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Abstract

The field of photodynamic therapy (PDT) has continued to show promise as a potential method for
treating tumors. In this work a photosensitizer (PS) has been delivered to cancer cell lines for PDT
by incorporation into the metal-organic framework (MOF) as an organic linker. By functionalizing
the surface of MOF nanoparticles with maltotriose the PS can efficiently target cancer cells with
preferential uptake into pancreatic and breast cancer cell lines. Effective targeting overcomes some
current problems with PDT including long-term photosensitivity and tumor specificity. Developing
a PS with optimal absorption and stability is one of the foremost challenges in PDT and the
synthesis of a chlorin which is activated by long-wavelength light and is resistant to photo-
bleaching is described. This chlorin-based MOF shows anti-cancer ability several times higher
than that of porphyrin-based MOFs with little toxicity to normal cell lines and no dark toxicity.
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Introduction

Metal-organic frameworks (MOFs) have been proposed as biodegradable platforms for
photodynamic therapy (PDT); in particular, research on the use of MOFs in PDT has been
rapidly developing in the past five years.18 PDT uses a non-toxic dye called a
photosensitizer (PS) in conjunction with harmless visible or near-infrared (NIR) light to
produce reactive oxygen species (ROS) in order to kill cancer cells or bacteria. PDT has the
advantage of dual selectivity in that the PS can be directed to targeting cells or tissues and
the light can be physically directed to the affected area.>-11 To be viable as a PS, a
compound should achieve a high quantum yield of singlet oxygen generation upon
absorption in the long wavelength region (~ 800 nm). Additionally, for a PS to be a viable
therapeutic, it must have preferential tumor localization, minimal dark toxicity, and simple
formulation.12 The synthesis of new PSs is of fundamental importance for developing PDT
as a usable tumor treatment. Chlorin is a PS that has been clinically tested as an antitumor
agent for PDT. The chlorin macrocycle is a reduced porphyrin that has a center of UV
absorption blue shifted from the porphyrin absorption region. Both of these macrocycles are
studied as therapeutic agents for biomedical uses.!3 Natural and synthetic chlorins are
important because they have unique photophysical properties compared to the parent
porphyrin, such as enhanced red light absorption and often improved fluorescence quantum
yield.13 The chlorin ring, however, can be easily converted back into porphyrin by oxidation,
especially during irradiation with light as the singlet oxygen generated may oxidize the
unsaturated chlorin ring.1# Chlorin macrocycles are formed by the oxidative or reductive
removal of a double bond in one of the a pyrrole rings comprising a porphyrin macrocycle.
15,16 stabilizing the single bond at the beta position of the pyrroles in a chlorin ring can be
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achieved by installing a 5-membered pyrrolidine at this position instead of simply adding
two hydrogens.13

Incorporating PSs into a MOF also prohibits the PS from forming molecular aggregates; this
makes the crystalline MOF framework beneficial because the photophysical study of
porphyrin-based macrocycles in aqueous solutions have shown that dimerization and
aggregation are prevalent.17- 18 When the PS is fixed into a supramolecular framework, as is
the case in a MOF, then dimerization between the PSs cannot take place. Another issue with
current PSs is the inability to discriminate between unhealthy and normal tissues, resulting
in non-selective spreading of the PS throughout the body. For instance, some clinical PDT
patients must avoid sunlight for at least 4 weeks after treatment.1 Glycosylation of
porphyrin and chlorin macrocycles serves to make the molecules amphiphilic,20-22 and
conjugation to sugars can also target cancer cells by the Warburg effect.23-25

As a continuation of our works on PDT utilizing MOFs,1: 26 in the present work, the
synthesis of a 5-ring C2 chlorin that can be incorporated into an Hf-MOF with topology
similar to UiO is described. Surface glycosylation of the nano-scaled MOF crystals with
maltotriose sugar gives the nanoparticles active targeting ability. The strategy of conjugation
biomolecules to a MOF surface as a method to target cancer cells was explored previously
by Zhou and coworkers wherein folic acid was conjugated to the surface of a porphyrinic
MOF.2” The targeting mechanism is based on binding with the glucose transporter (GLUT)
receptors, which are highly expressed on cancer cell surfaces.28-30 Maltotriose was
bioconjugated to the MOF surface using a SyAr reaction, which is the first example of such
a reaction modifying a MOF surface to the best of our knowledge.

