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ABSTRACT: Nanocomposites comprising metedanic frameworks
(MOFs) embedded in a polymeric matrix are promising carriers for
drug delivery applications. While understanding the chemical and
physical transformations of MOFs during the release nédairug
molecules is challenging, this is central to devising better wa
controlled release of therapeutic agents. Herein, we demonstraieSi&g
e cacy of synchrotron microspectroscopy to track the in situ release o
5- uorouracil (5-FU) anticancer drug molecules from a drug@MOF/ HKUST-1
polymer composite (5-FU@HKUST-1/polyurethane). Using exper- crystals
imental time-resolved infrared spectra jointly with newly developed
density functional theory calculations, we reveal the detailed dynamics
of vibrational motions underpinning the dissociation of 5-FU bound to
the framework of HKUST-1 upon water exposure. We discover that
HKUST-1 creates hydrophilic channels within the hydrophobic polyurethane matrix hence helping to tune drug release rate. Tt
synergy between a hydrophilic MOF with a hydrophobic polymer can be harnessed to engineer a tunable nanocomposite tt
alleviates the unwanted burstat commonly encountered in drug delivery.

KEYWORDS:nanocomposite, drug delivenpréuracil (5-FU), metakrganic framework (MOF), drug@MOF,
in situ microspectroscopy, synchrotron radiation, density functional theory (DFT)

Optica] window Polyurethane

INTRODUCTION tem® However, HKUST-1 is a water-sensitive MOF, which

The concept of employing metadganic frameworks (MOFs) degrades rapidly in the presence of hurhiditin this _study, .
as a porous vessel to host drugs as a guest molecule, thaf’ gemopstrate thgt S_FU@HKU.ST'l can be easily combined
“drug@MOF systems, holds promise as a pharmaceuticalf/tl @ biocompatible polymer like polyurethane (PU) to
e cient carrier to achieve sustained release of variofgPricate the 5-FU@HKUST-1/PU composites that could
therapeutic molecufes Although progress has been made inSUPPress the bursteet.™ = The presence of a polymeric
the recent yeafs, the prolonged, well-controlled, targeted Matrix can sigriantly enhance .the aqueous stability of certain
delivery of therapeutic agents remains a challenge éfdthe MOFs that have a huge potential for hostl'ng a plet_hora of drug
For example, research on the delivery of anticancer drug®lecules, but ser from poor water stabﬂ?t@SpgmcalIy,
currently seeks to improve the traditional direct administratiofKUST-1 has been selected not only due to its poor water
routes to mitigate any undesirable sidecte and poor stability, but also due to the presence of coordinatively
biodistributior?. & unsaturated metal sites (CUS) that could act as strong binding
More recently, strategies combining porous materials asifes for attaching dirent polar guest molecufésThe
organic polymers to yield a bespoke composite present g@mbination of polymer and MOFs represents ectiee
alternative way forward to avoid the rapid and uncontrolleay of providing a suitable sgding to the MOF while
release of the encapsulated drug molecule, the sthoadied
e ect.’ We have recently reported the application of areceived: November 28, 2019
mechanochemical method to accomplish the in situ encapsitcepted: January 6, 2020
lation of the anticancer drug @rouracil (5-FU), comed Published: January 6, 2020
within the HKUST-1 framework [¢BTC),; BTC = benzene-
1,3,5-tricarboxylate], resulting in the 5-FU@HKUST-1 sys-
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Figure 1.Experimental setup for SR-microFTIR spectroscopy measurements and representation of the drug@MOF samples under study. (
Schematic of the static- aodv- uid cells and sample arrangement (not to scale). (b) Crystal structure of HKUST-1 highlighting theethiree di
types of pores in the structure with diameters of 5 (green), 11 (purple), and 13.5 A (yellow), and an illustration of the paddle-wheel moiety.

