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This research investigates the encapsulation of 5-fluorouracil (5-FU) within cholesteryl-modified
B-cyclodextrin (CD21chol) and aims to elucidate the drug inclusion efficiency through a comprehensive
analysis employing both experimental and computational techniques. The study employs thermo-
gravimetric characterization to assess the thermal stability of the encapsulated complex and infrared
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measurements to explore the vibrational characteristics, providing valuable insights into the physico-
chemical properties. Additionally, molecular simulations are employed to evaluate the interactions
DOI: 10.1039/d4tb00496e between 5-FU and CD21chol on the molecular-level dynamics of drug encapsulation. This integrated
approach facilitates a comprehensive understanding of encapsulation, offering valuable data for

rsc.li/materials-b developing drug delivery systems.
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Introduction

5-Fluorouracil (5-FU) is a small molecule with a 130 g mol "
mass. It is a fluorinated derivative of uracil with unique
pharmacological properties. It is a commonly used anticancer
drug, mainly for colorectal cancer.’ It is an antimetabolite, and
its action is to impersonate a purine or pyrimidine, which
prevents it from being incorporated into DNA. Disruption of
the synthesis and stability of nucleic acids leads to the cancer
cell's death.>® Unfortunately, there are problems in therapy
that are related to (I) dose limitation due to high toxicity,
(I1) short half-life in the body, and (III) emerging drug resis-
tance of neoplastic cells.>* Due to the limitations mentioned
above, encapsulation becomes an attractive strategy to improve
circulation time in the bloodstream, increase biodistribution,
and reduce the dose of 5-FU, which will reduce the side effects
of therapy.

There are many strategies for synthesizing 5-fluorouracil
carriers.>® However, a commonly preferred option when
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designing drug carriers (DDS) is natural products (NPs), which
are inherently better tolerated by the body than their synthetic
counterparts.” In the last 2 decades, intensive research has
been conducted on 5-FU inclusion complexes with cyclo-
dextrins. (CD).*° Modified cyclodextrins, including alginate
complexes,'’ intercalated in zinc-aluminum layered double
hydroxide galleries,"" or polymer derivatives where -CD occurs
in the side chains'® are also used. Polymer nanoparticles,
especially those using folic acid as a homing molecule, are
among the popular strategies for transporting 5-FU to cancer
cells.>™™ Cholesterol is a widely used NP in the synthesis
of 5-fluorouracil DDS, e.g., lipid nanoemulsions,'® liposomes,*®
or is directly linked to 5-FU to form a prodrug.'” It plays a
pivotal role as a fundamental organic molecule in mammalian
cell membranes, governing their fluidity, integration, and
permeability."®® Due to its multifaceted significance, choles-
terol is a prevalent selection for guiding molecule incorporation
into cell membranes.”® Studies have shown that even a single
cholesterol group at the end of a polymer chain is sufficient for
effective interaction with the cell membrane.>! Despite stren-
uous attempts, the discomfort associated with therapy cannot
be minimized, and so far, none of the formulations has under-
gone clinical trials.

Encapsulation of 5-FU in cholesteryl-modified cyclodextrin
may provide a novel way to improve drug bioavailability by
modifying its solubility and stability in the biological environ-
ment. The main goal of this work is to understand the encap-
sulation process of 5-FU in cholesteryl-modified cyclodextrin.
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Thermal, spectral, and computational assessment of drug
inclusion efficiency enables understanding the behavior
of the drug-cyclodextrin complex, which is a crucial step in
assessing the effectiveness of this process. The proposed
research may contribute to developing more effective and safer
cancer therapies. Understanding the mechanisms of drug-
carrier complex formation will reduce the use of drugs and
limit their release into the environment, which are additional
economical and ecological benefits of the study.

Experimental
Materials and methods

Materials. Cholesterol (92.5%, Sigma-Aldrich), succinic
anhydride (Sigma-Aldrich), 4-dimethylaminopyridine (DMAP,
99%, Thermo Scientific), calcium hydride (CaH,, 93%, Acros
Organics), hydrochloric acid (HCl, 35-28% pure p.a., Chem-
pur), sodium chloride (NaCl, 99.9%, Chempur), sodium sulfate
anhydrous (Na,SO,, 99%, Chempur), thionyl chloride (99.7%,
Acros Organics), beta-cyclodextrin (B-CD, 98%, Acros Organics),
dry pyridine (pure p.a., Chempur) was distilled from KOH,
potassium hydroxide (Chempur), dry dichloromethane (DCM,
Avantor) was distilled from CaH,, sodium hydrogen carbonate
(NaHCO3, 98%, Chempur). All organic solvents were purchased
from Avantor Performance Materials, Poland S.A.

Methods

Nuclear magnetic resonance (NMR). The 'H and *C NMR
spectra were recorded on Bruker Avance II 400 spectrometer
using CDCl; as a solvent.

Attenuated total reflectance Fourier transform infrared spectro-
scopy (ATR-FTIR). All ATR-FTIR spectra were recorded using
the Thermo Scientific Nicolet 6700 FTIR spectrophotometer
equipped with an ATR accessory. Spectra were ratioed against
the background spectra and collected in the wavenumber range
of 4000 to 500 cm ™' by co-adding 32 scans with a resolution

of 4 cm™*.