The hybrid composition of MOF frameworks allows for a multitude of functionalities to be
installed onto one material. In this work, two MOF platforms have been engineered to target
and kill cancer cells by the action of PDT. The two PS MOFs developed in this work, so
named MA-HfMOF-PFP-Ni-Zn (MA-HfMOF-PFP) and MA-HfMOF-PFC-Ni-Zn (MA-
HfMOF-PFC), were shown to be effective against three aggressive cell lines, MDA-MB-231
(triple negative breast cancer), MIA-PaCa2 (pancreatic cancer), and HelLa (cervical cancer).
MDA-MB-231 represents a cancer cell line that is especially difficult to target3! and the
MIA-PaCaz2 is a highly aggressive and invasive cancer cell line.32 The cell death rates of
these two cancer lines when treated with the MOF nanoparticles compared to cell death rates
during analogous treatment of healthy cells demonstrates how the deliberate design of MOF
nanoparticles at the compositional level can successfully enable anticancer activity.

Synthesis of EDA-MA and nano-sized MOFs

The synthesis of the chlorin linker began with preparation of 1-5-
(pentafluorophenyl)dipyrromethene (1) (PFP-DPM)33 which underwent condensation with
methyl 4-formylbenzoate to synthesize 5,15-bis(4-carbomethoxyphenyl)-10,20-
bis(pentafluorophenyl)porphyrin (11) (Me,PFP; Scheme 1; Supporting Information, Section
S3). After generating PFP-DPM, we modified established methods33: 34 to produce Me,PFP
(yield: 300 mg of Me,PFP, 18.25% yield) (Scheme 1; Supporting Information). Pure
Me,PFP was used for hydrolysis, metalation or chlorin synthesis. Metal insertion with Ni(ll)
of the Me,PFP gave 5,15-bis(4-carbometholxyphenyl)-10,20-
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bis(pentafluorophenyl)porphyrinato]-Ni(Il) (111) (Ni-Me,PFP), and then Ni-Me,PFP
underwent acidic hydrolysis of esters to give 5,15-bis(4-carboxylphenyl)-10,20
bis(pentafluorophenyl)porphyrinato]-Ni(l1) (1) (Ni-H,PFP).33:35 (Scheme 1; Supporting
Information). 5,15-Bis(4-carbomethoxyphenyl)-10,20-bis(pentafluorophenyl)chlorin (V)
(Me,PFC) was synthesized through a 1,3-dipolar cycloaddition!3 reported previouslt by
Cavaliero and coworkers.36 (Scheme 1; Supporting Information). V underwent acidic
hydrolysis to yield 5,15-bis(4-carboxylphenyl)-10,20-bis(pentafluorophenyl)chlorin (V1)
(HoPFC).

