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A B S T R A C T

Modified cyclodextrins (CDs) are cyclic oligosaccharides with many applications in drug delivery, catalysis, and 
as active pharmaceutical ingredients. In general, they exist as distributions of structurally diverse molecules 
rather than single-isomer compounds. Their performance depends on the number of glucopyranose units (GPUs), 
and the type, number, and position of chemical substitutions in their hydroxyl groups. Effectively targeting 
individual species within these distributions is essential for optimizing CDs for specific applications. Computa
tional techniques can generate large datasets to AI-driven structural optimization, but the absence of a stan
dardized nomenclature system for modified CDs presents a major barrier to progress in this direction. This lack of 
consensus limits effective communication, data sharing, automation, and collaboration. To address this, a clear 
and extensible nomenclature for modified CDs is proposed. In this framework, GPUs are treated like amino-acid 
residues, with unsubstituted GPUs as reference building-blocks and substituted ones considered as mutations. 
This approach precisely defines substitution types and patterns, resolves cyclic permutation ambiguities, and 
offers versatility for both simple and complex modifications, including chiral center alterations and covalently 
linked CD oligomers. By introducing this standardized nomenclature, we aim to enhance molecular design, 
improve reproducibility, and streamline both experimental and computational research in the CD field.

1. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides composed of α-D- 
glucopyranose units (GPUs) linked by α-(1 → 4) glycosidic bonds 
(Fig. 1). Since their discovery by Villiers in 1891 (Villiers, 1891), CDs 
have attracted significant interest across various fields—including 
pharmaceuticals, food science, cosmetics, and chemistry—due to their 
unique ability to form inclusion complexes with a wide range of guest 
molecules (Del Valle, 2004; Loftsson & Brewster, 1996; Manor & 
Saenger, 1974). This property, combined with their biocompatibility 
and low toxicity, has made CDs invaluable in drug delivery systems, 
solubility enhancement, stabilization of volatile substances, and appli
cations in supramolecular catalysis (Del Valle, 2004; Fenyvesi & 

Vikmon, 2016; Loftsson & Brewster, 1996). The most common natural 
CDs are α-, β-, and γ-cyclodextrins, consisting of 6, 7, and 8 GPUs, 
respectively. Chemical modifications at positions C-2, C-3, and C-6 of 
the glucose units (Fig. 1) have significantly expanded the utility of CDs, 
allowing for modulation of their physicochemical properties such as 
solubility, specificity to recognize individual molecules, complexation 
capacity, and reactivity (Crini, 2014). These modifications have 
broadened the spectrum of CD applications, enabling tailored solutions 
for particular industrial and research needs.

As the complexity and diversity of modified CDs have increased, the 
opportunity to use specific structures for targeted applications, 
including as active pharmaceuticals, has become more evident. CDs are 
already prevalent in food, drug delivery, and environmental 
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applications, where they enhance stability, solubility, and controlled 
release. However, synthesis typically yields mixtures of isomers, 
underscoring the need for precise and unambiguous structural de
scriptions. A standardized CD nomenclature would improve identifica
tion, quality control, and cross-industry communication, as well as 
facilitate intellectual property protections for specific isomers. Current 
naming systems cannot capture complex CD modifications or oligomeric 
forms (Berman et al., 2000; Stollar & Smith, 2020), leading to in
consistencies, communication barriers, and challenges in building da
tabases or conducting systematic computational studies. Emerging 
computational techniques like molecular docking, molecular dynamics, 
and machine learning further highlight the need for such a naming 
system to maximize research and application potential (Berman et al., 
2000; Stollar & Smith, 2020).

In this context, we propose a new comprehensive nomenclature and 
representation system for modified CDs and their oligomers. Drawing 
inspiration from protein nomenclature, concepts such as residues, mu
tations, and hierarchical levels of structure (primary, secondary, tertiary 
and quaternary) (Berman et al., 2000; Jumper et al., 2021; Stollar & 
Smith, 2020) are adapted to the structural specifics of CDs. The main 
objectives and applications of this proposal are: (i) to provide a unique 
and unambiguous representation for each modified CD structure; (ii) to 
facilitate precise communication among researchers and regulators as 
well as the creation of coherent databases; (iii) to enable automatic 
structure generation for computational studies; (iv) to establish a 
building-block approach for representation and even for parameteriza
tion in MD simulations, similar to proteins; and (v) to improve the 
reproducibility and comparability of computational, and eventual wet- 
lab, studies involving CDs. The proposed system encodes modified CD 
structures in a concise character string, specifying substitution type, 
position, chirality, and linker presence in oligomers while resolving 
cyclic permutation ambiguities. A key feature of this approach is its 
parallelism with protein bioinformatics systems. This not only facilitates 
understanding and adoption by researchers familiar with bioinformat
ics, but also paves the way for adapting established algorithms and 
methodologies from protein studies to the CD domain. Alongside this 

string-based nomenclature, a structured data format is proposed to 
simplify CD information processing, and an alternative, less precise 
notation reduces structures to a lower-dimensional space by indicating 
only substitution type and count. While this compact notation is less 
precise than the expanded version, it remains useful for certain com
parisons, especially between computational and experimental studies 
where full structural details are not available.

The following sections detail the proposed nomenclature systems, 
including descriptions, the algorithm for ensuring uniqueness, and the 
structured data file format. Several examples illustrating the application 
of the system to various modified CDs are presented—including complex 
but theoretically viable structures to push its limits. The system sim
plifies CD parametrization for computational modeling, facilitating 
improvements to molecular docking, MD simulations, and machine 
learning predictions for CDs. Finally, we discuss its limitations and 
future directions for development. We hope that this nomenclature and 
representation system will serve as a significant step toward standardi
zation in the field of modified CDs, enhancing communication, 
computational research, and ultimately the rational and automated 
design of new CDs with optimized properties for specific applications.

