)). Moreover, the PMX-related cytotoxic activity of IOH-NPs is
almost unaffected by illumination (ESL Fig. S23).

To provide quantitative results on cell viability after IOH-NP
treatment and subsequent illumination, MTT assays were
performed (Fig. 6). These experiments were conducted in
human colon carcinoma cells (HCT116) and normal human
dermal fibroblasts (NHDF), thus, testing not only the cytotoxic
impact on cancer cells but also on non-tumour somatic cells of
connective tissues. The performance of dividing somatic cells
such as fibroblasts is often used to elucidate the therapeutic
window for a potential application of a drug with antiprolifera-
tive properties such as PMX. For both cell types, the viability

NHDF cells
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Fig. 6 Cell viability assays with human-colon-carcinoma cells (HCT116) and somatic non-tumour human dermal fibroblasts (NHDF) treated with
different concentrations (5, 25, 50 pg mL™) of [GA(OH)IZ*[(PMX)g.74(AIPCS,4)0.431°~ and [GA(OH)IZT[(PMX)g 70(TPPS4)0151°~ IOH-NPs and the freely
dissolved active agents AIPCS,/TPPS, and PMX (1.6, 7.8, 15.5 ug mL~* AIPCS,; 1.6, 8.0, 16.0 ug mL~* TPPS,; 2.2, 11.0, 22.0 pg mL~* PMX) for 24 h. The
concentrations of the freely dissolved agents were according to their dose in the IOH-NPs. Eventually, the cells were illuminated for 30 min at 700 nm
(for AIPCS,4) or white light (TPPS,4) and further incubated for 48 h. The cells were subjected to an MTT assay to determine their viability. The experiments

were performed in triplicates. Depicted are the mean values + SD.
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plots provide a comparison of the [GA(OH)]*'[(PMX),.4-
(AIPCS,)0.15)>~ and [GA(OH)[(PMX)o.,0(TPPS,)0.15]°~ IOH-NPs
with the freely dissolved AIPCS,/TPPS, and PMX. The IOH-NPs
were applied in concentrations of 5, 25 and 50 pg mL ™" and the
concentrations of AIPCS,/TPPS, and PMX were adjusted to their
concentration within the IOH-NPs (1.6, 7.8, 15.5 pg mL ™" AIPCS,;
1.6, 8.0, 16.0 ug mL~* TPPS,; 2.2, 11.0, 22.0 ug mL ™' PMX,). For
HCT116 cells, the [GA(OH)]*'[(PMX)q 74(AIPCS4)o.15]>~ IOH-NPs
cause a concentration-dependent effect on the cell viability,
which is present but much less expressed than the cytotoxic
impact of free PMX in solution (Fig. 6(a) and (b)). A slight
photoinduced toxicity can also be observed and becomes more
obvious when using higher concentrations of the IOH-NPs. The
fact that the HCT116 cells are more affected by the treatment
with the IOH-NPs (ICs, values of 30 pg mL ' in the dark,
25 pg mL ™! after illumination) than NHDF cells (ICs, values of
50 ug mL ™" in the dark, 43 pg mL ™" after illumination) offers a
therapeutic window for selective treatment of tumour cells.

Compared to [Gd(OH)]**[(PMX),.,4(AIPCS,)0.15]>~, the cyto-
toxic effect of the [Gd(OH)]**[(PMX)g.,o(TPPS4)o.15)° IOH-NPs is
significantly higher when applied in the same concentration
of 5, 25 and 50 ug mL~" (Fig. 6(c) and (d)). The resulting data
evidence a decrease in viability of HCT116 cells (ICs, values of
<5 pg mL~ " of IOH-NPs, corresponding to <1.6 ug mL ™" of
freely dissolved TPPS,) both in the dark and after illumination
compared to freely dissolved TPPS, (ICs, values of >16 ug mL ™"
both in the dark and after illumination). Specifically interesting
is that these IOH-NPs outperform the efficiency of free
PMX for both cell lines before illumination. The expressed
cytotoxicity of the IOH-NPs can be further strengthened upon
illumination. Thus, an application of [Gd(OH)]*'[(PMX),.o-
(TPPS4)o.15]>~ IOH-NPs at the lowest concentration (5 ug mL ™)
decreases the viability of HCT116 cells by more than 70%,
whereas the effect on somatic non-tumour cells such as NHDF
cells is almost not affected, giving rise to a therapeutic window.