harnessing its great potential as a drug delivery system (i.e.,under deuterated water ;@) exposure. Utilizing DFT
presence of unsaturated Lewis metal sites acting as strohgoretical calculations, we then shed light on the energetics
binding site, thus creating a tunable drug@MOF/polymesf drug MOF interactions responsible for the adsorption and
platform for therapeutic applications, such as the topicglease of the encapsulated drug molecules. Finally, we examine
treatment of skin conditions via the fabrication of functionaksults from theow experiments subject to a combination of
wound dressing devicés! D,O/H ,0, revealing the synergy of the polymer matrix and
Understanding the release of (guest) drug molecules frofOF combination that enables the composites to suppress the
host frameworks is, generally, carried out using ex Sifjhwanted burst ect.
techniques %e.g., sample and separate, contiouguBalysis Static-Cell Measurements.Figure & shows a schematic
membranes] that are more appropriate for establishing th&epresentation of the experimental setups used in this study (see
drug release kinetics. However, to gain a deeper comprehen
of the drug release process itself, one should observe both fag.iis of the experimental setup). Statitcell experiments
chemical and physical changes in the drug-loaded sampleg o herformed using samples listadirie SZindividually
situ. Continuous monitoring of such changes is, howev‘?ﬁserted into a customized liquid cell between two zinc selenide

di cult, as these can occur in an accelerated manner and he&:ﬁSe) circular windows separated by am @hick Teon

not easily probed by the conventional techniques. . .
Analytical studies to construct drug releaskepraf drug@ spacer. Two microliters of the chosen mediu0)(ere
lr[éetted onto the sample, and the cell was sealed (see

MOF systems rely on a stepwise approach, where aliquots & ) . :
periodigally collegted from I?he releeipsed media and t%e dr&gpe_nm(_antal protocols in the Methods section). To select
concentrafion is determined via Wi spectroscopy and liquid  SPECIC Sites within the samples, images were collected under
chromatography. 22 Although the stepwise measurementsVisible light wathe IR mmrospoE&gUre SR For the infrared

yield drug release ptes, they do not reveal the underlying Measurements in erent media, the frequency of a molecular
chemical and physical mechanisms or structural transformatidfration depends on the masses of the vibrating atoms.
occurring during the guest release process. These dynamidgrefore, absorption bands gODappear at lower wave-
changes are key to correlating the ghest interactions of ~numbers than in J® (Figures S3 and f54n the ranges of
drug@MOF systems. 1500 1750 cm! (H O H bending) and 1150300 cm?*

To address these limitations, herein, we present an in s O D bending), HO or D,O modes, respectively, overlap
strategy to probe the release of 5-FU from HKUST-1/PUwithimportant vibrational bands of the drug molecule presentin
membrane composites. We use synchrotron radiation Fourtbe 5-FU@HKUST-1 samples. Therefore, the monitoring of the
transform infrared microspectroscopy (SR-microFTIR) irb-FU drug release was carried out with a complementary set of
Beamline B22 MIRIAM at the Diamond Light Sotire,  experiments performed in@Hand QO, respectively, to fully
which allows broadband measurements to be conducted wite&pture the evolution of drug peaks in the spectral range of
high signal-to-noise ratio. We follow the transformations of theterest (6502000 cm?). Importantly, the release of the drug
host framework through the evolution of vibrational bands thafiolecules can be tracked by the progressively decreasing

are spect to the guest and the host structures, furthefintensity of the 5-FU peaks ideadi in the 5-FU@HKUST-1
substantiated by ab initio density functional theory (DFT)samples.

re Slin the Supporting Information (SI) for additional

and their energetics. performed and described in tBé The samples were
characterized via thermogravimetric analyigisrés S5 and
RESULTS AND DISCUSSION S, where the level of drug encapsulation within HKUST-1 was