2. Background

2.1. Structure and properties of cyclodextrins

Modified CDs are currently referred to simply by the number of GPUs 
in the ring, the type of substitution, and the average degree of substi
tution (DS) in the sample, however, this description is incomplete. Each 
GPU in a CD possesses three hydroxyl groups available for modification: 
one primary hydroxyl at the C-6 position and two secondary hydroxyls 
at the C-2 and C-3 positions (Fig. 1) (Szejtli, 1998). These hydroxyl 
groups are the primary sites for chemical modifications that can 
significantly alter the physicochemical properties of CDs (Davis & 
Brewster, 2004; Piñeiro et al., 2021). In this work, these substitutions 
are interpreted as mutations in the native structure of CDs, extrapolating 
the terminology typically employed for proteins, as will be explained 
later in more detail. Knowing the number of unique molecular config
urations arising from mutations at specific positions is important for 
understanding the structural diversity, and so the expected variety of 
functional properties, of CDs. Ignoring the probability of each structure 
and focusing just on preventing the violation of chemical laws, the 
number of different possible structures can be determined using Burn
side's Lemma (Burnside, 2012; Hao, 2023). This lemma allows for 
consideration of the rotational symmetries of CD monomers and the fact 
that, due to their chirality, mirror images are not equivalent. According 
to this proposition, and considering CDs composed of n GPUs, where 
each GPU can undergo one of k type of mutations, the number of unique 
structures (N) is given by: 

N =
1
|G|

∑

d|n
ϕ(d)× k

n
d (1) 

where |G| is the order of the symmetry group, representing the total 
number of rotational symmetries (for a cyclic molecule with n GPUs, |G| 
= n), d denotes each divisor of n, ϕ(d) is Euler's Totient function, which 
counts the number of integers up to d that are coprime with d, and k is 
the number of possible mutations per GPU. Eight different possibilities 
for each GPU unit (k = 8) will be considered here: native GPUs, GPUs 
with single modifications at C-2, C-3 or C-6, GPUs with double mutations 
(at positions C-2 and C-3, C-2 and C-6 or C-3 and C-6), and GPUs with all 
three hydroxyl groups substituted. This latter configuration, while 
chemically feasible and relatively accessible (Chen et al., 2016; Kraus 
et al., 2001), is less frequently observed in experimental samples. Under 
these considerations, the number of unique possible configurations for 
different CD types can be determined as follows:

α-CD, n = 6: 

Fig. 1. Chemical structure of an α-cyclodextrin molecule (n = 1), where each 
glucopyranose unit is linked via α-1,4-glycosidic bonds, forming a cyclic 
oligosaccharide. The hydroxyl groups attached to the C-2, C-3, and C-6 posi
tions of each glucose unit are highlighted, representing potential sites for 
chemical substitutions.
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Nα− CD =
1
6
(
ϕ(1)×86 +ϕ(2)×83 +ϕ(3)×82 +ϕ(6)×81 )

=
1
6
(1×262,144+1×512+ 2× 64+2×8) =

1
6
× 262,800 = 43,800 

β-CD, n = 7: 

Nβ− CD =
1
7
(
ϕ(1)×87 +ϕ(7)×81 )

=
1
7
(1×2, 097,152+6×8) =

1
7
×2, 097,200 = 299,600 

γ-CD, n = 8: 

Nγ− CD =
1
8
(
ϕ(1)×88 +ϕ(2)×84 +ϕ(4)×82 +ϕ(8)×81 )

=
1
8
(1×16,777,216+1×4, 096+2×64+4×8) =

1
8
× 16,781,472

= 2, 097,684 

Thus, for monomeric α, β, and γ-CDs with a single substitution type 
we could, eventually, have up to 43,800, 299,600, and 2,097,684 
unique structures, respectively. To illustrate this, the number of possible 
structures as a function of the total number of substitutions in β-CD, 
regardless of their location, are presented in Fig. 2, while all possible 
configurations for several different combinations of substitutions in 
α-CD are shown in Fig. 3. It is important to note that the probability of 
each configuration and the distribution of structures with a specific 
number of substitutions can vary significantly, depending on the specific 
chemical synthesis pathway and the subsequent purification processes. 
Note also that the physicochemical properties of each of these structures 
might significantly depend on the number and location of the sub
stitutions, so identifying them unambiguously is key to optimizing 
specific applications. Eq. [1] has been previously applied to determine 
the number of distinct substitution patterns in C6 cycles (Wang et al., 
2014). However, to the best of our knowledge, the total number of 
possible configurations for CD molecules, accounting for all substitution 
patterns, has not been reported yet.

The previous results apply to CD monomers with a single substitution 
type. The number of different configurations for covalently linked CD 
dimers and higher-order oligomers (Anderson, Manet, et al., 2024; Fülöp 
et al., 2012) can be determined similarly, with a significant increase in 
structural diversity by several orders of magnitude due to the possible 
mutation combinations in each CD subunit. It is important to note that 
the rotational symmetry observed in monomers is lost in oligomers due 
to the presence of chemical linkers, which disrupt the equivalence of 
identical substitution configurations upon rotation of individual mono
mers. However, dimers with symmetric linkers where the attachment 

points on both CD monomers are equivalent (for instance a saturated 
alkyl chain bound to two CD units at C-2), lead to a new type of sym
metry. In this case, certain configurations become equivalent when the 
two monomers are exchanged. It is worth mentioning that hybrid 
modifications or even conjugation of CDs with specific molecules or 
entities can also be present in monomers or dimers (Garrido et al., 
2020), increasing the dimensions of the structural space even more.