Thermal analysis

Thermogravimetric analysis (TGA) was performed on the Met-
tler Toledo TGA/DSC1 system. The samples (2-3 mg) were
placed in the aluminum oxide crucible, and an empty pan
was used as a reference. The measurements took place in the
inert atmosphere of argon (flow rate 40 mL min ') at
the heating rate of 10 °C min ', in the temperature range of
50-900 °C. Differential scanning calorimetry (DSC) was per-
formed on the Mettler Toledo Star DSC unit. The 2-3 mg
samples were placed in the aluminum crucible and sealed.
The empty pan was used as a reference. The measurements
were carried out under inert gas conditions (flow rate
200 mL min~'), at the heating rate of 10 °C min~", in the
temperature range 25-350 °C. The melting points (Ty,) of 5-Fu
were determined using the Mettler Toledo STARe software
based on the first heating cycle.
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Computational details

The theoretical part of the study included a conformational
analysis for the B-CD 21-cholesteryl derivative (CD21chol) and
tests on the stability of its complexes with the drug.

In order to find the low energy conformers of CD21chol, in
the Hyperchem program,”” the initial model of the molecule
was created from B-CD by replacing a hydrogen atom in each
hydroxyl group with the cholesteryl-containing moiety (Fig. S1
in the ESIt). The torsion angles defining the spatial orientation
of the substituents were set so that the substituent chains had a
similar orientation with respect to the CD ring and did not
overlap (Fig. S2, ESIt). Next, a two-step procedure was applied,
which included first the creation of many structures in the
Hyperchem program and their complete optimization using
the BIO+ molecular mechanics method, and next their
re-optimization with the semi-empirical PM7 method in vacuo
using the MOZYME procedure in the MOPAC program.”?
A detailed description of the method used in this initial
conformational search is given in the section Procedure S1 in
the ESI.T The conformer with the lowest PM7 heat of formation
was used to create the initial configurations of the complexes of
CD21chol with 5-fluorouracil.

Initial studies of complexes of the CD21chol molecule (host)
with 5-FU (guest) included analysis of changes in the heat of
formation (Hy) of the system when the drug was introduced into
the host from two opposite sides, as shown in Fig. 1. Thus, the
partially relaxed AH; scans were performed along the Z-axis
with the step 0.2 A in two directions, denoted as upward and
downward. In the article, configurations corresponding to the
downward scans are marked with the symbol prime ’. First,
such scans were performed for the complex 1:1 for seven
different orientations of the 5-FU monomer (Fig. 1(a)). In each
step, to preserve the relative z-position of the drug with respect
to the host, all coordinates of the drug and z-coordinates of
three oxygen atoms belonging to the CD ring of the host were
frozen. In contrast, the remaining coordinates were optimized
with the PM7 method in vacuo using the MOZYME procedure.
Because the complex formation converted CD21chol to a lower
energy conformer, these scans were repeated five times until no
more stable host structure was found, and the results were
consistent. Next, similar scans were performed for the dimer
(5-FU), (Fig. 1(b); the complex 1:2), using its lowest energy
geometry reported in the literature>*® and applying two dif-
ferent methods. In the first method (DIM1), at each step, only
one 5-FU molecule in the dimer was moved and frozen, while
the second 5-FU and CD21chol were optimized. In the second
method, the entire dimer was moved and frozen during opti-
mization. The structures corresponding to the most prominent
local minima found from all these scans were fully optimized
(without any constraints) with the PM7 method, and the most
stable forms of complexes, 1:1 and 1:2, were selected. An
additional test for the complex 1:2 was performed, which was
assumed to contain one 5-FU embedded inside CD21chol and
another 5-FU attached to the cholesteryl moieties on the
opposite side of the host. The initial model was created from
the most stable inclusion complex, 1:1, to which the second

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The upward and downward insertion paths and seven orienta-
tions A-G of the 5-FU molecule concerning the CD21chol considered in
the PM7 calculations, (b) the insertion paths of the dimer (5-FU),, (c) the
insertion paths of the monomer 5-FU in the x orientation towards the
lowest energy complex of CD21chol with dimer. The CD ring is marked in
violet, while the remaining atoms’ colors are carbon — cyan, nitrogen -
dark blue, fluorine — yellow, oxygen — red, and hydrogen — grey.

5-FU molecule was attached at its most stable non-inclusion
configuration. This type of the 1:2 complex is denoted as I/NI
(inclusion/non-inclusion). It should be mentioned that another
slightly more stable conformer of CD21chol was discovered
from the scans performed with the dimer. Its structure was very

This journal is © The Royal Society of Chemistry 2024
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similar to the initial one, and the heat of formation was lower
only by about 2.5 kcal mol~*. Therefore, these scans were not
repeated. However, after the complete optimization, this con-
former was used as a reference host structure in the final
calculations of the complexation enthalpies. In the scans for
the complexes in the stoichiometry 1: 3, the 5-FU monomer was
assumed to approach the inclusion complex 1: 2 (Fig. 1(c)) from
two opposite sides. In this case, the host was the complex of
CD21chol with the (5-FU), dimer having the lowest heat of
formation selected in the previous step (denoted as DIM1-12).
Two different orientations of the monomer were considered,
marked as x (shown in Fig. 1(c)) and y (rotated around the Z-
axis by 180°). The methods used in all scans and the orienta-
tions x and y are described in detail in Procedure S2 in the ESL.¥
As in previous cases, the structures corresponding to minima
were fully optimized after the scans. Finally, as in the case of
the 1:2 complex I/NI, the possibility of forming the 1:4
complex I/NI with two dimers was examined. From the results,
the complexation enthalpies Heompi for were calculated accord-
ing to the formulas (1)-(7) listed in Procedure S2d in the ESL¥

Single-point calculations were performed at the density
functional theory (DFT) level in vacuo using the M062X-GD3
method and the 6-31G(d) basis set for the most stable config-
urations obtained with the semi-empirical method. M062X-
GD3 is the hybrid metafunctional M06-2X>® with the Grimme
empirical pairwise long-range (dispersion) corrections GD3.””
This method was shown in the past to yield a small root mean
square error concerning the CCSD(T)/CBS reference values®®
and was used earlier in the study of complexes of dimethyl-B-
cyclodextrin complexes with mianserin.* The DFT calculations
were performed using the Gaussian 16 program.*’ From the
resulting energies, the DFT complexation energies Ecomp Were
obtained using formulas similar to these for Heomp (Procedure
S2d, ESI¥).