UV-vis absorption spectroscopy was used to record the absorbance of all the synthesized
macrocycles (Figure 1). The H,PFC was stored in amber vials until needed for the MOF
synthesis. To compare the effectiveness of chlorin-based MOFs to that of porphyrin-based
MOFs for PDT, two kinds of MOFs were prepared. For the porphyrin-based MOFs,
HfMOF-PFP-Ni was synthesized by mixing a 1:1 ratio of Ni-H,PFP and H,PFP with HfCl,
and a size-controlled synthetic methodology developed by He et al3’ resulted in nano-scale
MOFs HfMOF-PFP-Ni. The chlorin-based MOFs (HfMOF-PFC-Ni) were synthesized by
mixing a 1:1 ratio of Ni-H,PFP and H,PFC with HfCl,. In order to employ the heavy atom
effect that will increase the generation of reactive oxygen species,38-40 HfMOF-PFP-Ni and
HfMOF-PFC-Ni were treated with ZnCly, inserting Zn into the H,PFP and H,PFC ligands,
respectively (Figure 2). Because Zn is a heavy atom, its presence near the PS enhances their
intersystem crossing (ISC), causing an increase in 20, production and improving their
efficiency.l: 41744 Since it is known that the metalation of paramagnetic metal to porphyrin
causes the decrease of generation of singlet oxygen,3’ we attempted to coordinate Ni2* only
into porphyrin but not the chlorin linkers. Ethylenediamine-maltotriose (EDA-MA) was
covalently bound to the MOF surface by a SNAr reaction between the sugar and the
pentafluorobenzene substituents on the MOF linkers (Figure 2) to give MA-HfMOF-PFP
and MA-HfMOF-PFC, respectively.

EDA-MA was synthesized through reaction of MA with EDA (Figure 3a). A reductive
amination at the anomeric position of maltotriose was carried out according to a reported
procedure.*® The reaction progress was monitored by TLC, IR, and 1H NMR. During the
reaction IR spectroscopy reveals a signal at 1800 cm™1 which arises from the C=N bond in
the imine intermediate; after the reductive amination the N-H bending vibration at 1600
cm~L is found from the isolated product (Figure 3b). The signals associated with the a and 8
anomeric protons of the disappeared on IH NMR as the reaction proceeded (Supporting
Information, Figure S6).

MOF Synthesis

The synthetic route developed by He et al3” for the synthesis of nanoscale Zr and Hf MOFs
was used in this work to synthesize two new MOFs: HfMOF-PFP and HFMOF-PFC. The
Hf-MOFs used HfCl, as the metal source and were synthesized through a solvothermal
reaction in DMF with acetic acid and water modulators (Supporting Information, Table S1).
For HFMOF-PFP, a 1:1 ratio of H,PFP and Ni-H,PFP (0.165 mmol) was added to a solution
of 0.33 mmol HfCl, in a solution of DMF (700 WL), acetic acid (42 uL) and water (17 uL).
The same molar ratios used in the HFIMOF-PFP synthesis were used in the HfMOF-PFP

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sakamaki et al.

Page 5

synthesis but instead of porphyrin, chlorin linkers (H,PFC and Ni-H,PFC) were used. All
MOFs were synthesized in a 15 min reaction at 120 °C; stirring was maintained at 300 rpm.
After synthesis, post synthetic modification was carried out to install Zn2* into coordination
sites at the center of the HoPFP linkers which was followed by the bio-conjugation step.

Bio-conjugation SyAr reaction

Synthetic investigation began by developing model reactions to simulate the SNAr reaction
between EDA-maltotriose and a pentafluorophenyl group. First decafluorobiphenyl and
EDA were selected as model molecules. Four bases were tested (diethylamine,
diisopropylethyleamine, potassium zert-butoxide and CsF) as well as a control reaction with
no base. Ultimately the reaction with no base worked the best according to 19F NMR
(Supporting Information, Figure S8), and it can be deduced that in this example the EDA
was basic enough to undergo the reaction unaided. This result did not hold when Me,PFP
and EDA-MA were used to attempt the SyAr reaction in DMF or DMSO. UV-vis
spectroscopy was used to monitor the reaction, and it is expected that the saccharide-
conjugated porphyrin displays a widening in the UV-vis absorption spectra as was observed
previously.46 Mixtures of Me,PFP and EDA-MA were stirred in DMF for 3 hours wherein
UV-Vis at the beginning and end of the reaction time showed no difference (Figure S9).
When CsF was added to reaction mixture the expected widening of the absorption band was
observed after 3 hours (Figure 4), which indicated a successful SyAR reaction.

