
  Chemical
  Science
rsc.li/chemical-science

ISSN 2041-6539

Volume 15
Number 19
21 May 2024
Pages 6981–7360

EDGE ARTICLE
V. Nicholas Vukotic et al.
Therapeutic coordination polymers: tailoring drug release 
through metal–ligand interactions



Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 9
:5

7:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Therapeutic coo
aDepartment of Chemistry and Biochemis

Avenue, Windsor, ON N9B 3P4, Canada. E-m
bDepartment of Chemistry, University of Gue

Canada
cDepartment of Pharmacology and Toxicolog

0A3, Canada
dBrain Health Imaging Centre, Centre for Ad

M5T 1R8, Canada

† Electronic supplementary information (
For ESI and crystallographic data in CI
https://doi.org/10.1039/d4sc00732h

Cite this: Chem. Sci., 2024, 15, 7041

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 30th January 2024
Accepted 10th April 2024

DOI: 10.1039/d4sc00732h

rsc.li/chemical-science

© 2024 The Author(s). Published by
rdination polymers: tailoring drug
release through metal–ligand interactions†

Jennifer N. Murphy,ab Joy-Lynn Kobti,a Michelle Dao,a Darcy Wear,acd

Michael Okoko,a Siyaram Pandeya and V. Nicholas Vukotic *a

Developing tunable materials which exhibit sustained drug release is a considerable challenge. Herein, we

report the concept of Therapeutic Coordination Polymers (TCPs); non-porous coordination polymers

constructed from biocompatible components which demonstrate tunable zero-order drug release

kinetics upon degradation of metal–ligand bonds. TCPs were constructed from three principal

components: (i) a cationic metal center (M = Mg2+, Mn2+, Zn2+, or Cu2+); (ii) an anionic drug

(Diclofenac); and (iii) an alkyl bis-imidazole organic ligand which behaves as a “linker” between metal

centers. Most drug-release materials, such as amorphous polymer dispersions, or metal–organic

frameworks rely on a diffusion-based mechanism for drug release, but the degradation-controlled

release of drugs from non-porous one-periodic coordination polymers has been largely unexplored.

TCPs described herein exhibit a high wt% of pharmaceutical (>62%), tailorable zero-order drug release

rate kinetics which span over three orders of magnitude, and stimuli-responsive drug release behavior

making them well suited for extended drug-release applications.
Introduction

Controlled and sustained drug-release materials can be used to
develop better medical treatments by improving a pharmaceu-
tical's inherent physiochemical properties (e.g., solubility and
bioavailability) to maximize the drug's therapeutic benet.1,2

These materials are particularly advantageous in cases where
drugs have a narrow therapeutic index, fast clearance time, or
short elimination half-life, which oen leads to the need for
higher and more frequent dosages to maintain the therapeutic
effect.3 Considering that the development of a single new
pharmaceutical takes considerable time and resources (esti-
mated cost of USD 2.6 billion, in 2020),4 the ability to improve
the performance of existing drugs has signicant advantages.5,6

Commonly used drug-release materials include excipients,
such as cellulose used in solid-state formulations,7,8 amorphous
organic polymer dispersions,9,10 lipids,11 ceramics (e.g.,
hydroxyapatite), and, most recently, porous materials, such as
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porous coordination polymers (PCPs)12 and metal–organic
frameworks (MOFs).13–17 The barriers associated with devel-
oping ideal drug-release materials are complex and change
depending on the target drug and route of administration (e.g.,
oral, intravenous, subcutaneous, transdermal, or ocular).2 Thus,
creating materials which consistently incorporate the desired
amount of a therapeutic and control the drug's release rate is
still a considerable challenge.

Many drug-release materials, ranging from amorphous
polymer dispersions to metal–organic frameworks, suffer the
same fundamental issue: drug uptake and release is primarily
accomplished through a diffusion-based mechanism.18 Unfor-
tunately, reliance on drug loading and release by diffusion oen
results in poor control over drug release kinetics and can lead to
‘burst release’. In this case, the drug is rapidly dispersed into
the surrounding media, oen overshooting the therapeutic
dosage and potentially reaching toxic dosage concentrations.6

Indeed, it has been over 20 years since Langer & Peppas reported
that a surface erosion mechanism caused by the degradation of
a material (e.g., polyanhydride-based polymers) offers far
superior control, compared to diffusion-based release.19

Unfortunately, it is very difficult to accomplish degradation-
based drug release with organic polymers, which possess
other signicant drawbacks, including low wt% drug loadings
and reproducibility issues.18,20–23 Although solid-state forms
(e.g., polymorphs, salts, and co-crystals) in which the drug is
incorporated in a stoichiometric ratio exhibit consistent drug
incorporation, high wt%, and degradation-based drug release,24

these solid-state forms are held together with relatively weak
Chem. Sci., 2024, 15, 7041–7050 | 7041
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non-covalent interactions and suffer from a limited ability to
tune drug release rates.24,25 In consideration of these factors,
and in contrast to the vast majority of known drug release
materials, we have developed the concept of Therapeutic
Coordination Polymers (TCPs), non-porous coordination poly-
mers which utilize metal–ligand interactions to achieve
degradation-based drug release.