The take-home message of the previous calculations and discussion is 
that, even in the simplest cases, modified CDs can present at least several 
tens of thousands of structures, and, in more complex scaffolds, this 
number can reach into the millions or even billions. Each of these 
structures is expected to display different physicochemical properties 
that are crucial for their function, affecting their ability to encapsulate 
specific compounds as well as their self-assembly behavior (Fülöp et al., 
2012; Saokham et al., 2016). One of the overarching goals of compu
tational modeling is to enable efficient studies of these structures indi
vidually (Anderson, Manet, et al., 2024; Anderson, Piñeiro, et al., 2024), 
with the results ultimately guiding the extraction of the most suitable 
fractions from real solutions to optimize practical applications.

The extensive number of potential substitution patterns requires a 
robust and systematic nomenclature framework. Current nomenclature 
systems for modified CDs vary widely and often lack consistency. 
Common approaches include abbreviated structural representations and 
systematic or semi-systematic names. Additionally, a modified CD may 
obtain patent protection and a measure of commercial use, often under a 
branded or trademarked name. Such is the case for CAPTISOL®, a dis
tribution of β-cyclodextrin molecules with a variety of sulfobutylether 
substitutions (https://www.captisol.com/) and ADVASEP™. CAPTI
SOL® is also referred to as SBE-β-CD, which is an example of a semi- 
systematic name and abbreviated structural representation 
(Thompson, 1997). A suffix with the average number of substitutions in 
the sample, such as SBE-β-CD_DS6.5, is typically added to the semi- 
systematic names, but they are widely ambiguous because, as 
explained above, they may contain many thousands or even millions of 
different structures. The classical IUPAC names are also systematic 
chemical names (Favre & Powell, 2014). They are precise but difficult to 
read and to parse into building blocks for computational codes. In 1997, 
a systematic nomenclature system was proposed for modified CDs 
(Thompson, 1997), to describe their structural modifications, focusing 
on the type, position, and average number of substituents. This system 
uses the base CD structure (e.g., α-, β-, or γ-CD) as a starting point, fol
lowed by abbreviations for the substituents and their positions when 
known. For example, HP4-β-CD represents a β-CD molecule with an 
average of four 2-hydroxypropyl substituents, while 6-SBE1-β-CD spec
ifies a sulfobutylether substituent attached to the 6th position. This 
nomenclature facilitates quick identification and categorization of 
modified CDs but cannot fully specify exact substitution patterns or 
describe the precise distribution of substitution patterns within a 
sample.

In general, these nomenclature systems suffer from the following 
limitations: (i) lack of uniformity across different modification types; (ii) 
inability to precisely represent the position of modifications on specific 
GPUs; (iii) difficulty in representing complex or hybrid modifications; 
(iv) challenges in computational processing and database storage; and 
(v) ambiguity in representing dimeric or polymeric CD structures. These 
shortcomings highlight the need for a more comprehensive and stan
dardized nomenclature system (Easton, 1999).

2.2. Analogies between oligosaccharides and proteins

There are significant similarities between CDs and other bio
molecules, particularly peptides and proteins, which are made from 
polymerized amino acids while CDs consist of repeating glucose units. 
The sequence of modifications in CDs can be compared to the amino acid 
sequence in peptides, suggesting the introduction of a primary structure 
for CDs, defined by the list of GPU units specifying a given substitution 

Fig. 2. Number of possible different structures for a β-CD (7 GPUs) as a func
tion of the total number of substitutions at positions C-2, C-3 and C-6.
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pattern. Moreover, the spatial arrangement of these modifications in
fluences their function, much like secondary structure in protein folding. 
CD dimers and higher-order oligomers also parallel protein oligomers, 
which opens the possibility of defining a tertiary structure for CDs based 
on specific interactions between subunits, such as tail-to-tail, tail-to- 
head, or head-to-head orientations, among others (Fig. 4). These anal
ogies point to the potential advantages of adopting concepts from 

protein nomenclature and bioinformatics to develop a more robust 
system for CDs.

While the similarities are significant and they can be exploited to 
define a precise nomenclature system taking proteins as a reference, the 
most significant difference between general protein systems and CDs is 
the cyclization of the chain. Although cyclic peptides exist in nature 
(Daly & Wilson, 2021), they do not represent the most common 

Fig. 3. All possible substitution patterns for α-CD based on specific examples of increasing complexity. Each vertex of the hexagon represents a GPU, with native 
(unsubstituted) GPUs depicted in black, and substitutions at positions C-2, C-3, and C-6 represented by red, blue, and green spheres, respectively. The native CDs 
without any substitutions or with a single substitution at one specific position have only one structure each. For the case with two identical substitutions, there are 3 
possible structures. The CD with two different substitutions yields 5 structures. For CDs with three substitutions, where two may be identical and one different, or all 
three are different, the number of possible structures increases to 10 and 20, respectively. Altogether, the figure contains 40 distinct configurations out of the 43,800 
possible unique structures for α-CD. The sequence representing the substitution pattern for each structure is indicated above the corresponding diagram (see 
description of the notation in the “Description of the nomenclature system” section). It is worth noting that if all the GPUs had different substitution patterns, 
considering rotational but not mirror symmetry, there would be 120 unique combinations for α-CD. For β-CD, with distinct mutations on all GPUs, the number of 
unique structures would increase to 720. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Structural organization levels in proteins (left column) and cyclodextrins (right column), highlighting the similarities between the two molecular systems. 
From top to bottom: primary structure (linear chain of amino acids for proteins and GPUs for cyclodextrins), secondary structure (α-helix and β-sheet for proteins, and 
the arrangement of GPUs into cyclodextrin monomers), and tertiary structure (folded 3D structure of proteins and cyclodextrin dimers or higher order oligomers). A 
quaternary structure can also be defined for both as the specific but not covalent aggregation of several subunits.
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structural pattern. Of course, non-cyclic oligosaccharides also exist, but 
here we will focus exclusively on CDs.