Based on the results of small-molecule reactions, surface modification of the MOF crystals
was carried out with CsF as a base. In order to bioconjugate the EDA-MA, two separate
solutions were prepared. One solution contained 1.5 mg CsF dissolved in 500uL of DMF
while the other had 4 mg of the appropriate MOF complex mixed with 1 mg of EDA-MA in
500 uL of DMF. 100 uL of the CsF/DMF solution was pipetted into the MOF suspension.
The resultant mixture was then shaken at 500 rpm for 3 hours. Then, the reaction was
complete, and the resultant bio-conjugated MOF complex was rinsed with DMF and water.

Characterization of MOFs

The MOF samples were characterized using powder X-ray diffraction (pXRD), transmission
electron microscopy (TEM), inductively couple plasm mass spectrometry (ICP-MS), and
UV-vis. MA-HfMOF-PFP-Ni-Zn and MA-HfMOF-PFC-Ni/0Zn were characterized by
TEM, zeta-potential and UV-vis. X-ray diffraction patterns of HfMOF-PFC-Ni and HfMOF-
PFC-Ni-Zn were compared to calculated diffraction patterns from the single crystal structure
of the MOF DBP-UiO synthesized by Lu et al.*” Unlike DBP-UiO the HfMOF-PFC MOFs
synthesized in this work do not completely match the UiO topology*® but the HFMOF-PFC
MOFs do retain structural motifs similar to UiO as evidenced by similarities in the computed
and observed patterns (Figure 5a). The Ni:Zn metal ratios in the HfMOF-PFP-Ni-Zn and
HfMOF-PFC-Ni-Zn samples were determined to be 1:3.1 and 1:2.7 (Table S2) using ICP-
MS. This result indicates an increased incorporation of H,PFP over Ni-HoPFP or HoPFC
into the HFMOF-PFP-Ni and HFMOF-PFC-Ni frameworks. Comparison of particle size and
morphology of the MOF particles before and after post-synthetic modification with Zn and
EDA-MA using TEM can be seen in Figure 5b. This analysis reveals that the median particle

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sakamaki et al.

Page 6

size of the nano MOFs (nMOFs) increases from the 60—-70 nm range before modification to
70-80 nm after with EDA-MA conjugation (Figure S11).

This ~10 nm increase is attributed to a coating of EDA-MA around the MOF particles.
Modification with EDA-MA was also analyzed by zeta potential (Table S4). Before
modification with EDA-MA, the surface charge of HfMOF-PFP-Ni-Zn was measured to be
is 0.651 mV (stv = 0.00146). After modification with EDA-MA, the surface of MA-HfMOF-
PFP-Ni-Zn is =5.007 mV (stv = 0.00832). This slight negative shift in zeta-potential is also
indicative of EDA-MA conjugating to MOFs. It is assumed that the nitrogen atoms of EDA
may abstract protons from two alcohols of maltotriose resulting in a mild negative shift;
moreover, this increase in negative surface charge will increase electrostatic dispersion in
water. As shown in Figure 4, saccharide-conjugated porphyrin displays a widening in the
UV-Vis absorption spectra. The metalation of Zn into Me,PFC shifts the soret band from
650 nm to 630 nm (Figure 6a) as is observed in the UV-vis of the isolated Zn-Me,-PFC
(Figure 6b). The shift in the soret band when Zn is incorporated into the chlorin is also
observed in MA-HfMOF-PFC-Ni-Zn when compared to HFMOF-PFC-Ni (Figure 6¢).