For the most stable structures selected, the solvent effect on
Homp1 Was estimated by re-optimizing these structures in three
different solvents, namely THF, methanol, and water, using the
PM7 method and a conductor-like screening model (COSMO).*
The effect of the same solvents on the DFT E o, was evaluated
by performing the SP calculations for the re-optimized struc-
tures with the polarizable continuum model (PCM).** The DFT
complexation energies obtained in vacuo for the selected struc-
tures were additionally corrected by the basis set superposition
error (BSSE) calculated using the counterpoise correction.* In
the text, the BSSE-corrected complexation energies are denoted

BSSE
as Ecompl-

Synthetic procedures

Synthesis of cholesteryl hemisuccinate (CHEMS)

Succinic anhydride (4.36 g, 43.62 mmol, 3 eq.) and DMAP
(1.77 g, 14.54 mmol, 1 eq.) were added to a solution of
cholesterol (5.62 g, 14.54 mmol, 1 eq.) in dry pyridine
(100 mL). The reaction mixture was stirred for 6 h at 60 °C,
then for 16 h at room temperature. The reaction was monitored
by TLC. Upon consumption of cholesterol, the reaction mixture

J. Mater. Chem. B, 2024, 12, 7063-7075 | 7065
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was washed with 10% HCI solution (250 mL) and then extracted
with ethyl acetate (3 x 100 mL). The organic layer was washed
with a saturated aqueous NaCl solution, dried over anhydrous
Na,S0,, filtered, and concentrated in vacuo. The crude product
was purified by recrystallization from methanol at 4 °C. The
product was obtained as a white powder with a yield of 90%,
6.387 g.

'H NMR (400 MHz, CDCl;, §, ppm). 5.38 (d, 1H), 4.64 (m,
1H), 2.70 (dd, 2H, J; = 10 Hz, J, = 1.6 Hz), 2.61 (dd, 2H, J; =
10 Hz, J, = 1.6 Hz), 2.34 (d, 2H), 2.03-1.95 (m, 2H), 1.88-1.85 (m,
3H), 1.63-1.04 (m, 21H), 1.03 (s, 3H), 0.92 (d, 3H), 0.88 (d, 3H),
0.87 (d, 3H), 0.68 (s, 3H).

3C NMR (100 MHz, CDCl,, 8, ppm). 178.3 (C), 171.5 (C),
139.5 (C), 122.7 (CH), 74.5 (CH), 56.7 (CH), 56.1 (CH), 50.0 (CH),
42.3 (C), 39.7 (CH,), 39.5 (CH,), 38.0 (CH,), 36.9 (CH,), 36.6 (C),
36.2 (CH,), 35.8 (CH), 31.9 (CH,), 31.8 (CH), 29.2 (CH,), 29.0
(CH,), 28.2 (CH,), 28.0 (CH), 27.7 (CH,), 24.3 (CH,), 23.8 (CH,),
22.8 (CH3), 22.5 (CH;), 21.0 (CH,), 19.3 (CHj,), 18.7 (CH,), 11.8
(CHa).

FT-IR (ATR, ) cm . 2934, 2866, 1724, 1707, 1466, 1437,
1375, 1315, 1254, 1177.

Synthesis of cholesteryl hemisuccinate chloride (CHEMS-CI)

CHEMS (2 g, 4.1 mmol, 1 eq.) was dissolved in 20 mL of dry
dichloromethane. The flask was placed in an ice bath on a
magnetic stirrer. After cooling the mixture, thionyl chloride
(0.46 mL, 4.9 mmol, 1.2 eq.) was added dropwise over 30
minutes. The reaction was continued for another 20 minutes
at room temperature. After the reaction was completed, the
solvent and the remaining thionyl chloride were evaporated on
a rotary evaporator under reduced pressure.

Synthesis of cholesteryl-modified cyclodextrin (CD21chol)

The B-CD (180 mg, 0.16 mmol, 1 eq.) was suspended in 17 mL
of a mixture of dry pyridine and dichloromethane in a volume
ratio of 7:10. The mixture was flushed with argon for 20
minutes, and the flask was placed on a magnetic stirrer. In
the second flask, CHEMS-CI was dissolved in 20 mL of dry DCM
and was added dropwise to the B-CD suspension using a
syringe pump at 0.22 mL min . The reaction was continued
for 24 hours at room temperature. The product was isolated by
DCM extraction, washed successively with 5% HCI (3 x 10 mL),
saturated aqueous NaHCOj; solution (3 x 10 mL), saturated
aqueous NaCl solution (3 x 10 mL), and water (3 x 10 mL). The
organic layer was dried over anhydrous Na,SO, and evaporated
using a rotary evaporator. The compound was dissolved in
warm (65 °C) ethyl acetate (70 mL), crystallized, filtered, and
dried. The product was obtained as a white powder with a yield
of 50%, 0.9 g.