TCPs described herein were constructed from a combination
of three principal components: (i) a cationic metal center (M =

Mg2+, Mn2+, Zn2+, or Cu2+); (ii) an anionic non-steroidal anti-
inammatory drug (NSAID), such as Diclofenac (Diclo); and
(iii) an alkyl bis-imidazole bidentate ligand which behaves as
a biocompatible “linker” betweenmetal centers (biim-Xwhere X
= 5, 6, or 8, CH2 linking units between terminal imidazoles).
The general formula of the smallest repeating unit within
a linear TCP is M(Diclo)2(biim-X), abbreviated MDicloX
(Scheme 1).

Our lab has demonstrated that TCPs can be formed from
several anionic NSAIDs containing carboxylate groups.26 Diclo-
fenac (2-(2,6-dicholoroanilino)phenylacetate) proved to be an
ideal target for our initial drug release investigations, due to its
size, solubility, photophysical properties,27 and ease of incor-
poration. Diclofenac is used as an anti-inammatory, analgesic,
and antipyretic drug to treat pain, rheumatic inammations,
and osteoarthritis. The acid form is known to have poor solu-
bility, which can be drastically improved by utilizing the sodium
salt of the drug.28 Despite this, numerous daily doses are typi-
cally required to maintain its therapeutic effect, which could be
dramatically improved by a controlled or sustained-release oral
formulation or drug-release implant.29,30

While coordination polymers, such as innite coordination
polymers (ICPs), have been previously investigated as drug
release materials, studies which focus on direct coordination of
the pharmaceutical to the CP are rare, and mainly involved
poorly water-soluble pyridine-based linkers which resulted in
insoluble by-products upon exposure to aqueous dissolution
media and incomplete release of their drug payload.31–34 To the
best of our knowledge, the imidazole-based TCPs described
Scheme 1 (a) Components of TCPs (MDicloX):M =Mg2+, Mn2+, Zn2+,
or Cu2+ metal cations, Diclo = diclofenac anions, and X = bis-imid-
azole linkers with total carbon chain lengths 5, 6, or 8 between
imidazoles, (b) representation of drug release from TCPs via degra-
dation of metal–ligand interactions.

7042 | Chem. Sci., 2024, 15, 7041–7050
herein are the rst drug-containing coordination polymers to
behave as tunable drug release ‘matrix’ materials, exhibiting
complete, consistent, and tunable drug release rates. This has
allowed us to determine, for the rst time, the specic intrinsic
dissolution rate (i.e., degradation rate) for a series of drug-
containing coordination polymers which have been pressed
into monoliths. These results represent a signicant break-
through in the search for tunable sustained drug release
materials and a new approach to utilizing non-porous coordi-
nation polymers with direct incorporation of pharmaceuticals,
rather than suffering from the poor control over diffusion which
plagues porous materials (e.g. organic polymers and MOFs).35
Results and discussion
Synthesis & characterization of TCPs

TCPs were synthesized by combining alcoholic solutions of
their principal components (M2+ nitrate salt, biim-linker, and
Diclofenac) at ambient temperatures. The ambient reaction
conditions are particularly advantageous, as no hydrothermal
or solvothermal synthesis was necessary which might result in
unwanted decomposition of the pharmaceutical component
(Diclofenac is known to undergo decomposition at elevated
temperatures).36 The bis-imidazole linkers are readily soluble in
alcoholic and aqueous solutions, in comparison to highly
conjugated ligands used in other studies which have hindered
drug release from the resultant materials.31,32 The bis-imidazole
linkers are used in excess during the synthesis to function as
a base to deprotonate the carboxylic acid of Diclofenac, forming
the carboxylate derivative and initiating TCP formation. Single
crystal structures of the TCPs are shown in Fig. 1 and Fig. S1–
S11,† while a summary of crystallographic parameters is listed
in Table S1.2.† All TCPs contain two Diclofenac anions coordi-
nated to each metal center in a monotopic fashion and an
imidazole-based linker which joins adjacent metal centers to
form one-periodic coordination polymer strands (Fig. 1).