These results demonstrate that both agents the cytotoxic
PMX and the photosensitizing AIPCS, or TPPS, in the IOH-NPs
synergistically contribute to the cell-death initiation and can
lead to an improved antitumour performance than the indivi-
dual therapeutic agents. Furthermore, it should be noticed that
the cytotoxicity of the freely dissolved drug PMX has a higher
cytotoxic effect by one order of magnitude on HCT116 cells
(IC5p <2.2 pg mL™") than on NHDF cells (IC5, >22 ug mL ™).
Finally, it needs to be noticed that the cytotoxic effect of freely
dissolved PMX alone is not illumination dependent. This finding
also confirms that PMX is not considerably degraded upon
illumination.

Angiogenesis - ie. the formation of new blood vessels —
plays a crucial role in tumour progression since tumour growth
strongly depends on the oxygen and nutrient supply. Therefore,
inhibition or disruption of angiogenesis is considered as an
efficient way of antineoplastic treatment.> In this regard, the
angiogenesis-inhibiting effect proven for several porphyrin-
and phthalocyanine-based photosensitizers is a specific advan-
tage of PDT.* This effect is mainly based on an altering of the
morphological properties of the blood vessels, which causes

This journal is © The Royal Society of Chemistry 2023
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vasoconstriction and permeabilization of the microvascu-
lature.>* The resulting lack of oxygen directly leads to the
inhibition of tumour growth. For this reason, experiments with
[GA(OH)**[(PMX)o.,4(AIPCS)o.15]*~ and [GA(OH)*'[(PMX).-o-
(TPPS4)o.15]>~ IOH-NPs were performed in human umbilical
vein endothelial cells (HUVEC) (Fig. 7). Cells were seeded on a
vascular endothelial growth factor-containing matrix (Geltrex).
After incubation with the IOH-NPs and subsequent illumina-
tion, the cells were examined in comparison to cells treated
with the freely dissolved photosensitizers alone (positive con-
trols) and untreated cells (negative controls). For the evaluation
of the tubular integrity via confocal fluorescent microscopy, the
cell nuclei of the endothelial cells were stained with Hoechst
33342. For the IOH-NP-treated samples, the endothelial cell
alignment and microcapillary formation were not affected in
comparison to the negative controls (Fig. 7). However, after
illumination (at 700 nm for AIPCS, and white light for TPPS,),
the [GA(OH)*[(PMX)o.74(AIPCS4)o.13]* - and [Gd(OH)*[(PMX)o.7¢-
(TPPS,)o.15]> -treated samples show a total suppression of the
microcapillary network. The effect is even stronger as compared to
freely dissolved H,4(AIPCS,)/H,(TPPS,) as positive controls.

In sum, these findings clearly demonstrate that angiogen-
esis can be selectively inhibited by the IOH-NPs with cytotoxic
and phototoxic properties. The phototoxic effect initiated by the
photosensitizer is equaled to the free photosensitizersAIPCS,/
TPPS, showing that the incorporation of the photosensitizer
into the IOH-NPs is not decreasing its phototoxicity. In con-
trast, the contribution of PMX to the inhibition of the angio-
genesis can be neglected as freely dissolved PMX at similar
concentrations (2.2-22 pg mL ') has almost no effect (decrease
<15%) on the viability of HUVEC after 72 h of treatment as
observed via MTT assays (ESL,t Fig. $24 and S25). This enables
the IOH-NPs for selective destruction of the tumour microvas-
culature via their photoinduced cytotoxicity.