'H NMR (400 MHz, CDCl;, 8, ppm). 5.35 (s, 21H), 4.58 (s,
21H), 2.88-2.45 (m, 84H), 2.36-2.24 (m, 42H), 2.03-1.93 (m,
42H), 1.88-1.78 (m, 63H), 1.63-1.00 (m, 504H), 0.91 (d, 63H),
0.87 (d, 63H), 0.85 (d, 63H), 0.67 (s, 63H).

BC NMR (100 MHz, CDCl;, §, ppm). 171.5 (C), 139.7 (C),
122.6 (CH), 74.2 (CH), 56.7 (CH), 56.2 (CH), 50.0 (CH), 42.3
(CH), 39.8 (CH,), 39.5 (CH,), 38.1 (CH,), 37.0 (CH,), 36.6 (CH,),

7066 | J Mater. Chem. B, 2024,12, 7063-7075
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36.2 (CH,), 35.8 (CH), 31.9 (CH,), 31.8 (CH), 29.3 (CH,), 28.9
(CH,), 28.3 (CH,), 28.0 (CH3), 27.7 (CH,), 24.3 (CH,), 23.9 (CH,),
22.8 (CH,), 22.6 (CHj), 21.0 (CH,), 19.3 (CH;), 18.7 (CH,),
11.9 (CH).

FT-IR (ATR, v) cm ', 2934, 2867, 1731, 1465, 1375, 1364,
1155, 1028.

5-Fluorouracil encapsulation

A CD21chol solution with a concentration of 50 mg mL ™" was
prepared. For this purpose, 375 mg of CD21chol was dissolved
in 7.5 mL of THF. 1 mL of the prepared solution was measured
into seven bottles. A solution of 5-fluorouracil with a concen-
tration of 5.7 mg mL™" was prepared in a flask. For this
purpose, 19.95 mg of 5-FU was dissolved in 3.5 mL of methanol.
The drug solution was added in different molar ratios
CD21chol:5-FU: 1:1 (0.1 mL of 5-FU solution), 1:2 (0.2 mL
of 5-FU solution), 1:3 (0.3 mL of 5-FU solution), 1:4 (0.4 mL 5-
FU solution) 1:5 (0.5 mL 5-FU solution), 1:8 (0.8 mL of 5-FU
solution), 1:10 (1 mL of 5-FU solution). Then, to equalize the
concentrations in the vessels, an appropriate amount of THF
was added to each solution so that the final volume was 3 mL.
Mixtures were stirred on a magnetic stirrer at room tempera-
ture for 24 h. Then, 0.5 mL was taken from each solution, and
the solvent was removed. The residue was analyzed using the
following methods: DSC, TG, and ATR-FTIR. The remaining
solution (2.5 mL) was added dropwise using a syringe pump
(flow rate 0.1 mL min~') to 25 mL of water to separate the
complex from free drug molecules. The resulting suspensions
were left on a magnetic stirrer for 24 h to evaporate the
solvents. Then, they were centrifuged, and the supernatant
was separated from the sediment. The obtained complexes
(precipitates) were dried in a stove at 60 °C for 24 h and
analyzed using the following methods: DSC, TG, and FTIR.

Results and discussion

Synthesis and characterization

The cholesteryl derivative of f-CD (CD21chol) was synthesized
by esterification using acid chloride generated from cholesteryl
hemisuccinate. In the first step, cholesterol was reacted with
succinic anhydride in the presence of DMAP. In the next step,
CHEMS was reacted with thionyl chloride to obtain a reactive
acid chloride, which was then added dropwise to the -CD
solution. A cholesteryl derivative with all 21 arms modified was
obtained. (Scheme 1)

Cholesteryl hemisuccinate and cholesteryl derivative of 3-CD
were analyzed by NMR and ATR-FTIR; full spectra are available
in ESI{: "H NMR (Fig. S3 and S4, ESIf), ">*C NMR (Fig. S5 and S6
ESIt) and DEPT (Fig. S7 and S8, ESI{), and ATR-FTIR (Fig. S9b
and d, ESIt). Two main changes are compared to cholesterol
spectra in the "H NMR spectrum of CHEMS (Fig. S3, ESI{).
First, a new signal is observed at a chemical shift of 2.65 ppm,
which comes from the H-2/,3" protons from the succinate
group. Second, the signal of the H-3 proton is shifted from
3.25 ppm to 4.64 ppm. The presence of two signals at 178.3 and

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of cholesteryl derivative of -CD (CD21chol).

171.5 ppm of quaternary carbons in the CHEMS carbon spec-
trum (Fig. S5, ESIt) indicates that the reaction proceeded to
obtain the succinic acid ester (monosubstituted product). In
the infrared spectrum of CHEMS (Fig. S9b, ESIt), compared to
cholesterol spectrum (Fig. S9a, ESIt), the signal coming from
vibrations of the hydroxyl band at a region 3600-3000 cm ™" was
not observed, and ester group bonds vibrations bands
occurred: C—=0 at 1731 and 1724 cm ™', C(0)-O at 1437 and
1375 cm ™}, and C-C-O at 1315 and 1254 cm ™. In the 'H NMR
spectrum of CD21chol (Fig. S4, ESIT), new signals in the range
of 0.60-2.70 ppm from protons, characteristic of CHEMS,
appeared, which confirmed obtaining a cholesteryl derivative
of B-CD. The integration ratio of signals from the protons of the
B-CD core (3.40-5.70 ppm) to the protons in the cholesteryl
derivative arms (4.58 ppm) indicates the substitution of all
hydroxyl groups of B-CD. In the ATR-FTIR spectrum of
CD21chol (Fig. S9d, ESIt), there is no band from hydroxyl bond
vibrations, which is observed in the p-CD spectrum (Fig. S9c,
ESIt). In addition, characteristic for CHEMS spectrum bands
appeared in the region motioned above. The disappearance of
the peak of C=0,q at 1724 cm™ " proves esterification.