Bioactivity Data

The selective antitumor effect of MA-HfMOF-PFC-Ni-Zn was tested /n vitro by comparing
the cell toxicity of MA-HfMOF-PFP-Ni-Zn towards three cancer cell lines: MDA-MB-231
(triple negative breast cancer) cells, MIA-PaCa2 (pancreatic cancer) cells, and HelLa
(cervical cancer). MCF-10a (an immortalized human breast epithelial cell line derived from
non-tumorigenic breast epithelium) was also tested. Incorporation of EDA-MA onto the
MA-HfMOF-PFC-Ni-Zn particles target the GLUT receptor of cancer cells. The PDT effect
of MA-HfMOF-PFP-Ni-Zn and MA-HfMOF-PFC-Ni-Zn against MDA-MB-231, MIA-
PaCa2, Hela, and MCF-10a cells were measured by WST-8 assay*® where the number of
live cells is directly proportional to the amount of formazan produced. The WST-8 assay was
carried out as follows: After the four cell lines were treated with MA-HfMOF-PFP-Ni-Zn
and MA-HfMOF-PFC-Ni-Zn respectively, for 24 hours, the cells were washed with PBS
three times and irradiated with a white LED light (100 mW/cm?2) for 30 minutes. The
comparison of PDT effect for MA-HfMOF-PFP-Ni-Zn and MA-HfMOF-PFC-Ni/Z between
cancer cell lines and normal cell lines is shown in Figure 7. MDA-MB-231, MIA-PaCa2,
and Hela cancer cell lines were exposed to MA-HfMOF-PFP-Ni-Zn and MA-HfMOF-
PFPC-Ni-Zn and irradiated with an LED light. These cancer cell lines were killed effectively
after 80 pg/ml of MA-HfMOF-PFP-Ni-Zn while they were killed dramatically after 20
pg/ml of MA-HfMOF-PFC-Ni-Zn. Both MA-HfMOF-PFP-Ni-Zn and MA-HfMOF-PFC-
Ni-Zn showed smaller toxicity towards the MCF-10a cell lines than cancer cell lines. To
demonstrate that toxicity is dependent on irradiation with LED light, the dark toxicity of
MA-HfMOF-PFP-Ni-Zn and MA-HfMOF-PFC-Ni-Zn were also tested against two cell
lines used in the study, and the results are shown in Figure 7. The dark toxicity of MOFs
against all three cell lines was minimal, suggesting that the toxicity of MA-HfMOF-PFP-Ni-
Zn and MA-HfMOF-PFC-Ni-Zn arise only during irradiation with light. To gauge the
targeting ability of the surface modified MOFs, ICP-MS was used to determine the Hf levels
in the treated cells. The amount of elemental Hf in the MDA-MB-231 and MCF-10a cell
lines was compared to Hf levels in the HeLa cells to determine MOFs’ ability to target

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sakamaki et al.

Page 7

cancer cells via GLUT receptor. MDA-MB-231 is also known for its highly aggressive
growth, which correlates to a high expression of the GLUT receptor.>0 The result shows that
cellular uptake of the maltotriose-conjugated MOFs is 20 times higher for MDA-MB-231
cells than for MCF-10a cells . This result is a strong indication that the maltotriose
functionalized surface causes selective uptake of the MOFs into cancer cells. Cellular uptake
of MA-HfMOF-PFC the chlorin and porphyrin such as the size, symmetry and the increased
polarity of the chlorin linkers of MA-HfMOF-PFC.44

Conclusion

We have reported that the nano-scaled MOF MA-HfMOF-PFC-Ni-Zn can selectively target
cancer cells due to maltotrionic acid conjugation on the surface of the MOF. MA-HfMOF-
PFC-Ni-Zn is a well-designed drug delivery system that has been proven to actively target
three cancer cell lines while showing minimal toxicity toward the normal MCF-10a cell line.
The characterization of MA-HfMOF-PFC-Ni-Zn surface charge with zeta potential confirms
that the dispersive effect of MOF particles can be enhanced by surface functionalization. Our
previous work on this topic involved the modification of MOF nanoparticle surfaces with
maltotrionic acid for similar targeted anticancer effect.26 To determine if the MA
conjugation to the surface of the MOF can achieve a cancer targeting effect within the
circulation of a living sample, MA-HfMOF-PFC-Ni-Zn should be tested in a mouse model
for future studies. In vivo studies by Liu’s group reported that the Hf of their nMOF, Hf-
TCPP-NMOF-PEG was excreted in the feces and urine of mice completely in seven days.>!
Understanding the excretion mechanism of the relevant elements will reveal to what extent
toxic metal accumulation will determine therapeutic MOF dosages during in vivo
experiments. Our chlorin-based nano-MOFs (MA-HfMOF-PFC-Ni-Zn) showed stronger
PDT effects than porphyrin-based nano-MOFs (MA-HfMOF-PFP-Ni-Zn). Investigating and
incorporating new PSs into multifunctional MOFs is a major proof of concept to make
useful nanoparticles for PDT.