The coordination environment within each TCP depends on
the geometric preference of the metal center; Mg2+ and Mn2+

TCPs adopt an octahedral geometry with coordinated solvent
molecules (e.g., EtOH), while Zn2+ TCPs have a distorted tetra-
hedral geometry with s4 parameters ranging from 0.83 to 0.93,37

and Cu2+ TCPs exhibit a square planar geometry. For Mg2+,
Mn2+, and Cu2+ TCPs, the biim linkers adopt a trans disposition
while the angles between biim linkers for Zn2+ TCPs vary from
106 to 119° because of their tetrahedral geometry, forming one-
periodic polymer strands which propagate in an undulating
manner. The Diclofenac units in all TCPs undergo intra-
molecular H-bonding between the N–H group and the carbonyl
O atom (Fig. S17†). The polymer strands contain a high weight
percentage of the active pharmaceutical ingredient (61.7–
68.6 wt%) and are densely packed to form non-porous crystal-
line solids. TCP strands organize in a parallel or orthogonal
fashion in the solid-state, facilitated by intermolecular forces
such as C–H/p interactions between aromatic moieties of the
Diclofenac molecules in adjacent polymer strands (Fig. S12–
S20†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Single-crystal structures of TCPs, (a) MgDiclo6, (b) MnDiclo6,
(c) ZnDiclo5, (d) ZnDiclo6, (e) ZnDiclo8, and (f) CuDiclo6. Mg = light
grey, Mn = purple, Zn = grey, Cu = orange, N = blue, O = red, Cl =
green, bis-imidazole and diclofenac C-atoms are shown in silver and
gold, respectively.

Fig. 2 Rapid synthesis of TCP CuDiclo6 upon addition of Cu(NO3)2 in
MeOH (top) with pressed monoliths depicted (top right) and formation
of large single crystals at lower concentration in MeOH (bottom).
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Typically, densely packed non-porous coordination polymers
are not targeted as drug-release materials, as many systems
(such as metal–organic frameworks)38,39 rely on the porous
structure of the material for diffusion-based drug uptake and
release. However, for a degradation-based approach, densely
packed coordination polymers are ideal, as the drugs are an
integral part of the material, and the release rate can be tuned
by altering the strength of the metal–ligand bonds and inter-
molecular forces within the TCP. At high concentrations (0.20
M), bulk quantities of TCPs can be obtained rapidly. At lower
concentrations, as described in the experimental section, large
single crystals of the TCPs form, see Fig. 2. In cases where the
organic linker is kept constant between Diclofenac-containing
TCPs, the formation time and degradation time strongly
depend on the metal cation. For example, the relative speed of
TCP formation (Mg2+ < Mn2+ < Zn2+ < Cu2+) correlates with the
increasing Lewis acidity of the metal ions and known formation
constants of transition metals within the Irving-Williams
series.40,41 For Cu2+ specically, crystallization was so rapid
that it was possible to observe single crystal growth in real-time
© 2024 The Author(s). Published by the Royal Society of Chemistry
(video see ESI†). Fig. 2 depicts images from the bulk preparation
of CuDiclo6, as well as those of single crystal growth obtained
when the concentration of the solution was decreased to slow
crystal formation. It is of interest to note that these crystal
growth images also represent the formation of the coordination
polymer itself, allowing one to directly observe the polymeri-
zation event leading to TCPs in real time. All TCPmaterials were
characterized by Fourier transform infrared spectroscopy
(Fig. S21–S31†), powder X-ray diffraction (Fig. S32–S49†), and
scanning electron microscopy was used to image crystals of
CuDiclo6, ZnDiclo6, MgDiclo6, and MnDiclo6 TCPs (Fig. S82–
S85†). The thermal stability of all TCPs was determined using
thermogravimetric analysis. In the case of CuDiclo6, the struc-
ture contains interstitial MeOH, and the bulk powder was found
to desolvate over time to a new dehydrated phase CuDiclo60

(Fig. S51†). All TCP materials exhibited decomposition at
temperatures above 200 °C; Cu2+ TCPs showed thermal stability
up to 200 °C, whereas all other TCPs decomposed above 250 °C
(Fig. S50–S60†).42 For TCPs containing solvent (coordinated or
interstitial), there was clear evidence of mass loss due to the
solvent release before polymer decomposition.
Drug release studies