Determination of 5-FU inclusion efficiency

The obtained cholesteryl derivative of B-cyclodextrin was used
to encapsulate 5-fluorouracil. For this purpose, solutions with
different molar ratios (1:1,1:2,1:3,1:4,1:5,1:8, and 1:10)
of CD21chol and 5-FU were prepared as described in the section
“5-fluorouracil encapsulation”. ATR-FTIR, thermal analysis
(TGA and DSC), and quantum chemical methods were used
to analyze the composition of the formed complexes.

Physicochemical studies

Thermal analysis. All the samples decompose quantitatively
between 250 and 350 °C. The CD21chol carrier and 5-FU
decompose in a one-step process. Curves of physical mixtures

This journal is © The Royal Society of Chemistry 2024

(Fig. 2(a) and (d)) in molar ratios of 1:1, 1:2, and 1:3
have similar shapes. In the case of systems with a higher drug
content, an additional decomposition rate maximum is
observed on the DTG curves. The first occurs at lower tempera-
tures and comes from the degradation of 5-FU. The second one,
with a maximum in the range of 330-340 °C, was assigned to
the decomposition of CD21chol. Based on the measurements
taken, it can be assumed that the sensitivity of the thermo-
gravimetric method for examining CD21chol:5-FU complexes is
limited to 4 molecules of 5-fluorouracil per one molecule of
CD21chol. The curves for solutions taken after complexation
look similar (Fig. 2(b) and (e)). The decomposition of 5-FU is
visible only when the system is taken from a solution with a
molar ratio of 1: 4 and bigger. In the case of analyses of samples
obtained after precipitation of carriers (Fig. 2(c) and (f)),
no peaks of 5-FU decomposition were observed. This indicates
the effectiveness of the proposed methodology for purifying
complexes from free/non-encapsulated drug molecules by
precipitation.

The thermogravimetric method indicates the formation of
complexes containing not more than four molecules of 5-
fluorouracil, but the method’s sensitivity limits this result.
For this reason, research was conducted using differential
scanning calorimetry. Full curves are shown in Fig. S10-S12
in the ESLT Similarly to the above, three sets of DSC curve
sections are presented (Fig. 3). In this case, the most essential
area of the curves for analytical reasons is the melting peak of 5-
FU, which has a maximum of 285 °C. In the case of physical
mixtures, the melting peak of 5-FU could be seen starting from
a molar ratio of 1:3 (Fig. 3(a)). This indicates that the sensitiv-
ity of DSC is slightly better than that of TG. Fig. 3(b) shows the
curves of samples from the solutions after complexation. The
melting peak of 5-FU was detected for systems 1:4 and richer
in the molar ratio of the drug. No 5-FU melting peaks
were observed in the curves obtained from the samples of the
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CD21chol:5-FU after precipitation, and 5-fluorouracil.

precipitated complexes (Fig. 3(c)), confirming the absence
of free, not incorporated into the carriers 5-fluorouracil
molecules.

The DSC method turned out to be more sensitive than the
thermogravimetric method. The analysis of the curves indicates
the formation of complexes in a molar ratio of 1:1, 1:2, and
1:3 (CD21chol:5-FU). However, this result is close to the
sensitivity limit of the thermal methods. Therefore, there was
a need to compare the results of another method, so infrared
analyses of all samples were carried out.

Infrared spectroscopy investigation

ATR-FTIR analysis of complexes of the cholesteryl derivative of
B-CD and 5-fluorouracil was performed. Full spectra of 5-FU,
CD21chol, physical mixtures, solutions, and complexes are
shown in Fig. S13-S15 in the ESI.7 First, the limit of quantifica-
tion of 5-Fu was determined using the ATR-FTIR method. For
this purpose, infrared spectra of CD21chol, physical mixtures of
CD21chol:5-FU in various molar ratios (1:1, 1:2, 1:3,
1:4, 1:5, 1:8, and 1:10), and 5-fluorouracil were recorded
(Fig. 4(a)).

In all spectra of physical mixtures, bands originating from
the vibrations of CD21chol and 5-FU bonds were observed,
which means that this technique can help analyze the for-
mation of complexes in the proposed molar ratios. The reflec-
tance intensity ratios of the band at 1731 cm ™' originating from
the vibrations of the C=O from the ester groups present in

7068 | J Mater. Chem. B, 2024, 12, 7063-7075

CD21chol and the band at 1670 cm ™' arising from the vibra-
tions of the C—=O from the amide group of 5-FU were com-
pared. Analysis of the results in Table S1 in the ESI{ indicates
that as the amount of drug in the mixtures increases, the
vibration intensity of the C—=O,niqe relative to the C—=Oegter
increases. In samples from solutions of molar ratios 1:1, 1:2,
and 1:3, no bands from C—O,niqe Vibrations were found,
meaning the entire amount of initial 5-FU was encapsulated.
In samples 1:4 to 1:10, the intensity of the vibration band of
the carbonyl bond from the amide group relative to the other
signals increases with the initial amount of drug in the
solution. The results of comparing the vibration bands inten-
sity of C=0,mide aNd C—=Ogr are summarized in Table S1 in
the ESL.{ The analysis of these results indicates a specific,
limited quantity of 5-FU molecules that the CD21chol system
can complex. Analysis of the spectra in Fig. 4(b) points that the
limit is reached for three molecules of 5-fluorouracil. In
Fig. 4(c), the vibration band originating from the carbonyl bond
of the amide group of 5-FU is not observed in all spectra. This
also exhibits that the proposed method of purifying from non-
complexed drug molecules is effective.