To date most efforts towards designing MOFs for PDT are focused on incorporating the
most effective organic PS molecules within the MOF frameworks as linkers; and towards
this end, more complex and efficient symmetric macrocycles should be synthesized.
Inhibiting dimerization and aggregation of PSs fixed into the supramolecular crystalline
frameworks means that MOFs serve as the most optimal platform for PDT. Meanwhile,
functionalizing nanoparticle surfaces to increase cancer targeting®2-24 specificity will do
much to broaden the viability of clinical nanomedicine. It is a much more efficient approach
that must be used in future explorations of MOFs as PDT agents as it brings the PS directly
to the cancer cells. Active targeting will also increase the potency of a PS so that less of the
MOF needs to be administered, reducing any prolonged photosensitivity or metal toxicity.
Since MA-HFMOF-PFC-Ni-Zn also contains the paramagnetic Ni2* metal, it will be an
excellent MRI agent.®®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
UV-vis spectra of Me,PFC, Zn-Me,PFP, Me,PFP, and Ni-Me,PFP.
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Synthesis of HFMOF-PFP-Ni-Zn and HFMOF-PFC-Ni-Zn.
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Figure 3.
a) Reductive amination of MA with EDA to yield MA-EDA. The reaction proceeds through

an imine intermediate. b) Infrared spectroscopy (IR) of reductive amination. 7op /eft. IR
spectra of EDA and fop right. maltotiose. Bottom left. IR spectra of the reaction mixture
showing the imine intermediate and botfom right: EDA-MA.
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Figure 4.
UV-vis spectra of Me,PFP dissolved in DMF (orange) and the Me,PFP after three hours of

mixing with EDA and CsF as base.
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Figureb.
a) PXRD of HFMOF-PFC-Ni, HFMOF-PFC-Ni-Zn, and the simulated DBP-UiO diffraction

pattern.3947 b) The TEM images of HFMOF-PFC-Ni-Zn and MA-HfMOF-PFC-Ni-Zn.
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a) UV-vis spectrum of Me,PFC before and during metalation with Zn. b) UV-viz of Zn-
MeoPFC. ¢) UV-vis of HFMOF-PFC-Ni and MA-HfMOF-PFC-Ni-Zn.
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a) PDT effect of MA-HfMOF-PFP-Ni-Zn on four cell lines, MIA-PaCa2, MDA-MB-231,
Hela, and MCF-10a. b) PDT effect of MA-HfMOF-PFC-Ni-Zn on four cell lines, MIA-
PaCa2, MDA-MB-231, Hela, and MCF-10a c) Dark toxicity of MA-HfMOF-PFP-Ni-Zn on
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Zn (MA-HfMOF-PFP) and MA-HfMOF-PFC-Ni-Zn (MA-HfMOF-PFC) between MCF-10a
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Scheme 1.
Synthesis of 5,15-bis(4-carboxylphenyl)-10,20-bis(pentafluorophenyl)porphyrinato]-Ni(Il)
(Ni-H,PFP) and 5,15-bis(4-carboxylphenyl)-10,20-bis(pentafluorophenyl)chlorin (H,PFC).
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