We performed SR-microFTIR spectroscopy experiments in té§termined to be14.0 wt %. Comparison of drug loading with
di erent uid-cell setups (i.e., static amav liquid cells) to ~ various other 5-FU@MOF systems is presenfembia S2
study the molecular structural changes of the bosst The characterization of the morphology of the HKUST-1
assembly of 5-FU@HKUST-1/PU composite and its constitisrystals and 5-FU@HKUST-1/PU membrafigsi(es S7 and
ents during the release of drug molecules. We will begin B3 respectively) was performed via scanning electron
considering the results of the static experiments performeucroscopy (SEM) and atomic force microscopy (AFM).
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Figure 2.SR-microFTIR spectra obtained by stati:cell
collected over a period of 3.2 h. Insets show in detail

remained the same. Integrated spectral area ratios of

vibrational modes intensity in HKUST-1 framework, 5-

Time (hours)

measurements. Evolution of (a) 5-FU@HKUST-1/PU and (b) 5-FU/PU membranes,

the changes observed to drug molecule related peaks and important HKUST-1 peaks. 5
powder spectrum was scaled down by a factor of 0.7 to facilitate the comparison with the composite spectra. In panel b, the spectra of a few time st
were omitted for clarity, causing a small mismatch between the time intervals presented in panels a and b. However, the overall time analyzed
selected peaks of (c) 5-FU@HKUST-1/PU and (d) 5-FU/PU, demonstrating the evolution
FU drug, and molecular water. The PU peak’dCl 782 lmemding) was chosen as a

reference because of the absence of any changes with time recorded for this band.
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Experimental vs theoretical FTIR spectra
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Pristine HKUST-1 5-FU@HKUST-1 (Adduct A)
Figure 3.Results from DFT calculations. (a) Comparison of experimental (ATR-FTIR) and calculated spectra of 5-FU@HKUST-1 for the four
possible hosguest corgurations, termed adductsDA Closer look at derent spectral regions showcasing the better match between adduct A
spectrum and the experimental data when contrasted with otheratimns: (b) 650810 cm?, (c) 1500 1750 cm?, and (d) zoom-in of the peak

1550 cm?, which shows the low intensity region (due to the adopted DFT basis set). Note that a scaling factor (i.e., 0.95) was applied to the DFT
spectra in panels d to eliminate common shifts resulting from the ab initio calculations and to match the frequencies against the experimental
spectrum. (e) Proposed gudsist interaction obtained from DFT. In the schematic, 5-FU interacts wittetentgiaddle-wheel sites through
oxygen atoms while establishing hydrogen bonds with the carboxylate groups. (f) DFT optimized structure sh@uidgsthrdes between
adjacent paddle-wheels in pristine HKUST-1 (left) and 5-FU@HKUST-1 (right). Color code: O inred, C in black, H in gray, Cuin yellow, N in navy
blue, and F in turquoise. Carbon atoms in the drug molecules were displayed in green to show the position of the guest molecule.

Figure 2 and?b contrasts the time-dependent evolution ofgroups. Both are parts of the BTC linker. Syadlyi, the bands
FTIR spectra of the 5-FU@HKUST-1/PU and 5-FU/PU at 1646 and 1590 cfand at 1450 and 1374 cnin region Il
samples. Because of the high loading of MOF within polymeorrespond to the asymmetric and symmetric stretching of the
inthe composites (85 wt % of HKUST-1), the spectra of 5-FU@arboxylate groups, respectively kspere S10 The three
HKUST-1/PU were mainly dominated by the intense vibratypical microporous sites in HKUST-1 structure (5, 11, and 13.5
tional bands of the HKUST-1 framework. HOWeVer, itis pOSSibﬁin diameter)’ possessinmnt hydrophmc Charactersy are
to distinctly identify 5-FU modes associated with the ringchematically representedrigure b. Water molecules can
bending (-ring at 817 cnf) anld N H bonds (954 cri), only penetrate the larger pores of the framéwdmkhere they
stre}chmg of C F (1279 cm), and C H bonds (1349  gi51 hygrolyzing the CO bonds in the paddle-wheel and so
cm 7 of TE"FU' as c_onrmed through the analy5|s of POV_Vdef breaking down the crystalline structure of HKUS Tdtrack
spectra_lflgure SP Figure 2 and2d shows the time evolution he permeation of media through the polymer matrix, we track
of tlhe |Integratted @;[;ectrgl Palzea 01;( selicstegul-g:‘?&sl_l: f/F e bending mode of molecular water at 161¥(sgeFigure
molecular water , an peaks of 5- - L : .