The main motivation to propose a new nomenclature is the growing 
ability to perform large-scale computational studies on CDs, including 
individual molecules in solution, inclusion complexes, and aggregates of 
homogeneous or heterogeneous CD systems (Piñeiro et al., 2021). While 
many steps of methods like docking, molecular dynamics, and quantum 
calculations are automated for proteins, applying them to CDs is chal
lenging due to the lack of automated tools for CD structure building and 
parameterization. (Berman et al., 2000; Jumper et al., 2021; Stollar & 
Smith, 2020). Importantly, computational approaches in the field of CDs 
are expected to yield more accurate results compared to protein systems, 
given the lower degrees of freedom of cyclic oligosaccharides 
(Anderson, García-Fandiño, et al., 2024). A standardized, building-block 
based nomenclature for CDs would significantly advance computational 
research, aiding the design of optimized structures for specific applica
tions through machine learning. Existing protein-focused tools, such as 
AutoDock Vina (Abraham et al., 2015; Berendsen et al., 1995; Eberhardt 
et al., 2021; Hess et al., 2008; Lindahl et al., 2001; Páll et al., 2020; 
Pronk et al., 2013; Trott & Olson, 2010; Van Der Spoel et al., 2005), 
AMBER (Case et al., 2023), and GROMACS (Abraham et al., 2015; 
Berendsen et al., 1995; Hess et al., 2008; Lindahl et al., 2001; Páll et al., 
2020; Pronk et al., 2013; Van Der Spoel et al., 2005), could be adapted 
for CDs by incorporating ring-specific constraints and tailored force 
fields that better describe the unique stereochemistry and flexibility of 
CDs. Based on this building block scheme, some of us have recently 
adapted Autodock Vina to specifically consider flexibility just in the 
hydroxyl and substituted groups of CDs and developed specific software 
for automatic parameterization of modified CDs and CD dimers for 
further MD simulations (Anderson, García-Fandiño, et al., 2024). These 
adaptations would ensure accurate modeling of CD systems, particularly 
in scenarios involving host-guest interactions or derivatized CDs with 
varied substitution patterns.

3. Description of the nomenclature system

The proposed nomenclature system aims to address the limitations of 
existing alternatives by providing a standardized, unambiguous, and 
computationally tractable representation of modified CDs and their di
mers. The key principles of our proposal are: 

• Uniqueness and completeness: Each particular CD structure should 
have a unique identifier and the method should be able to represent 
any CD structure.

• Comprehensiveness: The CD expression should capture all relevant 
structural information, including the type, number, and position of 
modifications.

• Scalability: It should accommodate simple modifications, complex 
hybrid structures with multiple substitution types, and even oligo
meric CDs with several branches or cross-links.

• Computational friendliness: The format should be easily parsed and 
processed by computer algorithms.

• Human readability: The system should also be easily interpretable by 
researchers with minimal training at a glance.

• Analogy to protein nomenclature: Leveraging established protein 
nomenclature conventions to adapt bioinformatics concepts and 
tools. This includes a building-block strategy for nomenclature that 
can also be used for digital synthesis methods, i.e. building 3D 
structures and obtaining parameterizations for computational ex
periments such as molecular dynamics simulations.

Next, the proposal will be described step by step, starting with the 
simplest structures and demonstrating how it meets the prerequisites 
outlined in the previous list of key principles.

3.1. Encoding single and multiple substitutions of a single type for CD 
monomers

Each CD structure is represented by a string formed by four concat
enated fields:

[Type] [#Substitutions] [#GPUs]x[Positions]

where 

• Type: it represents an abbreviation for the substitution type (e.g., 
SBE for sulfobutylether, HP for 2-hydroxypropyl, ME for methyl, 
etc).

• #Substitutions: it is the total count of this modification type in the 
CD, the minimum number is zero for any native CDs, and the 
maximum would be 18, 21, and 24 for α, β, and γ-CD monomers, 
respectively.

• #GPUs: it is the number of glucose units in the CD (e.g., 6 for α-CD, 7 
for β-CD, 8 for γ-CD). Nomenclature for CDs with less than 6 or more 
than 8 GPUs can be easily created with this system.

• Positions: it is a sequence indicating substitution positions on each 
GPU. By convention, when the primary face of the CD is oriented 
upwards, the sequence is traversed in a clockwise direction (Fig. 5). 
In order to indicate the substitution positions, the following encoding 
is proposed (Fig. 6): 
o 0: for native GPUs in the corresponding position.
o 2, 3, 6: for substitutions at positions C-2, C-3, or C-6.
o 5 (2 + 3), 8 (2 + 6), 9 (3 + 6): for double substitutions at the 

positions indicated by the numbers between parentheses.
o 1: for the triple substitution (2 + 3 + 6) within the same GPU.

• To indicate the stereochemistry of chiral positions, additional strings 
can be introduced if needed. By default, all GPU residues are 
assumed to have natural chirality, and their stereochemistry is not 
specified. 
o Chiral modifications at positions 2, 3, and/or 5 will be marked 

with a string starting with RS236, where the “chiral mutations” are 
identified by the same numbers as those used for the substitutions 
at positions 2, 3 and/or 6. Although the chiral center is formally at 
position 5, we use 6 to denote modifications in its stereochemistry. 
This choice ensures consistency with the substitution notation 
while avoiding ambiguity, as 2 + 3 = 5 is already used to represent 
a different type of substitution. Additionally, since carbon 5 is 
covalently bound to carbon 6, this representation remains chem
ically intuitive (Fig. 6).

o Chiral modifications at positions 1 and/or 4 will be marked with 
an extra string starting by RS14, followed by a sequence of digits 0, 
1, 4, or 5, depending on the number and location of chiral muta
tions at positions 1, 4 or both in each residue.