To explore drug release rates from TCPs in a form that could be
used as a medical implant or as an orally taken medication,
solid cylindrical monoliths were produced. The anionic Diclo-
fenac drug molecules within these monoliths can be thought of
as being embedded within the cationic scaffold of the coordi-
nation polymer ‘matrix’. Approximately 30 mg of each TCP was
pressed into a 5 mm diameter cylindrical monolith by applying
2 tonnes of pressure for 60 s using a Carver hydraulic press. The
top-right image in Fig. 2 depicts a photograph of a vial lled
with monoliths of CuDiclo60, demonstrating the ease with
which TCP-based materials can be pelletized. To determine if
compression during monolith formation altered the molecular
structure of TCPs, powder X-ray diffraction (PXRD) patterns
were collected on intact monoliths of MgDiclo6, MnDiclo6,
ZnDiclo6, and CuDiclo60. While collected reections were
broader due to the increased sample thickness of the pellets in
transmission geometry, the pressure from monolith formation
did not signicantly alter the PXRD patterns of these materials
(Fig. S46–S49†). In addition, the dissolution prole ofMgDiclo6
Chem. Sci., 2024, 15, 7041–7050 | 7043
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did not exhibit any signicant differences when pressed at 1
tonne in comparison to 2 tonnes (Fig. S69†), demonstrating that
over this pressure range drug release was not pressure
dependent.

Fig. 3a shows the drug release prole of Diclofenac from
monoliths of TCPs formed using the same biim-6 linker with
Fig. 3 Drug release profiles from 5 mm TCP monoliths in 0.05 M
phosphate buffer, pH 6.8 at 37 °C. (a) MgDiclo6 (red), MnDiclo6
(purple), and ZnDiclo6 (black) demonstrate effect of varying metal ion
composition, (b) ZnDiclo5 (blue), ZnDiclo6 (black), and ZnDiclo8
(green) demonstrate effect of varying linker composition, (c) intrinsic
dissolution release (IDR) rates of Diclofenac from TCPs measured
using a Woods apparatus, demonstrating prolonged zero-order
release kinetics.

7044 | Chem. Sci., 2024, 15, 7041–7050
Mg2+, Mn2+, and Zn2+ metal ions. Monoliths were placed in
stainless steel baskets for over 72 h while immersed in 0.05 M
phosphate buffer (pH 6.8) at 37 °C with aliquots taken at
specied time intervals and analyzed via UV-Vis spectroscopy
(Fig. S61–S81†). A phosphate buffer system with a pH of 6.8 was
chosen as a default buffer system, as it allowed for good
comparison and separation of relative drug release rates from
TCPs and not due to its ability to mimic any particular bodily
uid, which would require the addition of lipids, serum
proteins, and other relevant biomolecules.43 The substantial
differences in the release of Diclofenac from these three TCPs
demonstrate the signicant effect the metal ion has on the
release of Diclofenac from these materials. MgDiclo6 degrades
the most rapidly, with complete release of Diclofenac in ∼8 h,
while MnDiclo6 releases completely aer ∼48 h, and ZnDiclo6
degrades the slowest with <10% of Diclofenac released aer
∼72 h. The release of Diclofenac from CuDiclo60 was studied,
however, the degradation rate proved to be too slow to be
measured under these conditions.

By keeping the metal ion constant, we were also able to
investigate the effect linker length has on TCP degradation. A
series of Zn2+ TCP monoliths containing biim-5, -6, and -8
linkers were exposed to the same degradation conditions as
described above. Over a 72 h period, increased drug release
rates were observed for ZnDiclo5 and ZnDiclo8, compared to
ZnDiclo6, Fig. 3b and c. As the trends in dissolution rate do not
correlate with increased linker length, it is proposed that crystal
packing forces of TCP strands play a signicant role in ne-
tuning the TCP degradation rates. In addition, Zn2+ TCPs
overall exhibited much slower drug release in comparison to the
Mn2+ and Mg2+ analogues which demonstrated complete
degradation over a 72 h period. In comparison, the Zn2+ TCPs
released a maximum of 25% aer three days and as little as just
7% in the case of ZnDiclo6. Overall, the release rate of Diclo-
fenac from TCPs can be coarse-tuned and ne-tuned by (i)
altering the metal ions used in TCPs, and (ii) changing the
length of the bis-imidazole linker utilized, respectively.

To further investigate the drug release properties of TCPs
using traditional methods,44 buffer solutions with alternative
compositions, pH, and surfactants were utilized in degradation
studies. When citrate buffer (0.01 M, pH 5.5) was utilized, the
release of Diclofenac from monoliths of Zn2+ TCPs was signi-
cantly increased in comparison to the release using phosphate
buffer (0.05 M, pH 6.8). Citrate is a known metal chelator45 and,
in this case, leads to enhanced degradation of Zn-based TCPs.
Alternatively, the release of Diclofenac from MnDiclo6 and
MgDiclo6 in citrate buffer decreased marginally, still achieving
complete release aer 48 and 72 h, respectively (Fig. S66†). The
addition of a surfactant, such as sodium dodecyl sulfate (SDS),
is known to increase the hydrophilicity of the dissolution media
and promotes drug dissolution.46 The addition of 0.05% SDS to
the citrate buffer resulted in all TCP monoliths completely
dissolving aer three days (Fig. S67†). The results with SDS give
insight into how TCPs may degrade in the presence of gastro-
intestinal uids if taken orally.47 It is noted that living cells are
highly sensitive to SDS and this media was not used in subse-
quent cytotoxicity studies.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Intrinsic dissolution rates and stimuli-responsive behavior