3.5 Effect of IOH-NPs on 3D tumour spheroids

To examine the cytotoxicity and the anti-proliferative effect of the
IOH-NPs on 3D cell cultures, 3D tumour spheroids were generated
and treated with the respective IOH-NPs. Here, HepG2 spheroids
were used as they show a uniform spherical structure. In regard to
the chemotherapeutic IOH-NPs, Gd,*[PMX];>~ did not show a
noticeable effect on the spheroids, whereas [Gd(OH)]*'[EMP]*~
strongly suppresses its growth (Fig. 8(a)). Both single-drug IOH-
NPs behave more-or-less similar to the freely dissolved drugs PMX
and EMP, with [Gd(OH)* [EMP]*~ IOH-NPs showing an even
stronger effect than free EMP. The chemotherapeutic cocktail in
Gd,**[(PMX), 5(EMP), 5];> also shows high efficacy on the spher-
oids. Notably, Gd,*'[(PMX),.5(EMP),s]s>~ contains only 50% of
the dose of the more active EMP than single-drug [Gd(OH)]**
[EMP]>". Due to three-dimensional growth, higher density and
limited diffusion, the cytotoxic effect on spheroids is observed
at higher concentrations (>100 pg mL ', Fig. 8) as for cells
(=10 pg mL ™", Fig. 4). However, this higher dose is required
for the IOH-NPs as well as for the freely dissolved drugs. For the
cyto-/phototoxic IOH-NPs [Gd(OH)'[(PMX), 74(AIPCS,)o15]> and
[GA(OH)*'[(PMX).-0(TPPS4).15]°, a cytostatic effect without
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Fig. 7 Impact of [GA(OH)IZ*[(PMX)g 74(AIPCS4)0 131>~ (a) and [GA(OH)IZ*[(PMX) 70(TPPS4)01512~ (b) IOH-NPs (50 pg mL™Y) on angiogenesis of human
umbilical vein endothelial cells (HUVEC) upon illumination with 700 nm light (AIPCS,4, 40 min) and white light (TPPS,4, for 3 min) in comparison to cells
treated with the freely dissolved photosensitizers H4(AIPCS,) (15.5 ug mL™Y and H4(TPPS,) (16.0 pg mL™) and non-treated HUVEC (negative controls).
Depicted are the fluorescence confocal microscopy images of cells treated with Hoechst 33342 (2 ng mL™Y) to visualize cell nuclei (Aexc = 405 MM, Jem =
410-450 nm) merged with the brightfield image (identical scale bar for all images in a row).

illumination (due to PMX/EMP) as well as an additional photo-
toxic effect after illumination (due to AIPCS,/TPPS,) is obvious
(Fig. 8(b)). The phototoxic effect is generally more pronounced
for PMX-based samples, since the cytostatic effect of PMX on
HepG2 spheroids is lower than for EMP. Combining che-
motherapeutics and photosensitizers in IOH-NPs in any case
results in a stronger cytostatic effect than illumination of freely
dissolved photosensitizers alone.

Cytotoxicity was also demonstrated by live/death staining of
the spheroids after 24 h of incubation with the IOH-NPs or the
respective freely dissolved agents (Fig. 9). For this purpose,
living cells were stained with the fluorescent dye calcein AM

3644 | J Mater. Chem. B, 2023, 11, 3635-3649

(green), whereas dead cells were labelled with propidium iodide
(P1, red). For the chemotherapeutic IOH-NPs, again, the efficacy
of [GA(OH)**'[EMP]>~ on HepG2 spheroids is higher than for
Gd,*'[PMX];>". Interestingly, freely dissolved PMX and EMP
have a lower toxic effect on the spheroids after 24 h than the
respective IOH-NPs (Fig. 9(a)). The latter holds also for
Gd,**[(PMX) 5(EMP),5];>~ IOH-NPs in comparison to a mixture
of freely dissolved PMX and EMP. For the phototoxic systems, live/
dead staining shows that — despite a pronounced phototoxicity
of freely dissolved AIPCSy/TPPS, - [GA(OH)['[(PMX)o4
(AIPCS,4)o.15)*~ and [GA(OH)*[(PMX)o.0(TPPS4)o.15)°~ IOH-NPs
exhibit a higher phototoxic effect as well as an additional

This journal is © The Royal Society of Chemistry 2023
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Gd,* IPMX]52~, [GA(OH)IZHEMPI2™, and Gd,**[(PMX)o 5(EMP)gsls2~ IOH-NPs as well as (b) cyto-/phototoxic [GA(OH)IZ*[(PMX)g 74(AIPCS4)0 1312~ and
[GA(OH)IZ*[(PMX)0.70(TPPS4)0.1512~ IOH-NPs with the freely dissolved agents as references (PMX with 28.13, 56.25, 112.5, 225.0, 337.5 ug mL™%; EMP with
19.75, 39.5, 79.0, 158.0, 237.0 pg mL™Y; AIPCS,4 with 7.75, 15.5, 31.0, 62.0, 93.0 pg mL~%; TPPS, with 8.0, 16.0, 32.0, 64.0, 96.0 ng mL™?) for 24 h. The
concentrations of the freely dissolved agents were according to their dose in the IOH-NPs. Eventually, the cells were illuminated for 30 min at a
wavelength of 700 nm (for AIPCS,4) or white light (for TPPS,4) and further incubated for 48 h. The experiments were performed in triplicates. Depicted are

their mean values +SD.

cytostatic effect without illumination (Fig. 9(b)). Finally, the IOH-
NPs have a more uniform effect on the entire spheroid, whereas
the toxicity of the freely dissolved agents is more restricted to the
center of the spheroids. This is probably due to the penetration
properties of the freely dissolved drugs, which show an increased
concentration in the interior of the spheroids, whereas the IOH-
NPs are evenly distributed all over the spheroid (Fig. 10).