PU and 5-FU/PU composites, respectively. PU peaks were u Se%r‘l(ljti'rf t'r:';psoz;:sgltetgl:]ﬁrgz '[rzg;\rs]irri?nsénn%sp;?% T;eegfzgg; D
as areference due to the inert nature of the polymer upon Waexposure, despite the stability of t4@ Band ( 1200 cm?)

exposure. The values presented atetit time points were . . o
normalized against the initial area value (hereafter referred offijoughout the experiment (i.e., no swmit bulk DH
as“ared). The HKUST-1 structure is composed of dimers oféXchange in the liquid was detected). This observation suggests

Cu?*ions chelated by four benzene-1,3,5-tricarboxylate (BTcjat @ smallamount of Bl exchange occurs within the pores of
bridges, forming a moiety known as the paddle-wheel (sE&CUST-1, with the substitution of hydrogen atoms found on
Figure b). With respect to the vibrational modes of HKUST-1,the framework. As such, this ¢ors the ingress ofO into the

the spectra of the composites can be divided into two regiorg@mple, showing an increasing penetration with longer exposure,
Region | (<1300 cm), shows bands assigned to the out-of-trackable with the synchrotron microFTIR probe. The complete
plane vibrations of benzene ring while region Il (13D description of the vibrational modes of the composites, 5-FU,
cm 1) is mainly associated with the vibrations of the carboxylasnd PU are summarizedrimble S3
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Figure 4.Flow-cell measurements of polymeric composites. (a) Schematic representation of HKUST-1 crystals ar@Hhaydrelshilic
responsible for the permeation of water into the polymeric matrix and release of 5-FU molecules from the polymeric membrane. Time-resolved FT
spectra collected during tlosv experiments. (b) HKUST-1/PU membrane ung@r Bw shows absence of any change to MOF vibrational bands.
(c) 5-FU/PU membrane spectra, showing the increase in intens@ytzid and decrease gtHvhich demonstrates the stabilization,0f D

ow. Asterisk marks the position of drug peaks in the composite spectra. Color code: O inred, Cin black, Hin gray, Cuin orange, N in purple, and F
green. Hydrogen atoms in the water molecules are shown in blue.

Within regions | and II, three important features must bdrom the HKUST-1 pores. Therefore, complementary measure-
highlighted. First, ifrigure 2, with time progression the ments of HKUST-1/PUKigure S1)1and PU membranes
observed decrease in intensity of the vibrational peaks affelgure S1P2 were performed to investigate any possible
integrated spectral area values of drug and framework pediteanework decomposition (discussed in detail below).

Second, the shift of the band detected at 1598kawn in the As recently reported by some df’tise encapsulation of the

inset ofFigure &, associated with the symmetric stretching ofirug molecule via the mechanochemical in situ strategy results
the carboxylate groups in HKUST-1. This shift can be assigniedthe self-assembly of drug@MOF systems, in which (guest)
to modi cations in the coordination of the carboxylate groupsjrug molecules are successfullynemhin the pores of the
indicating changes in chemical and physical interactiolisost) HKUST-1 framework. We employed ab initio density
surrounding the HKUST-1 paddle-wheel environment. Ladiinctional theory (DFT) calculations using the periodic code
in Figure 2 and d, the evident @irences in the kinetics of the 5- CRYSTAL17 (see details iklethod} to reveal the nature of