Although these dissolution tests provided important qualitative
drug release proles for pressed monoliths of TCPs, this
methodology is not appropriate for obtaining quantitative
degradation/drug release rates due to the changing surface area
of the monolith during the experiment. To circumvent this
deciency, we utilized an alternative approach commonly
employed to study solid-form pharmaceuticals. Degradation-
based drug release rates were determined using a Woods
apparatus commonly used to determine intrinsic dissolution
rates (IDR) of pure solid form pharmaceuticals where the
contact surface area of the material with the dissolution media
is kept constant by pressing the material into a circular die
before the degradation experiment.48,49 We have not been able
to nd any other example in the literature in which the intrinsic
dissolution rate for a series of coordination polymers contain-
ing pharmaceuticals has been reported. The IDR values from
TCPs obtained in phosphate buffer 0.05 M, pH 6.8 @ 37 °C
utilizing this method followed the same trends observed in the
dissolution studies. However, now by keeping a constant
surface area, zero-order drug release kinetics were observed
with prolonged release rates over extended periods from 1 to
92 h over the duration of the experiment (Fig. 3c).

The IDR values, summarized in Table 1, compare the release
of Diclofenac from TCPs with the common pharmaceutical
form of the drug Sodium Diclofenac and exhibit a wide range of
release rates from 958 to 0.815 – mg cm−2 min−1 (Fig. S70–S75†).
To quantify how drug release rates of TCPs would change in the
presence of a chemical trigger (i.e., competitive metal chela-
tors), the IDR of Zn2+ TCPs was determined by adding disodium
EDTA to the buffer solution. When 0.05 wt% of disodium EDTA
was added to the phosphate buffer solution (0.05 M, pH 6.8),
there was a dramatic increase in the release of Diclofenac from
the Zn2+ TCPs of one order in magnitude, Table 1 (Fig. S76–
S81†). Furthermore, the release rate of Diclofenac from MnDi-
clo6 nearly doubled from 43.7 to 76.2 mg cm−2 min−1, whereas
MgDiclo6 only increased by 32%, from 149 to 197 mg
cm−2 min−1. With the inclusion of disodium EDTA in the IDR
investigation, the TCPs exhibit an even more diverse range of
release rates which can be tuned based on competitive metal
chelators, such as small molecules or endogenous proteins. The
ability to enhance degradation rates could even be used to
trigger drug release from an implant upon ingestion of a non-
toxic selective metal chelator.
Table 1 Intrinsic dissolution rates of TCPs (mg cm−2 min−1)

Phosphate buffer 0.05 M, pH 6.8
Phosphate buffer
w/0.05% Na2EDTA

NaDiclo 958 � 394 (ref. 52) N/A
MgDiclo6 149 � 4.65 197 � 7.64
MnDiclo6 43.7 � 1.60 76.2 � 5.20
ZnDiclo5 2.12 � 0.101 18.6 � 2.35
ZnDiclo8 1.47 � 0.0451 13.4 � 1.23
ZnDiclo6 0.815 � 0.0928 9.57 � 1.96
CuDiclo60 N/A 7.70 � 1.09

© 2024 The Author(s). Published by the Royal Society of Chemistry
The trends observed for the degradation rates of TCPs (i.e.,
drug release rates) when altering the metal ion used in their
construction (Mg2+ < Mn2+ < Zn2+ < Cu2+) follow known trends of
Lewis acidity50 and formation constants for these metal ions.40,51

Importantly, this level of control demonstrates the advantage
degradation-based release from TCPs has in comparison to
diffusion-based release from porous systems, such as organic
polymers or metal–organic frameworks.35 When TCPs are
placed in an aqueous buffer media with competitive ions (e.g.,
phosphate, citrate, or EDTA), these ions enhance the degrada-
tion at a rate which correlates with the strength and stability of
the metal–ligand interactions, in this case, between the
carboxylate group of the Diclofenac anion and the metal center.
In addition, the degradation rate can be further ne-tuned by
altering the linker's chain length. This ultimately alters how
TCPs organize in the solid state (the material's overall crystal
lattice energy), and potentially the accessibility competitive ions
(e.g., phosphate, citrate, and EDTA) have to the metal center.
Cytotoxicity of TCPs and discussion