The anti-proliferation effect of the IOH-NPs on the growth of
3D cell cultures was further evaluated by monitoring the pro-
liferation of HepG2 spheroids for 7 days (Fig. 11 and ESLt
Fig. S26, S27). Generally, the size of all tumour spheroids
treated with any type of IOH-NPs decreased after 3 days.
Furthermore, IOH-NPs containing EMP - [Gd(OH)]*'[EMP]*~
and Gd,*'[(PMX), 5(EMP)o5]s>~ - show dissolution of the spher-
oids after only 3 days (Fig. 11(a) and ESI,f Fig. $26). Freely
dissolved PMX did not have any dissolving effect on the spheroid
and only reduces its growth. Spheroids treated with the cyto-/

This journal is © The Royal Society of Chemistry 2023

phototoxic IOH-NPs [Gd(OH)*'[(PMX),.-4(AIPCS4).15]>~ and
[GA(OH)*[(PMX)o.70(TPPS4)o15]>~ after illumination also show
dissolution of the spheroids but only after 7 days of incubation
(Fig. 11(b) and ESI,t Fig. S27). The freely dissolved photosensitiz-
ing agents H,(AIPCS,)/H,(TPPS,) caused similar morphological
changes in the spheroids after illumination, whereas the treated
but non-illuminated spheroids continued to grow at similar rates
to the untreated control.

In sum, 3D cell cultures with HepG2 spheroids show that
IOH-NPs with a cocktail of active agents develop the effect of every
single agent. This proves the effective uptake of the IOH-NPs and
the release of the chemotherapeutic drugs. IOH-NPs show a more
uniform distribution in spheroids and an efficacy that may even
exceed that of single agents. The IOH-NP-mediated accumulation
of different chemotherapeutic and/or photosensitizing agents in
tumour tissue is specifically promising in the complex organism
to guarantee an optimal result of chemotherapy.
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Fig. 9 Live/dead cell assay on HepG2 tumour spheroids: 3D confocal microscopy of spheroids treated for 48 h with 100 pg mL™* of (a) Gd,>*[PMX]s>~,
[GA(OH)IZ*[EMPI?~, and Gd,**[(PMX)o5(EMP)osls>~ IOH-NPs (PMX with 1125 ug mL™., EMP with 79.0 pg mL™! as references) as well as of
(b) [GA(OH)I2*[(PMX)g 74(AIPCS 4)0 1312~ and [GA(OH)I2*[(PMX)g 70(TPPS4)0 1512~ IOH-NPs (AIPCS4 with 31 ug mL™%, TPPS, with 32 pg mL™* as references).
Illumination of photosensitizing compounds after 24 h for 30 min at 700 nm (for AIPCS,) or with white light (for TPPS,). Spheroids were stained with
Calcein AM (green; Jexc = 494 NnM, Jem = 500-580 nm) for viable cells and propidium iodide (PI, red; Aexe = 532 nmM, Aem = 610-700 nm) for dead cells

(identical scale bar for all images).

4. Conclusions

The material concept of the inorganic-organic hybrid nano-
particles (IOH-NPs) was expanded for the first time to IOH-NPs
with a cocktail of at least two active agents with high loading.
Specifically, Gd,*'[(PMX)o5(EMP),s),>~ with a chemotherapeutic
cocktail (PMX: pemetrexed, EMP: estramustine phosphate) and
[GA(OH)'[(PMX).74(AIPCS )15~ and  [GA(OH)P'[(PMX)o.7¢-
(TPPS,)o.15]>~ with a combination of cytotoxic and photosensitizing

3646 | J Mater. Chem. B, 2023, 11, 3635-3649

agents (AIPCS,: aluminum(m) chlorido phthalocyanine tetrasulfo-
nate, TPPS,: tetraphenylporphine sulfonate) were realized. Gener-
ally, these IOH-NPs are characterized by a simple synthesis in
water, particle diameters of 40 to 60 nm, high colloidal stability in
water due to negative surface charging and an unprecedented high
load of active agents with 71 to 82% of the total nanoparticle mass.
Furthermore, they are enabled for fluorescence-based monitoring
and show deep-red emission, which is well suitable for nanoparticle
monitoring.