Note that the fields #Substitutions and #GPUs are redundant, as they 
can be easily computed from the Positions field; however, they do not 
significantly increase the length of the string, as only one character is 
needed to include this information, and they enhance human readability 
as well as comprehension. Additionally, the code used to label the 
substitution position at each GPU is clear, concise, and easy to process. A 
single character represents both the number of substitutions and their 
locations at each GPU, while the character's position in the sequence 
indicates the corresponding GPU's order within the cyclic structure. The 
digits used to indicate the number and location of substitutions within 
each GPU are intuitive: 0 represents no substitution, while 2, 3, and 6 
represent single substitutions at the corresponding positions. Double 
substitutions are indicated by digits resulting from the sum of the 
substituted positions (5, 8, 9) and, by convention, 1 is used for triple 
substitutions since the sum of the three digits is 11, and it is not practical 
to use two digits to represent a single GPU in the sequence. 
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Fig. 5. Structure corresponding to SBE_5_7x0323066.

Fig. 6. Schematic representation of the encoding system for chemical modifications on a glucopyranoside ring. Each ring is labeled with a single-digit code displayed 
in a black circle, representing specific substitution patterns at positions 2, 3, and 6. A ring without modifications (all positions with hydrogen) is assigned the number 
0. Single substitutions are encoded as 2 (position 2), 3 (position 3), or 6 (position 6). Double substitutions are summed as follows: 5 for positions 2 and 3 (2 + 3), 8 for 
positions 2 and 6 (2 + 6), and 9 for positions 3 and 6 (3 + 6). A triple substitution at positions 2, 3, and 6 is represented by the number 1, ensuring single-digit 
representation despite the sum 2 + 3 + 6 = 11. An equivalent numerical code is used for chiral modifications around the same positions.
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SBE 5 7x0323066 

represents a β-CD with five SBE substitutions at specific positions indi
cated by the sequence 0323066 (Fig. 5).

Eventual chiral modifications at different positions of this structure 
would be represented by a longer string: 

SBE 5 7x0323066 RS236 6 7x0015200 RS14 2 7x0001004 

In this last example, although the string is relatively long for a monomer, 
it provides a complete and unambiguous specification of the structure, 
detailing the type and location of all substitutions as well as the ste
reochemical configurations of all chiral centers.

3.2. Representation of hybrid modifications for CD monomers

For CD monomers with multiple modification types, each is repre
sented separately, ordered by the number of substitutions (descending) 
and alphabetically if such numbers are equal. For example: 

SBE 6 7x2306608 HP 4 7x0030010 

denotes a β-CD with both SBE and HP modifications. In the given 
example, all GPUs have at least one substitution. GPUs 1, 2, 4, 5, and 7 
have SBE substitutions at positions C-2, C-3, C-6, C-6, and C-2 + C-6, 
respectively, while GPUs 3 and 6 have HP substitutions at positions C-3 
and C-2 + C-3 + C-6, respectively. This notation allows for hybrid mu
tations even within the same GPU, provided that the two substitution 
types do not occur at exactly the same position. Furthermore, this 
encoding is not only easy to validate computationally but also easy for a 
human to interpret. Another example with just one substitution per GPU 
is given by (Fig. 7): 

SBE 5 7x2306206 HP 2 7x0030060 

3.3. Algorithm for ensuring uniqueness for CD monomers

As previously discussed, CD monomers have cyclic symmetry, 
meaning that for a CD composed of n GPUs, there are n possible se
quences that describe the same structure. This applies to CDs with either 
homogeneous or heterogeneous substitution patterns. To eliminate 
ambiguities caused by cyclic permutations, a straightforward algorithm 
that can be easily implemented in a computational code has been 

developed. The algorithm generates all possible cyclic permutations of a 
given sequence and assigns a unique numerical value to each permu
tation. This value is simply the number obtained by concatenating the 
digits describing each permutation. In mathematical terms, it would be 
obtained as follows: 

Pi =
∑n

j=1
dj ×10(n− j) (2) 

where dj is the digit at position j in the permutation. The sequence with 
the smallest resulting value is then selected as the canonical represen
tation for the structure. When several substitution types are present, this 
process is applied to the first substitution type, and the same permuta
tion is then used for the remaining modifications.

Example: Consider the following sequence of substitutions for a CD 
monomer with 6 GPUs: 

230660 

The cyclic permutations and the corresponding values of the metric 
given by eq. [2] are: 

P1 : 230660 P2 : 306602 P3 : 066023 P4 : 660230 P5 : 602306 P6

: 023066 

The smallest value corresponds to P6 = 023066. Therefore, the ca
nonical representation for the sequence is: 

023066 

3.4. Description of oligomers and linkers

For dimeric, and potentially multimeric, CD structures covalently 
linked together, the complete string consists of the independent con
tributions from each CD monomer, along with an additional segment 
representing one or more linkers between subunits. These three com
ponents are concatenated together. The definition of each monomer 
follows the approach outlined in the previous section, which already 
accounts for any possible substitution pattern in each sequence. The 
substring corresponding to the linker(s) is placed between the substrings 
of the monomers it connects. The format for this linker substring is as 
follows: 

[Residue ID][Position] [Linker Name] [Residue ID][Position]

Fig. 7. Structure corresponding to SBE_5_7x2306206_HP_2_7x0030060.
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where the first [Residue ID][Position] refers to the GPU number and the 
position it is linked to in the first monomer, while the second equivalent 
chain provides the same information for the second monomer. Thus, for 
a general oligomer of CDs the nomenclature would be: 

[CD1] [Linker(s) 1–2 ] [CD2] [Linker(s) 2–3 ] [CD3] … 

where [CDi] represents the string corresponding to the i-th CD, and 
[Linker(s) i-j] represents the string corresponding to the linker(s) joining 
CDi with CDj.