Cytotoxicity studies of TCP materials were completed by per-
forming an assay in which 4-[3-(4-iodophenyl)-2-(4-nitro-phenyl)-
2H-5-tetrazolio]-1,3-benzene sulfonate (WST-1) was used to
monitor cell viability.31 TCPs were digested in 0.05 M phosphate
buffer at pH 6.8, and human skin broblast (NHF2) cells were
exposed to the digested solutions. The results indicated that at
a concentration of 10–20 mM, the Zn2+ and Mg2+ material digests
did not inhibit the formation of the formazan derivative of WST-1,
indicating no apparent toxicity in comparison to the sodium salts
of the pure drug forms currently used commercially (Fig. 4). In
comparison, the Mn2+-based TCP did exhibit a signicant reduc-
tion in cellular viability at a 20 mM concentration, which was also
indicated by the cells' altered morphology upon visual inspection.
To reduce previously reported interference of metal ions on for-
mazan formation53 in the WST-1 assay, absorbance values for all
TCPs were obtained in the absence of cells and subtracted from
the nal values as a means of normalization.41 Furthermore, this
data was supported qualitatively through microscopic imaging
where reductions in cell number and condensed cell morphol-
ogies were observed following treatment with Mn2+-based TCPs.
Interestingly, previous work conducted by Frade et al. supports
the notion of Mn-associated cytotoxicity in normal skin bro-
blasts, compared to iron and gadolinium ionic liquids.54

The TCPs reported herein offer a series of unique advantages
which make them highly suitable as drug release materials,
including (i) tailored drug release rates which can be modied
by choice of metal ion and bis-imidazole linker, resulting in
intrinsic dissolution rates which span several orders of magni-
tude; (ii) a simple, easily scalable one-step synthetic procedure
which does not require covalent modication of the target drug;
(iii) high wt% of the pharmaceutical (∼62–69%) within the
‘matrix’; (iv) a consistent and reproducible chemical composi-
tion; and (v) stimuli-responsive behavior which demonstrates
that TCPs can be triggered to release their payload under
changes in pH or via the addition of chemical triggers, such as
competitive metal chelators (e.g., Na2EDTA).
Chem. Sci., 2024, 15, 7041–7050 | 7045
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Fig. 4 Na+, Zn2+, and Mg2+ materials display no significant impact on
NHF2 cell viability. A WST-1 assay and Hoechst nuclear stain with
fluorescent microscopy were used to quantify cell viability and
examine cell morphology, respectively, following 48 h treatment of
NHF2 cells with the indicated materials at 20 mM. Values are expressed
as a proportion of the untreated control as mean ± SD from 3 inde-
pendent experiments. ***P < 0.001, ****P < 0.0001 compared to
untreated control. Micrographs were taken at 200× magnification.
Scale bar = 100 mm.
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Perhaps the most obvious concern with TCPs as drug-release
materials is their potential toxicity arising from the organic
linkers and metal ions. The WST-1 cellular viability assay indi-
cates promising initial results regarding the low toxicity of TCPs
constructed from Mg2+ and Zn2+, in comparison to the
commonly used alkali metal salt of the target drug (e.g., sodium
Diclofenac). In addition, it is also important to note that TCPs
contain a low weight percentage of metal ions∼2.7–7.7% which
can easily fall below the recommended daily intake of several
essential metals, such as Mg and Zn-based TCPs. To give
a particular example, sodium Diclofenac is currently prescribed
in 100 mg oral doses for chronic conditions, such as Rheuma-
toid Arthritis.55,56 However, in extreme cases, larger doses can be
prescribed, but only if the therapeutic benet outweighs the
known adverse effects. The same amount of Diclofenac released
from MgDiclo6 offers a slower release rate and only contains
a small fraction of ∼3 mg of the daily recommended dose of
Mg2+ (∼300–400 mg).57 In comparison, a dose containing
100 mg of Diclofenac from ZnDiclo6 would contain just under
11mg of zinc, which is actually below zinc's daily recommended
intake.58,59
Conclusions