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 3D-Confocal microscopy of HepG2 tumour spheroids after 24 h treatment with 100 pg mL™ of [GA(OH)IZT[(PMX)o 74 AlPCS4)O 132
[GA(OH)IZ*[(PMX) g 70(TPPS4)0.1512~ IOH-NPs (AIPCS, with 31 pg mL™%, TPPS, with 32 ng mL™! as references). Hoechst 33342 (2 pg mL™?%) was used for
nuclear staining. Merged images of fluorescence emission for IOH-NPs (purple; Aexc = 635 NM, Aem = 650-750 nm for AIPCS,, Aexc = 532 NM, Aem = 550—
650 nm for TPPS4) and Hoechst (blue; Aexc = 405 nm, Aem = 410-450 nm) (identical scale bar for all images).
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Fig. 11 Measurement of HepG2 spheroid growth before treatment and 1, 3, and 7 days after treatment. Spheroids were treated with 100 pg mL™2 of (a)
Gd,* IPMX152~, [GA(OH)IZ* [EMPI?~, and Gd,3*[(PMX)g s(EMP)g 5152~ IOH-NPs (PMX with 112.5 pg mL™2, EMP with 79.0 ng mL™* as references) as well as of
(b) [GA(OH)I2F[(PMX)g 74(AIPCS 4)0 1312~ and [GA(OH)I2*[(PMX)g 70(TPPS4)0 1512~ IOH-NPs (AIPCS4 with 31 pug mL™%, TPPS, with 32 pg mL™* as references).
The concentrations of the freely dissolved agents were according to their dose in the IOH-NPs. [llumination of photosensitizing compounds for 30 min at
700 nm (for AIPCS,4) or with white light (for TPPS,) and further incubated for 48 h. Size change of HepG2 tumour spheroids compared to the control
group during the 7 day treatment in (a). Morphological change of spheroids during the 7 day treatment in (b). Values expressed as the mean + SD (n = 6).

IOH-NPs with chemotherapeutic/cytostatic cocktail outper- references throughout. Thus, in a murine-breast-cancer cell
form single-agent IOH-NPs and freely dissolved agents as line (pHS8NS cells), IOH-NPs with a chemotherapeutic PMX/
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EMP cocktail exhibit a more than 2-times higher activity than the
respective single-drug IOH-NPs. For IOH-NPs with combined
cytotoxic and photosensitizing agents, illumination of HeLa-
GFP cancer cells displays effective ROS formation with a con-
siderable phototoxic effect. MTT assays with a variety of human
tumour and somatic non-cancerogenic cells such as colon cancer
cells (HCT116), HepG2 cells, human dermal fibroblasts (NHDF)
and human umbilical vein endothelial cells (HUVECS) prove the
cytotoxic and even additive effect of the IOH-NPs on cancer cells,
whereas somatic cells of connective tissues are only affected at
very high concentrations. Angiogenesis with human umbilical
vein endothelial cells (HUVEC) shows a total suppression of the
microcapillary network after incubation with the IOH-NPs and
illumination (for AIPCS, 40 min with red light, for TPPS, 3 min
with white light), which clearly outperforms the freely dissolved
H,(AIPCS,)/H,(TPPS,) photosensitizers. Toxicity and anti-
proliferation studies on 3D tumour spheroids with human liver
cancer cells (HepG2) confirm the results from 2D cell cultures
with superior distribution and activity of IOH-NPs with a che-
motherapeutic or cytostatic cocktail over single-drug IOH-NPs
and freely dissolved drugs. Altogether, IOH-NPs with chemother-
apeutic/cytostatic cocktail outperform the respective single-agent
IOH-NPs and show a strong synergistic effect due to the combi-
nation of active agents. Such adjunctive approaches are highly
relevant in clinics to overcome chemotherapy resistance and
metastasis. In fact, IOH-NPs as a platform concept offer even
more flexibility to select and to combine also other drugs and
drug cocktails in order to address specific disease patterns.
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