ATR-FTIR turned out to be the most sensitive of the
proposed methods and allowed for the analysis of all proposed
systems. The examination of the infrared spectra confirmed the
thesis made after the analysis of the DSC curves, which was
CD21chol: 5-FU complexes are formed in molar ratios of 1:1,
1:2, and 1:3. The above methods lead to the conclusion that

This journal is © The Royal Society of Chemistry 2024
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precipitation, and 5-fluorouracil.

one CD21chol molecule can complex maximum three mole- Computational studies

cules of 5-fluorouracil. Appropriate quantum chemistry meth- Results of the quantum calculations. It is known that
ods such as PM7 and DFT were used to understand this issue cholesterol exhibits self-assembly behaviour,>*® and this ten-
better. dency is also observed in Fig. 5, where the most stable structure
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Fig. 5 The final most stable conformer of CD21chol found in the present
work from the semi-empirical PM7 calculations in vacuo. Three different
views are shown: the top view (a) and two side views (b) and (c). Atom
colors are the same as in Fig. 1.

of CD21chol found computationally in the present work is
presented. The seven substituents on the primary side of CD
are folded up on the outside of the molecule, which allows
them to interact with these on the secondary side. As a result,
one entrance to the CD ring remains open, while the other is
blocked by grouped, twisted cholesteryl chains. More detailed
analysis reveals that four of the secondary substituents are
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located closer to the center of the axis and are surrounded by
other cholesteryl moieties (Fig. 5(a)). This arrangement causes
some deformation of the CD ring and leaves a relatively narrow
channel for the possible introduction of the drug into the host
through the system of cholesteryl moieties. It should be
emphasized that, given the flexibility of the cholesteryl groups,
the structure shown in Fig. 5 is probably not yet the ground
state of CD21chol. However, based on the analysis of all the
collected results, it can be concluded that it is a low-energy
conformer, and it was used in this work as a reference structure
to study the properties of the complexes.

The most stable structures obtained from the full PM7
optimization in vacuo for all complexes in various stoichiome-
tries are presented in Fig. 6-8, while the corresponding com-
plexation enthalpies and energies are shown in Fig. 9 and
10 and Table S2 in the ESL{ Sample plots of AH; profiles
obtained from the scans usually indicate several local minima
(Fig. S16-S18, ESIt). The calculations for CD21chol: 5-FU in the
stoichiometry 1:1 indicate that CD21chol can form stable
inclusion (I) complexes with 5-FU embedded on the CD ring-
side as well as non-inclusion (NI) complexes with 5-FU attached
to the cholesteryl groups. The complexation enthalpies for the
most stable structures of CD21chol:5-FU obtained from the
PM?7 optimizations for all drug orientations are compared to
the DFT complexation energies (calculated for the same geo-
metries, without BSSE corrections) in Fig. S19 and Table S2 in
the ESI.{ For the complexes 1: 1, both methods predict that the
energy profit from the formation of the inclusion complexes is
approximately twice as large as that for the non-inclusion
complexes. The PM7 and DFT results trends are similar, but
the predictions for the lowest energy structure differ. According
to the PM7 values, the configurations A (Fig. 6(a)) and F’ (Fig.
S20a, ESIT) are the most stable 1:1 complexes within the I and
NI sets, with Heompr of —41 and —18.3 keal mol ", respectively.
The DFT results indicate different configurations in these sets,
namely D (Fig. 6(b)) and C’ (Fig. S20b, ESI), which have E.qmp
of —31.3 and —16.7 kcal mol ™", respectively. In both A and D
complexes, the monomer 5-FU is located close to the CD ring,
indicating that the interaction of the drug with CD is stronger
than with cholesteryl groups. In this area are oxygen atoms
from the CD ring and cholesteryl groups, which can form
hydrogen bonds with hydrogens in 5-FU. Such bonds and other
interactions possibly contributing to the complex stabilization
can be seen in the magnified views shown additionally for each
molecule in Fig. 6.

Additionally, the structures corresponding to the local
minima observed in the upward scans around the 8-9 A
(denoted M1 because they are approximately midway between
I and NI configurations) were optimized with the PM7 method.
According to the PM7 results, the most stable M1 structures
correspond to the orientations A and D (Fig. S20c and d, ESIf)
with Heompr €qual to —25.9 and —24 kcal mol ', respectively,
while the corresponding DFT Ecomp values are —21 and
—28.8 kecal mol ™. Other local minima (M2) are observed around
17 A in some energy profiles. In the optimized M2 structure, the 5-
FU monomer is only partially embedded in the region of terminal

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The most stable structures of complexes of CD21chol with the monomer 5-FU, indicated by the results of PM7 (a) and DFT (b) calculations in
vacuo. For each complex, a top view and a side view are shown. The framed images show a magnified view of the area where 5-FU is in the complex. The
CD ring and cholesteryl group fragments that may interact with the drug are rendered with thicker lines. Interactions that may contribute to stabilizing
the complex (atom distances less than 2.7 A) are indicated by dashed black lines. 5-FU is rendered with spheres and cylinders. Atom colors are the same
as in Fig. 1.