FU drug molecules being released from the 5-FU/PU sampllee guesthostinteractions from @irent possible assemblies of
versus the 5-FU@HKUST-1/PU composite membrane. 5-FU@HKUST-1 (i.e., adducts A-CFigures S1316). The

Detailed analysis of the evolution of the FTIR spectra of ®alculations were performed with a newly developed DFT-based
FU@HKUST-1/PU shows that within 1 h of continuous “composite methd®BEsol0-3¢which uses a sol-def2-mSVP
exposure to f, the HKUST-1 framework was not greatly basis set (see detailsiethodsaandrFigure S1)7 On the basis of
a ected. After 2 h, the decrease of the framework vibratiorihle electrostatic potential map of HKUST-1 and S-Fuie
bands intensity was observed. These changes are accompahiedy, it can be clearly seen that on the one hand, Cu atoms in
by the increase in intensity of the band at 1617 simowcasing  the paddle-wheel of HKUST-1 (positive regions) can act
penetration of water molecules into the composite and theéis primary adsorption sites, while, on the other hand, oxygen
interaction with HKUST-1. The normalized area value of thatoms of 5-FU (negative regions) can strongly interact with
molecular water peak increased&g26, accompanied by the copper through dative bonding. Instead, a less strong interaction
constant decrease in the area of HKUST-1 peigkse 2). is expected through theorine atom. In addition, the size of the
According to the evolution of the spectral area presented #1FU molecule and the CGu distances in the cage are
Figure 8, the carboxylate group vibrations at 1646 and 137dommensurate to each other and can lead to a bridging
cm were primarily &cted over ring deformation at 725%cm  conformation of the possible 5-FU@HKUST-1 adducts. We
due to the stronger ect of water on the former. Since there arehave then investigated the stabilization energy of ferandi
overlaps between the MOF and drug molecule vibrationdrug MOF binding congurations (i.e., adducts B in
modes withinregions land Il (e.g., peaks at 759, 1374, 1450, dfidures S1316) and contrasted it against the waléOF
1646 cm?b), the decrease in the intensity of the masttad interactions. The theoretical spectra for the adducg-con
HKUST-1 peaks cannot be taken simply as the chemicatations being considered are presentédjime & d and
decomposition of the host framework but might also bevere contrasted against the experimental 5-FU@HKUST-1
attributed to the progressive release of the drug moleculatenuated total rectance (ATR)-FTIR spectrum.
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The closer match between the experimental and theoreticd@monstrates that the water molecules, coordinated to the CUS,
spectrum of adduct A suggests that this is probably the dominduatve accessibility into and out of the membrane. €bthas
con guration in 5-FU@HKUST-1 system. Our theoreticabeen further quangd by measuring the, swelling of the
results crucially show that 5-FU are in coordination witltomposite due to water uptakeg(ire S22and the decline of
HKUST-1 spectally via its coordinatively unsaturated metalsurface contact angle96 8C°, seeFigure S23due to the
sites (CUS) (via C O---Cu coordination). Concomitantly 5- incorporation of hydrophilic HKUST-1 to the hydrophobic PU
FU establishing hydrogen bonds with the oxygen atoms presemtrix.
in the carboxylate groups, as depicteBigare 8. This As discussed above, the main vibrational peaks of HKUST-1
con guration is akin to another reported system termedhave not sitered major degradation during the static experi-
TCNQ@HKUST-T° However, on the basis of the computed ments. In the HKUST-1/PU spectra it is possible to observe the
binding energies summarize@igure S18and the analysis of progressive increase in intensity of the molecular water peak
the low energy vibrational bands (i.e., terahertz vibrations) i&igure S1J)bcon rming the permeation of water. We found a
inelastic neutron scattering displaydedgnre S19we found decrease in the spectral area of the symmetric and asymmetric
that a coexistence between theréint adduct cogurationsis  vibrations of carboxylate groups at 1646 and 14%0Tdra
possible in the 5-FU@HKUST-1 system. According to thenost important observation from the HKUST-1/PU spectra is
binding energies calculated, we established,@hand HO that the redshift of the symmetric stretch of the carboxylate
are capable of triggering the release of 5-FU, as obserggdup, observed in 5-FU@HKUST-1/PU, was not detected in
experimentally (seleigure S18tand Table S4for further the spectra of HKUST-1/PU composite. This oa that the
details). Because of the smaller size of water moleculesbiand shift observed during the release of the drug molecule is
comparison with 5-FU, the cgarational entropy,as wellas  not related to the deuteration of the carboxylate Group
entropy of stabilizatiGhwill favor the formation of water-CUS caused by changes in the guesst interactions. At this point,
interactions in the HKUST-1 framework. A closer look at thé is uncertain whether the amount gdlin contact with the
redshift of the vibrational band at 1590'cdisplays two  sample was insgient to cause detectable framework
important ndings. First, itindicates changes in the environmertegradation, or, if the polymer igaively protecting the
of the carboxylate group bridging the pores of the hod#lKUST-1 crystals (since the MOF is fairly stable when a small
framework. This could be a result of structural distortions tamount of water is adsorb&dJhis question is addressed using
the framework unit céfl, resulting in a low symmetry the ow-cell studies described below.
con guration (e.g., ClCu distances in two adjacent paddle- Flow-Cell Measurements. SR-microFTIR in situow
wheelsfigure 8. Interestingly, we have established that theexperiments using a liquidw-cell were conducted to
cubic structure of HKUST-1 is recoverable upon the releaseiof/estigate the possible degradation of HKUST-1 and the
the encapsulated drug as demonstrated by the powder X-magtective role conferred by the PU matffigure # For
di raction (PXRD) patterns iRigure S20Together, these measurement in,D ow, the media were allowed tav for
interactions not only modify the environment of the paddleapproximately 25 min before starting data collection, thus
wheel structure of HKUST-1 but alsect the preferred spatial allowing the system to reachHDequilibrium. Over a total
orientation, resulting in a mechanically strained framework. Theriod of 2.3 h, no clear decomposition of the framework was
recovery of the long-range framework periodicity suggests thaserved. All the main framework peaks appear to be intact, with
the coordination of the carboxylate groups is asted by minimal changes to the carboxylate vibrations intensity (see in
guest encapsulation and is progressively restored during Eigure 4). Importantly, this conms that the polymer matrix is
release process, as seéngare 2. Upon the departure of 5- able to signcantly enhance the stability of HKUST-1 in
FU, the main HKUST-1 bands become sharper, indicating ttegjueous conditions by providing a protective coating to the
increase in the structure symmetry and the relaxation of thdOF structure. This can be further gomed by contrasting the
structureé>** PXRD of HKUST-1/PU membrane and HKUST-1 powder