This work has provided the foundation required to create tailor-
made drug-release materials based on TCPs in which drug
release rates can be primarily tuned by the strength of metal–
ligand interactions, and nely tuned by altering the organic
linkers used in their formation. These preliminary studies
demonstrate the signicant advantages of TCPs, which could be
7046 | Chem. Sci., 2024, 15, 7041–7050
used in a variety of applications. For example, the ability to have
consistent zero-order release kinetics from a drug-releasing
implant is critical for drugs with a narrow therapeutic index
or with short elimination half-lives.3 Additionally, in the case of
medical implants, TCPs offer a signicantly higher weight % of
pharmaceuticals compared tomost drug release materials, such
as amorphous polymer dispersions, allowing for a larger drug
payload that can be administered. TCPs with very slow-release
rates (>24 h), such as Zn-based TCPs, could be incorporated
into post-surgical implants used to release target drugs (i.e.,
chemotherapy agents) at the desired site of action. This could
be particularly benecial aer the resection of a tumour to
eradicate residual cancer cells remaining near the surgical site,
akin to the currently utilized Gliadel wafer.10 Alternatively, TCPs
with release rates (<24 h), such asMg-based TCPs, could be used
to reduce the dosing requirements for orally-taken medications,
allowing patients to take fewer pills, and improve patient
compliance.60 While further toxicity and in vivo testing of TCP
materials is required these initial results demonstrate prom-
ising tunability in drug release properties. Whether drugs are
taken in the form of a pill or implanted aer surgery in the form
of a small degradable implant, the ability to tailor drug release
rates via TCPs could impact several different therapeutic routes
of drug administration. Moreover, the use of TCPs could be
extended to the elds of veterinary medicine, nutraceuticals,
cosmetics, and even agrochemicals, which would benet from
extended-release applications. Work towards these goals is
ongoing in our laboratory.
Experimental procedures

All reagents and solvents were purchased from commercially
available sources and used without further purication. Metal
salts Cu(NO3)2$1/25H2O, Zn(NO3)2$6H2O, Mg(NO3)2$6H2O, and
Mn(NO3)2$5H2O, as well as ethylenediaminetetraacetic acid,
were purchased from Sigma Aldrich. Imidazole, 1,5-dichlor-
opentane, 1,6-dichlorohexane and 1,8-dichlorooctane were
purchased from Oakwood Chemicals. Diclofenac and Diclofe-
nac sodium salt were purchased from Ontario Chemicals Inc.
Sodium dodecyl sulfate was purchased from Fisher. All chem-
icals were used without further purication. 1,10-(1,5-pentane-
didyl)bis(imidazole) (biim-5), and 1,10-(1,6-hexanedidyl)
bis(imidazole) (biim-6) and 1,10-(1,8-octanedidyl)bis(imidazole)
were successfully synthesized according to a literature
procedure.61,62
Preparation of therapeutic coordination polymers

Cu(Diclo)2(biim-5) CuDiclo5. Biim-5 (0.204 g, 1.0 mmol) and
Diclofenac (0.148 g, 0.5 mmol) were mixed in methanol (10 mL)
at ambient temperature. A solution of Cu(NO3)2$1/2 5H2O
(0.038 g, 0.2 mmol) in methanol (1 mL) was added dropwise
with stirring to the linker-Diclofenac solution. No solid was
immediately formed, resulting in a clear dark blue solution.
Aer a few minutes, crystalline material began forming. Aer
24 h, dark violet crystals were washed with cold methanol and
dried at room temperature. Yield: 174 mg (84%), elemental
© 2024 The Author(s). Published by the Royal Society of Chemistry
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analysis found: C 54.19; H 3.98; N 9.73; C39H36Cl4CuN6O4

requires: C 54.59; H 4.23; N 9.79.
Cu(Diclo)2(biim-6)$(MeOH)2 CuDiclo6. The target TCP was

synthesized using the same synthetic conditions used for
CuDiclo5, except biim-6 was used in place of biim-5. Crystals
started forming almost immediately aer all components were
mixed. Aer 24 h, pale violet crystals were washed with cold
methanol and dried at room temperature. Yield: 115 mg (66%,
based on the loss of MeOH, as seen in elemental analysis).
Elemental analysis found: C 54.82; H 4.17; N 9.51; C42H46Cl4-
CuN6O6 requires: C 53.88; H 4.95; N 8.98. This coordination
polymer has methanol in the lattice and crystals crack in the air,
partially releasing the methanol. The analytical result matches
more closely with the loss of two methanol, where the chemical
formula becomes C40H38Cl4CuN6O4 and requires C 54.96; H
4.38; N 9.61.

Cu(Diclo)2(biim-8)$(MeOH)2 CuDiclo8. The target TCP was
synthesized using the same synthetic conditions used for
CuDiclo5, except biim-8 was used in place of biim-5. Pale violet
crystals were isolated aer 24 h and washed with methanol and
dried at room temperature. Yield: 193 mg (66%), Elemental
analysis found: C; H; N; C44H50Cl4CuN6O6 requires: C 54.81; H
5.23; N 8.72.