PM7
a 1:2 AF' (I/NI

DFT
1:2 DC' (I/NI)

o

(NI)
c 1:2 DIM1-12

Fig. 7 The most stable structures of complexes of CD21chol with 5-FU in stoichiometry 1:2, indicated by the results of PM7 (a, c) and DFT (b, c)
calculations in vacuo. For each complex, top and side views, as well as magnified views of the area where the 5-FU molecules are located (in frames),
are shown. The colors and marking method are the same as in Fig. 6.

fragments of cholesteryl groups. The lowest PM7 complexation
enthalpy (after complete optimization) of —15.3 kcal mol '
corresponds to the C orientation (Fig. S20e, ESIY), for which
the DFT results predict a much larger complexation energy of
—27.6 keal mol ™. It should be mentioned that the barriers between
minima observed in the energy profiles are overestimated because
only partial optimization was performed for each drug position.

This journal is © The Royal Society of Chemistry 2024

The pairs of favored inclusion and non-inclusion complexes
1:1 of CD21chol: 5-FU, as predicted by each method, were used
to test the stability of the complex in 1: 2 stoichiometry in two I/
NI configurations: AF’ and DC’ (Fig. 7(a) and (b)). The resulting
Heompt (I/NI) and Ecompi (I/NI) (Fig. 9 and 10) are close to the
sum of their values for the two corresponding I and NI com-
plexes 1:1, especially in the case of PM7 results. This is not
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Fig. 8 The most stable structures of complexes of CD21chol with 5-FU in stoichiometry 1: 3 (a, c) and 1: 4 (c), indicated by the results of PM7 (a, c) and
DFT (b, c) calculations in vacuo. For each complex, top and side views, as well as magnified views of the area where the 5-FU molecules are located (in
frames), are shown. The colors and marking method are the same as in Fig. 6.
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Fig. 9 Comparison of the total complexation enthalpies (Hcomp) for the
most stable complexes in different stoichiometry, obtained from the PM7
optimization in vacuo and the solvents THF, methanol, and water
described with the COSMO model. Heomp Were calculated using the
formulas (1)-(4) and (6) shown in Procedure S2d in the ESI.{

surprising because, in the case of such a large host molecule, the
two drug molecules in the I/NI configuration interact with
CD21chol independently of each other. A comparison of interac-
tions marked in Fig. 7(a) and (c) for the 5-FU molecule in the (I) and
(NI) positions explains why the complexation enthalpy in the non-
inclusion complexes is much smaller than in the inclusion ones. In
the (NI) position, there are no oxygen atoms in the cholesteryl
groups, and only a few of their hydrogen atoms are close enough to

7072 | J Mater. Chem. B, 2024, 12, 7063-7075
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Fig. 10 Comparison of the total complexation energies (Ecomp) for the
most stable complexes in different stoichiometry, obtained from the DFT
SP calculations in vacuo (without and with the BSSE corrections) and in the
solvents THF, methanol, and water described with the PCM model (values
without the BSSE corrections).

participate in the binding of 5-FU. It should be stressed that, in the
(NI) position, the drug is exposed to the solvent. Specific interac-
tions of 5-FU with molecules of a particular solvent may either
promote its binding or, on the contrary, prevent its attachment.
The role of the solvent in the formation of such complexes should
be investigated at the molecular level in the future.

The experimental results suggest that, in solutions, CD21-
chol forms stable inclusion complexes in the stoichiometries

This journal is © The Royal Society of Chemistry 2024
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1:1, 1:2, and 1:3. It is also known that 5-FU can form stable
dimers both in vacuo and in solvents.>***>” Therefore, in the
following stages of our research, the dimer (5-FU), insertion
into CD21chol and the further attachment of the third 5-FU
molecule to such a complex were examined. The most stable
complexes of CD21chol with the (5-FU), dimer (1:2) and
additional 5-FU monomer (1:3) are presented in Fig. 7(c) and
8(a), (b). The results of PM7 optimization and subsequent DFT
calculations performed for the complex 1:4 I/NI with two
dimers (Fig. 8(c)) are also included. Some additional structures
and numerical data are provided in Fig. S21, S22 and Table S3
in the ESL.{ The energy gain resulting from the inclusion of the
entire dimer (DIM1-12) configuration (Fig. 7(c)) is more signifi-
cant by approximately 15 kcal mol™ than that for the inclusion
complex of monomer or the partial docking of the dimer
(DIM1-11, via the CD entry; Fig. S21a, ESIT). The results of the
PM7 calculations suggest that the complex with two monomers
in the I/NI AF’ configuration (Fig. 7(a)) is slightly more stable
than DIM1-12, but the DFT values indicate that the formation of
the complex with dimer is much more favorable (Fig. 10).