We want to emphasize that the permeation of water into theefore and after immersion isCHFigure S24 While in the
polymeric membrane was only possible because of the presgalgmer composite the daction peaks of HKUST-1 appear to
of HKUST-1 crystals embedded in these composites. W intact, those in the powder samplersunajor degradation
hypothesize that HKUST-1 enables the establishment ofrer a much shorter period of time.
hydrophilic “channels that facilitate the penetration of  Flow experiments were also conducted on 5-FU/PU
molecular water that triggers the release of the 5-FU drugembranes to further corroborate thecdity that 5-FU
molecules, as illustrated Figure 4. The role played by molecules face to escape the PU membrane in the absence of
HKUST-1 on the water dision, attributed to the hydrophilic HKUST-1 crystals. The evolution of the vibrational spectra is
metal sites present in its structure, can be detected Ipyesented iRigure 4 showing the stabilization of th®Dow
contrasting the evolution of 5-FU/PU and 5-FU@HKUST-1/by the decrease in intensity of® D bending mode (1460
PU spectra (séggure a and b). During measurements of 5- cm 1). A closer look at the drug peaks in the composite spectra
FU/PU membrane under static conditions, only minor changegveals that their intensity is only minimalgt@d over a 2 h
to the drug peaks were observed in the FTIR spectra, in whiclperiod (seéigure S26 This is more evident when 5-FU/PU
slower and smaller decrease in the spectrdtiarea @) was spectra are contrasted against the spectra of 5-FU@HKUST-1/
captured. In 5-FU@HKUST-1/PU spectra, we can obserde@U membrane~jgure 2), in which changes to the drug peaks
reductions of as much as 90% in the intensity of drug molecufgensity were observed within 1 h (Ségure a). This
vibrational modes; however, in the 5-FU/PU spectra, thebservation highlights the importance of HKUST-1 embedded
corresponding decline reaches a maximur@566. Further  within the composites to yield a more sustained release of the
veri cation of the role of HKUST-1 on water accessibility can bdrug. As previously discussed, the creation of the hydrophilic
observed in a demonstration presenteéignre S21The channels by HKUST-1 is essential for the water-CUS
change in color of HKUST-1/PU membrane upon heatingnteractions and subsequent release of the drug molecule. Our