Example: 

SBE 6 7x2306608 HP 2 7x0030060 13 BUT 32 HP 2 6x200006
ME 2 6x006030 

This represents a highly complex dimeric structure, where the first 
CD is connected to the second via a BUT (butyl) linker, attached at 
residue 1, position 3 of the first CD, and residue 3, position 2 of the 
second CD (Fig. 8). The first CD has the substitution pattern described in 
section 3.2, while the second subunit is a CD composed of six GPUs with 
two HP substitutions (2-hydroxypropyl), one at position 2 of the first 
GPU and another at position 6 of GPU 6. Additionally, there are two ME 
substitutions at positions 6 and 3 of GPUs 3 and 5, respectively.

3.5. Complementary short notation

In addition to the full or expanded version of the nomenclature, a 
more compact version is introduced for cases where detailed structural 
information is not required. This compact version of the notation sim
plifies the description of modified CDs by focusing just on the type and 
number of substitutions without specifying their exact positions on the 
GPUs. Although this approach results in a loss of precision compared to 
the expanded notation, it remains useful in experimental contexts where 

the exact locations of substitutions are either unknown or considered 
irrelevant. This situation is common when using CDs as excipients, 
where specific recognition of a single ligand is less important than the 
ability to increase the availability and solubility of different ligands. The 
full version of the notation will be referred to as CyDexID-E, while the 
compact or short version will be referred to as CyDexID-S. The compact 
notation condenses the structural information into a single string per 
subunit, indicating the total number of substitutions and the type(s) of 
chemical groups involved, but omitting details about their distribution 
across the CD ring.

For instance, the expanded or full notation for a SBE-substituted β-CD 
with five modifications at specific positions on the GPUs might be 
expressed as SBE_5_7x2306603 (CyDexID-E). In the short form, this 
could simply be written as SBE5_7u (CyDexID-S), where SBE5 indicates 
the number and type of substitutions, 7 denotes the number of gluco
pyranose units, and u serves as a placeholder to indicate that the exact 
positions are unspecified. Another example with two different types of 
substitutions would be SBE_5_7x2306206_HP_2_7x0030060 in the 
expanded form (CyDexID-E), which becomes SBE5HP2_7u in the 
compact form (CyDexID-S). Finally, the heterogeneous dimer given by 
SBE_6_7x2306603_HP_4_7x0030060_13_BUT_32_HP_2_6x200006_ME 
_2_6x006030 in the expanded form (CyDexID-E) is written as SBE6H
P4_7u_BUT1_HP4ME2_6u in the compact format (CyDexID-S).

The compact notation is especially useful when comparing distri
butions of modified CDs, such as in experimental samples, where the 
average DS is more relevant than the precise substitution pattern, or in 
cases where experimental (distribution of isomers) and computational 
(specific isomers) results are being compared. Despite its ambiguity, the 
short notation retains enough information to facilitate comparison to 
some extent between samples and computational predictions, while 
providing a simpler and more manageable format. One could even 
imagine defining mixtures of CDs for specific uses by their percentages 
in an actual sample and concatenating the names together either for 
clear labeling and/or more robust computational modeling of mixtures.

4. Structured data file format

Although the defined string satisfies the requirements of an ideal 
nomenclature, it remains difficult to generate manually. To simplify this 
process, a structured, human-readable data file in a YAML-like format 
(https://yaml.org/spec/1.2.2/) was developed to define the CD struc
ture. This file can be easily parsed by a Python script to automatically 
generate the full string. This structured format not only aids in gener
ating the string but is also designed for computational analysis, 
providing clear and easily parsed sections for both human and software 
interpretation. The data file for a CD dimer has the following format: 

CD1 : [Modification Details for First Monomer]

CD2 : [Modification Details for Second Monomer (if applicable) ]
Linker name : [Name(s) of Linker(s) ]ini res/pos :
[Initial Residue/Position for Each Linker]end res/pos :
[End Residue/Position for Each Linker]

4.1. Encoding CD sequences

The sequence of each CD monomer is detailed on a separate line, 
with modifications listed as space-separated entries for each residue: 

[Type][Position] [Type][Position] [Type][Position]… 

where Type represents again the type of modification and position the 
number and location of the substitutions in the corresponding GPU. 

CD1 : SBE6 SBE6 SBE6 SBE6 SBE6 SBE6 SBE6 

represents a β-CD with SBE modifications at position 6 on all seven 
Fig. 8. Structure corresponding to SBE_6_7x2306608_HP_4_7x0030060_ 
13_BUT_32_HP_2_6x200006_ME_2_6x006030.
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residues. The extension for hybrid modifications is trivial: 

CD1 : SBE6 HP8 SBE2 ME1 HP5 ME9 

while hybrid modifications within the same residue can also easily be 
specified: 

CD1 : SBE6 SBE3 HP8 SBE2 HP6 ME1 HP5 ME9 

which can be translated in the following CyDexID-E code: 

HP 5 6x086050 ME 5 6x000109 SBE 3 6x632000 

which collapses to: 

HP5ME5SBE3 6u 

when using the CyDexID-S nomenclature.

4.2. Encoding linker information

Linkers are only present in dimers and higher order oligomers. As in 
the case of substitution types, different chemical groups can be 
employed to covalently join multiple CD subunits. As explained above, 
the chemical group and the position to which it is bound to both CD 
monomers must be described. Additionally, it is possible to have several 
linkers joining the same subunits. This information is supplied by the 
Linker_name, the ini_res/pos and the end_res/pos fields of the file.