Attaching another 5-FU molecule or dimer to the DIM1-12
complex provides an additional energy profit. The most favor-
able is the 1:3 complexes, in which the three drug molecules
form a chain inside CD21chol (Fig. 8(a) and (b)). According to
the PM7 results, this is the TRIy-I1 configuration with the 5-FU
monomer docked through the CD entrance (Hcompi(MONto-
DIM1) = —33.5 kecal mol "), while the DFT values suggest that
it is TRIy’-I1 with the 5-FU monomer docked through the
cholesteryl groups (Ecompi(MONtoDIM1) = —43.9 kcal mol™").
Of course, the total complexation enthalpies and energies (the
total energy gain from complexation of both the dimer and the
monomer by CD21chol) are much larger: Heompi(TRIMER) for
TRIy-I1 is equal to —92.3 kcal mol ™", while Ecompl(TRIMER) for
TRIy'-11 is equal to —98.2 kcal mol . In both cases, the initially
flat structure of dimer is distorted due to interaction with the
additional 5-FU molecule (this is the lowest 5-FU in Fig. 8(a)
and the highest one in Fig. 8(b)). Despite the initial monomer
orientations in the TRy and TRIy’ scans, in both the final TRIy-I1
and TRIy'-I1 structures, the 5-FU monomer is rotated and forms an
N-H. - -O—C hydrogen bond with the dimer. A similar hydrogen
bond is also formed in the TRIx'-I1 complex, but this configuration
is slightly less energetically favored, probably due to the interac-
tions of the monomer with CD21chol. The three 5-FU docked
inside CD21chol can also adopt a different, non-linear configu-
ration TRIx-I2 (Fig. S22d, ESIt), which is also very stable but less
than the linear arrangement (Table S3 in the ESIt). The results for
the 1:4 complex of CD21chol with two dimers in the I/NI configu-
ration (2DIM in Fig. 8(c)) indicate that such a structure can also be
formed. Since only one dimer is placed inside the cavity in this
complex, while the second one is attached externally and its
interaction with CD21chol is weaker, the absolute values of Heomp
and Ecomp for 2DIM are smaller than for the preferred TRIy-type
inclusion complexes. However, 2DIM also provides a significant
energy gain, so it will likely co-exist with them.

For the structures presented in Fig. 6-8, the solvent effect on
the complexation enthalpies and energies was additionally

This journal is © The Royal Society of Chemistry 2024
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evaluated, and the results are included in Fig. 9 and 10. The
numerical data is provided in Table S4 in the ESI.f As shown in
Fig. 9, absolute values of Hcomp Obtained in the presence of
solvents are significantly smaller than in vacuo and decrease in
the following order: vacuum > THF > methanol > water. The
presence of solvent does not change the general trend indicated
by Hcomp Obtained in vacuo, so also, in a liquid phase, for-
mation of the 1: 3 complex TRIy-I1 is favored, followed by TRIy'-
I1 and 2DIM. The effect of solvents on the DFT results is similar
(Fig. 10), so in this case, the TRIy’-I1 complex is indicated as the
most stable, both in vacuum and in solutions. It should be
noted that the implicit solvent models used in these calcula-
tions do not take into account the specific interactions of
solvent molecules with 5-FU, CD21chol, and their complexes,
so they only allow an approximate assessment of the effect of
the solvent on the complexation enthalpies (energies).

Since the DFT E.qmp were obtained from the SP calculations
and thus are only approximate estimates, the above values did
not include the BSSE corrections. It is not apparent whether
incorporating the BSSE correction into the SP complexation
energy will improve or worsen the results. This depends on
whether the Ecomp obtained after optimizing all compounds
would be similar or much more negative than those obtained
from SP calculations. In the latter case, the SP E¢np values can
be closer to the actual values than the SP Egomp. Nevertheless, it
is worth seeing how much the BSSE corrections can affect the
complexation energies calculated for the tested systems. As
shown in Fig. 10, the absolute Effﬁi,l values are much smaller,
so the BSSE is very large and accounts for about 36 to 47% of
Ecomp! in vacuo. Although this reduces the differences between
complexation energies for different configurations, the overall
trend is maintained.

Conclusion

Thermal analysis revealed that the encapsulated 5-FU within
cyclodextrins decorated with cholesteryl moiety carrier
(CD21chol) maintains thermal stability, essential for potential
applications in drug delivery systems. ATR-FTIR measurements
further enriched our understanding by elucidating specific
molecular interactions and vibrational characteristics within
the encapsulated system. The observed bands confirm the
successful encapsulation of 5-FU and allow for determining
the maximum number of drug molecules contained in the
complex. The results of quantum calculations indicate that
CD21chol can form with 5-FU very stable complexes in all
stoichiometries tested. Among the analyzed configurations,
the inclusion complex with three 5-FU molecules arranged in
a chain inside CD21chol is most energetically preferred. The
total energy profit from its formation from isolated compo-
nents (CD21chol, (5-FU), dimer, and 5-FU monomer) is vast,
above 90 kcal mol ! in vacuo and 70 kecal mol ™" in solutions.
Other forms, such as I/NI complexes with a dimer, a monomer,
and two dimers, also show high stability and are therefore
expected to be formed. It should be emphasized, however, that
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due to the size of the tested system, the solvent was described
by an implicit model in the calculations. Since the stability of
non-inclusion complexes strongly depends on the balance of
drug-carrier, drug-solvent, and carrier-solvent interactions,
further studies with a solvent described at the molecular level
are necessary. The principal value of using computational
chemistry in the present research lies in elucidating the
arrangement of cholesteryl units relative to the cyclodextrin
core. Notably, the binding affinity of the CD21chol towards
5-fluorouracil molecules is skewed towards the narrower end of
the cone, contrary to a bare B-CD. In the classical encapsula-
tion, guest molecules ingress from the broader end of the cone
and are entrapped within its interior. However, with our
cholesterol modification, conformational changes occur, lead-
ing to an arrangement of cholesteryl branches that essentially
obstruct the approach of 5-FU from the narrower side. While
one 5-FU molecule is entrapped within the cyclodextrin cage,
the remaining reside between the cholesteryl section. The
synergy between experimental and computational approaches
enhances the reliability and depth of our findings, paving the
way for the rational design and optimization of drug delivery
systems.
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