5152 https://dx.doi.org/10.1021/acsami.9b21321
ACS Appl. Mater. Interfac2820, 12, 51475156


http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21321/suppl_file/am9b21321_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b21321?ref=pdf

ACS Applied Materials & Interfaces WWW.acsami.org

—O— 5-FU@HKUST-1 powder (C-F stretching) . g?
—0— 5-FU@HKUST-1/PU composite (C-F stretching) i?.' g {5 2
1.0 S o 1.0 {? ‘ g;;
0.9 % =
0.8 . e®og ’:
0.8 - E#gg ¥
0.7 0.6

0.6

o
»
I

5-FU@HKUST-1 powder

Integrated spectral area rati

Integrated spectral area ratio
o
[6) ]
|

0.2
0.4 oo %
0.3 4 0.0 L N o
0.0 6.0 12.0 e s '
0.2 Time (minutes) =

o o
[en SN
|

| | | | | | | | | | I
0.0 0.3 06 09 12 15 18 21 24 2.7 3.0 3.3
Time (hours) 5-FU@HKUST-1/PU composite

Figure 5.Changes in the rate of drug release due to the presence of the polymer matrix. Comparison of spectral area oFsétgaag{C
1279 cm?) in 5-FU@HKUST-1 powder and 5-FU@HKUST-1/PU composite demonstrating how PU aids in regulating the velocity of 5-FU release.

results suggest that the polymer coating provides not onlya#tributed to the water-induced degradation of the HKUST-1
supporting scald to the framework, protecting it against waterframework. The comparison of 5-FU@HKUST-1 powder
degradation, but also helps to regulate the rate of the dregectra before and after exposure to a moist environment for
release process, as evidendedime 5In fact, the presence of over 9 h shows the pronounced decomposition of the powder
the PU, even at a high HKUST-1:PU ratio, demonstrated theample with degradation of the main framework peaks as well as
potential of employing the composites to suppress the releaseétef disappearance of drug peaks (marked by astefigksan

5-FU by a factor of about 20 times. Crucially, since HKUST-$2§. The increase in intensity of the band at 1720,cm
plays a key role on the release kinetics of 5-FU molecules gasociated with the QD stretching of a carboxylic acid group,
demonstrated iRigures Znd4), one can conclude that the indicates the presence of protonated linker (§&T,GJ. The

larger the HKUST-1:PU ratio, the faster the release of the guggbtonation of the organic ligand is an indicator of major
molecules will be. Therefore, there is scope to tune thigamework decompositi%fﬁ_7 Given this strong structural
MOF:polymer ratio in the composites to achieve a welldegradation, it becomes evident the need of the (hydrophobic)
controlled release of 5-FU molecules to mitigate the unwantgdlymeric scalding for the protection of the (hydrophilic)