Example: 

Linker name : BUT AMD HEPini res/pos : 1/2 4/3 6/2end res/pos

: 1/2 2/3 6/6 

where we would have three different linkers: a butyl (BUT) linker con
necting residue 1, position 2 of CD1 to residue 1, position 2 of CD2; an 
amide (AMD) linker connecting residue 4, position 3 of CD1 to residue 2, 
position 3 of CD2; and a heptyl (HEP) linker connecting residue 6, po
sition 2 of CD1 to residue 6, position 6 of CD2. Writing/reading this 
structure file as well as parsing it to the string-based nomenclature, and 
vice versa, is straightforward.

Let's see a complete example that could even be interesting from the 
practical point of view (Fig. 9):

File Format Representation: 

CD1 : SBE6 HP6 SBE6 HP6 SBE6 HP6 SBE6 HP6CD2

: SBE6 HP6 SBE6 HP6 SBE6 HP6 SBE6 HP6Linker name

: BUT BUT BUT BUTini res/pos : 1/3 3/2 5/3 7/2end res/pos

: 6/2 4/3 2/2 8/3 

which can be mapped to the following CyDexID-E string: 

HP 4 8x06060606 SBE 4 8x60606060 13 32 53 72 BUT BUT
BUT BUT 62 43 22 83 HP 4 8x06060606 SBE 4 8x60606060 

and to the more compact CyDexID-S string: 

HP4SBE4 8u BUT4 HP4SBE4 8u 

The structure shown in Fig. 9 is elaborate, as it includes four linkers 
between the two subunits and eight substitutions of two different types 
(SBE and HP) on each monomer. Both the structure file and the 
CyDexID-E code describe the structure unambiguously, including the 
specific connections between the CD subunits for each linker. This 
structure could potentially be useful as a host for a variety of molecules. 
Notably, the CyDexID-S code for this molecule applies to many struc
tures with the same components but different linker and substitution 
distributions. Changes, such as placing SBE or HP substitutions at 
different positions or altering the symmetry of sequences, would 
significantly affect the molecule's properties, including cavity dynamics 
and encapsulation specificity. This highlights the critical importance of 
specifying the precise locations of all substitutions and linkers for 

functional accuracy.

5. Functional groups

One of the challenges in implementing the proposed nomenclature is 
the need for a concise and standardized code to represent functional 
groups. A unique three-letter code for each functional group would 
greatly enhance the clarity and usability of the nomenclature, allowing 
for the systematic, universal, and compact description of modified CDs. 
This is particularly important given the diversity of functional groups 
that can be introduced in CDs, as well as the need to maintain consis
tency and brevity in both experimental and computational contexts. 
While existing molecular notations, such as SMILES and SMARTS, pro
vide robust frameworks for describing entire molecular structures or 
querying substructures, they do not offer standalone, standardized 
representations for functional groups. A three-letter coding system 
would streamline classification and enhance data interoperability across 
software, databases, and theoretical chemistry workflows.

A review of the literature highlights active efforts in computational 
functional group recognition and annotation using rule-based systems, 
hierarchical classifications, and semantic annotations (e.g., Toxtree, 
CheckMol, FGO, OWL-DL) (Benigni et al., n.d.; Salmina et al., 2016; 
Sushko et al., 2012) (Kumar Varadwaj & Lahiri, 2007; Villanueva- 
Rosales & Dumontier, 2007). However, these approaches lack stan
dardized alphanumeric codes. Tools like BiSSCat (Kotera et al., 2008) 
(Korichi et al., 2008; Qv et al., 1992) and OCHEM (Salmina et al., 2016) 
provide useful frameworks for specific contexts, but they rely on 
database-specific or numerical identifiers rather than interoperable 
codes. This fragmentation underscores a significant opportunity to 
develop standardized alphanumeric coding systems, tailored to facilitate 

Fig. 9. Structure corresponding to HP_4_8x06060606_SBE_4_8x60606060_13_ 
32_53_72_BUT_BUT_BUT_BUT_62_43_22_83_HP_4_8x06060606_S
BE_4_8x60606060 in the CyDexID-E format, which can be projected to the 
CyDexID-S notation as HP4SBE4_8u_BUT4_HP4SBE4_8u.
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interoperability and streamline functional group applications across 
computational chemistry, cheminformatics tools, and broader chemical 
databases. We propose a preliminary set of two and three-letter abbre
viations to encode commonly used functional groups in modified CDs 
(Table 1). The table below lists the functional groups along with their 
proposed abbreviations:

6. Conclusions

There is much evidence indicating that the properties of modified CD 
molecules depend on the number of GPUs, as well as on the type, 
number, and even the specific location of substituted groups (Kali et al., 
2024). However, standard nomenclature systems, which only account 
for the number of GPUs, the type of substitution, and the average 
number of substitutions, can represent thousands or even millions of 
different structures. This is particularly limiting when designing and 
optimizing new CD applications. This work provides detailed calcula
tions and examples showcasing the variety of structures that can arise in 
a sample with a given DS, including cases where the same number and 
types of substitutions occur at different locations. Because these details 
may be more or less relevant depending on the context, two forms of 
notation are proposed: an expanded version (CyDexID-E), which pro
vides detailed information and can unambiguously describe any CD 
structure, and a compact version (CyDexID-S), which is useful in con
texts where the exact position of substitutions is either unknown or 
unnecessary. This dual approach allows researchers to choose the level 
of detail appropriate for their specific application, ensuring both accu
racy and simplicity where needed. CyDexID-E codes can be paired with 
structured data files for enhanced clarity and computational workflows, 
enabling seamless representation and scalability for diverse CD modi
fications, including stereochemical and polymerizable groups.