Zn(Diclo)2(biim-5) ZnDiclo5. Biim-5 (0.204 g, 1.0 mmol) and
Diclofenac (0.148 g, 0.5 mmol) were mixed in methanol (10 mL)
at ambient temperature. A solution of Zn(NO3)2$6H2O (0.149 g,
0.5 mmol) in methanol (2.5 mL) was added dropwise with
stirring to the linker-Diclofenac solution. No solid was imme-
diately formed, resulting in a clear colorless solution. Aer a few
hours, crystalline material began forming. Aer 48 h, colorless
crystals were washed with cold methanol and dried at room
temperature. Yield: 352 mg (82%), elemental analysis found: C
54.76; H 4.23; N 9.68; C39H36Cl4N6O4Zn requires: C 54.47; H
4.22; N 9.77.

Zn(Diclo)2(biim-6)$(MeOH) ZnDiclo6$MeOH. The target TCP
was synthesized using the same synthetic conditions used for
ZnDiclo5, except biim-6 was used in place of biim-5. Aer a few
minutes, crystalline material began forming. Aer 24 h, color-
less crystals were washed with cold methanol and dried at room
temperature Yield: 415 mg (92%), Elemental analysis found: C
54.17; H 4.66; N 9.46; C41H42Cl4N4O5Zn requires: C 54.36; H
4.67; N 9.22.

Zn(Diclo)2(biim-6)$(EtOH) ZnDiclo6. Synthesized the same
as ZnDiclo6$MeOH, except components were dissolved in
ethanol instead of methanol. Aer a few minutes, crystalline
material began forming. Aer 24 h, colorless crystals were
washed with cold methanol and dried at room temperature.
Yield: 373 mg (81%), Elemental analysis found: C 54.35; H
4.74; N 9.26; C42H44Cl4N6O5Zn requires: C 54.83; H 4.82; N 9.14.

Zn(Diclo)2(biim-8) ZnDiclo8. Biim-8 (0.246 g, 1.0 mmol) and
Diclofenac sodium salt (0.318 g, 1.0 mmol) were mixed in
methanol (10 mL) at ambient temperature. A solution of
Zn(NO3)2$6H2O (0.149 g, 0.5 mmol) in methanol (2.5 mL) was
added dropwise with stirring to the linker-Diclofenac solution.
No solid was immediately formed, resulting in a clear, colorless
solution. Aer a few hours, crystalline material began forming.
Aer 48 h, colorless crystals were washed with cold methanol
© 2024 The Author(s). Published by the Royal Society of Chemistry
and dried at room temperature. Yield: 330 mg (73%), elemental
analysis found: C 55.75; H 4.50; N; 9.36 C42H42Cl4N6O4Zn
requires: C 55.93; H 4.69; N 9.32.

Mg(Diclo)2(biim-6)2(MeOH)2 MgDiclo6$MeOH. Synthesized
the same as ZnDiclo6, except Mg(NO3)2$6H2O was used. Aer
48 h, colorless crystals were washed with cold methanol and
dried at room temperature. Yield 396 mg (85%), elemental
analysis found: C 56.03; H 5.17; N 9.23; C42H46Cl4MgN6O6

requires: C 56.24; H 5.17; N 9.37.
Mg(Diclo)2(biim-6)2(EtOH)2 MgDiclo6. Synthesized the same

as MgDiclo6$MeOH, except components were dissolved in
ethanol instead of methanol. Colorless crystalline material
began forming almost immediately. Aer 24 h, colorless crystals
were washed with cold methanol and dried at room tempera-
ture. Yield 431 mg (93%), elemental analysis found: C 56.89; H
5.35; N 8.99; C44H50Cl4MgN6O6 requires: C 57.13; H 5.45; N 9.09.

Mn(Diclo)2(biim-6)2(MeOH)2 MnDiclo6$MeOH. Synthesized
the same as ZnDiclo6, except Mn(NO3)2$5H2O was used. Aer
48 h, colorless crystals were washed with cold methanol and
dried at room temperature. Yield: 432 mg (93%), elemental
analysis found: C 54.40; H 5.01; N 9.00; C42H46Cl4MnN6O6

requires: C 54.38; H 5.00; N 9.06.
Mn(Diclo)2(biim-6)2(EtOH)2MnDiclo6. Synthesized the same

as MnDiclo6$MeOH, except components were dissolved in
ethanol instead of methanol. Colorless crystalline material
began forming almost immediately. Aer 24 h, colorless crystals
were washed with cold methanol and dried at room tempera-
ture. Yield: 416 mg (87%), elemental analysis found: C 55.02; H
5.07; N 8.88; C44H50Cl4MnN6O6 requires: C 55.30; H 5.27; N
8.79.
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