burst eect. HKUST-1 framework.
In this contextfigure 6presents the spectra of 5-FU@
HKUST-1 powder collected duringw experiments. The CONCLUSIONS

combination of measurements taken ung2(Bigure @ c) o _ ] _

and HO (Figure @) ow permitted a close monitoring of the HKUST-1 plays a sigoant role in the basic and applieftls
evolution of 5-FU peaks in regions | and Il of the vibrationa®f MOFs research, not only due to its ease of synthesis and
spectraFigure @ presents the evolution of the sample over timécalability but also becau;e itis areference matenal for the study
under DO ow (the spectra of various time points were omittec®f many general properties of MOFs. In this work, we have
for clarity). However, all the spectra collected have bedfemonstrated that high-resolution synchrotron microspectro-
represented for regions of interest within the spectral rangeSBOPY is a powerful technique to track the local chemical and
the 3D contour maps presente#ijure 6 andéc and inthe ~ physical transformations taking place in the guest@MOF
inset ofFigure & Under BO ow, the most pronounced assembly and guest@MOF/Polymer composite during the
changes can be observed in the shouldd6a0 and 1700 dynamic release of guest molecules. We have discovered that
cm %, which can be attributed to the C stretching of 5-FU.  While PU eectively and eciently protects the moisture-

The progressive decline in the intensity of these peal@gnsitive MOF structure against water degradation, the
accompanied by the sharpening of the HKUST-1 bands #tcorporation of HKUST-1 is important to facilitate the release
1374, 1450, and 1646 carespectively, indicating the releaseof the 5-FU the drug guest molecules. To this end, the
of the 5-FU molecules. Meanwhile, it is possible to observe withmbination of a hydrophilic MOF encapsulated drug with a
detail the disappearance of these shoulders witFitinne= hydrophobic polymeric matrix is a highly promising strategy to
and c) Figure @ shows the spectra of 5-FU@HKUST-1 powderovercome the burstect. Our DFT calculations uncover the
collected under J® ow. As can be seen in the highlighted preferred 5-FU@HKUST-1 coguarations and elucidate the
region (11601300 cm®) and in the 2D prde presentedinthe  energetics behind the guésist interactions. Furthermore, the
inset, the release of the drug molecules upon exposure tbéory sheds light on how the HKUST-1 recovers its symmetry
HKUST-1 to a moist environment happens in an accelerategon the release of the encapsulated drug molecules, helping to
manner. By monitoring the evolution of theFGtretching conrm the e cacy of the solvent-free mechanochemical
mode of 5-FU at 1279 chindeed we detected the fast releaseapproach to manufacture drug@MOF assemblies employing a
of 5-FU molecules within only 10 min. This phenomenon markgreen chemical process. Finally, the general concept of tunable
the burst eect (rapid and uncontrolled release), which could be&eomposite systems coupled with facile encapsulation of guests is
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Figure 6 Flow-cell measurements of powder samples.(a) Time-resolved SR-microFTIR spectra of 5-FU@HKUST-1 powder sample collected und
100 L min *of D,O ow. The DO bending mode is indicated. Inset shows the 22 giemonstrating the progressive decrease of the 5-FU drug

peaks intensity. Asterisks mark the 5-FU peaks being monitored. (b, ¢) 3D contour maps showing the detailed evolution of the intensity of C =
bending and NH stretching modes of the drug molecule. (d) Spectra of 5-FU@HKUST-1 powder sample collecteduniet H)® ow.

The H,0 bending mode is indicated. Inset displays the evolution ofisérétching mode (279 cm?) of 5-FU, indicating the fast release of a
considerable amount of the drug molecule within 10 min. 5-FU spectrum was scaled down by a factor of 0.6 to facilitate the comparison with the spec
of the composite membranes molecules.
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