Several examples of CD structures with increasing complexity are 
provided to demonstrate the method's ability to describe them unam
biguously. Some examples intentionally push the boundaries of struc
tural complexity—while remaining within the bounds of chemical 
laws—to rigorously test and challenge the proposed nomenclature sys
tem. Furthermore, to maximize standardization, a list of three-letter 
abbreviations for functional groups typically employed in modified 
CDs is proposed. In the present work, our discussion is limited to native 
glucose-based CD units. Thus, 3,6-monoanhydro-CD or per-anhydro 
forms are not considered within the CD scaffold. Furthermore, the 

nomenclature proposed here only considers structures where all units 
are glucose-based. The current proposal should be extended in order to 
explicitly consider these groups. A similar strategy used to label sub
stitutions could be employed for this aim.

The expanded version of the proposed nomenclature system for CD 
derivatives satisfies all the essential requirements aimed at solving the 
problems of current nomenclature systems: uniqueness, completeness, 
comprehensiveness, scalability, computational efficiency, human read
ability, and alignment with established protein nomenclature systems. A 
key strength of this nomenclature system is its flexibility, enabling it to 
accommodate any kind of CD modifications, from simple single sub
stitutions in CD monomers to complex hybrid structures and covalently 
linked oligomers with any number and location of the linkers between 
subunits. Additionally, the proposed nomenclature considers stereo
chemical modifications on any of the chiral centers of the glucose units. 
Functional groups that can polymerize are denoted by a suffix indicating 
the polymerization degree. Its scalability ensures that it can adapt to the 
growing diversity of CD-based applications, whether in drug delivery, 
specific molecular recognition, catalysis, or supramolecular chemistry.

The proposed system is highly suitable for computational applica
tions, offering a format that is easy to parse and manipulate. It enables 
automatic generation of CD structures, parameterization for molecular 
docking and dynamics simulations, and the creation of databases to 
support machine learning models for predicting CD properties. The 
structured data file format complements the string-based nomenclature, 
streamlining workflows and facilitating efficient analysis of complex CD 
structures.

One of the standout features of this system is its parallelism with 
protein nomenclature, allowing the use of familiar terms such as resi
dues, mutations, and sequences. Moreover, it facilitates the classifica
tion of structural hierarchies, from primary sequences to secondary 
intramolecular patterns, tertiary oligomerization through linkers, and 
even quaternary non-covalent aggregates. Just as the universe of pro
teins is described by the term proteome (Wilkins et al., 1996), that of 
lipids by lipidome (Wenk, 2005), and that of saccharides by the glycome 
(Varki et al., 2022), the entire collection of cyclodextrins (as a unique 
subset of oligosaccharides within the glycome) can be distinguished as 
the cyclodextrinome, with each compound unambiguously identified by 
its CyDexID-E.

To encourage wide adoption of this nomenclature, we have devel
oped an interactive web-based tool named CyDexID Generator, which 
automatically assigns standardized names to modified CD monomers. 
The tool is accessible at: https://cdgenerator.com/. This tool can also 
convert between SMILES, IUPAC, and CyDexID E/S nomenclatures, and 
even produce corresponding 3D structures. We hope the clear advan
tages of our proposal presented in this work and the availability of an 
automated tool contribute to rapid and widespread adoption of our 
proposed nomenclature. Additionally, we commit to using this nomen
clature in our future publications, which will help to demonstrate its 
utility and facilitate its broader acceptance. Finally, although we believe 
our proposal is solid, we cannot disregard future optimizations. Thus, in 
order to ensure future adaptability, a version identifier could be 
included as a prefix at the start of the CyDex-ID string, allowing for 
backward compatibility and seamless integration of potential extensions 
without disrupting existing representations.

In summary, the proposed nomenclature system addresses key lim
itations in the current landscape of CD research while opening new 
opportunities for both experimental and computational studies. Its 
ability to facilitate communication, reproducibility, and computational 
efficiency, as well as its integration with AI-driven drug design and other 
predictive modeling techniques, opens exciting possibilities for future 
research. By providing a more systematic and standardized approach, 
this system is expected to accelerate the discovery of novel CD-based 
compounds with optimized properties for various applications. Despite 
the potential challenges in gaining acceptance, we believe its long-term 
impact will lead to significant advancements in the rational design and 

Table 1 
List of representative functional groups along with their pro
posed abbreviations. Note: The codes listed in this table repre
sent only an initial selection of common examples and do not 
constitute a closed list. The proposed system is fully extensible, 
allowing the inclusion of any additional functional group—such 
as amino, phosphate, or carboxylic groups—by simply assigning 
a two- or three-letter identifier.

Substitution Abbreviation

2-Hydroxypropyl HP
4-Sulfobutyl SBE
Carboxythioether CTE
Carboxymethyl CME
Quaternary Ammonium QA
Acetyl AC
Tosyl TOS
Succinyl SUC
Benzoyl BZ
Methyl ME
Ethyl ETH
1-Propyl PRP
1-Butyl BUT

These codes serve as a foundation for further refinement and 
standardization, addressing the gap in the literature and 
enabling seamless integration into both experimental workflows 
and computational tools.
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optimization of CDs for diverse applications.
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Z. Fülöp, S. Kurkov, T. Nielsen, K. Larsen, T. Loftsson, Self-assembly of cyclodextrins: 
Formation of cyclodextrin polymer based nanoparticles, 22 (n.d.) 2012.
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Piñeiro, Á., Pipkin, J., Antle, V., & Garcia-Fandino, R. (2021). Aggregation versus 
inclusion complexes to solubilize drugs with cyclodextrins. A case study using 
sulphobutylether-β-cyclodextrins and remdesivir. Journal of Molecular Liquids, 343, 
Article 117588. https://doi.org/10.1016/J.MOLLIQ.2021.117588
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