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Abstract

The aim of our study was to develop a more advanced method of using some already existing drugs by synthesizing a
multicomponent biopolymeric nanocomposite material, which would function as a local drug release system. Thus, we
started from simple polylactic-co-glycolic acid (PLGA) nanoparticles, synthesized by the double emulsion method. Then we
functionalized the surface of the obtained material with polydopamine (PDA) to which we bound bisphosphonates (used in
the current medical practice for the treatment of osteosarcoma). This resulted in a composite material with improved
properties compared to constituent materials. The synthesized polymer biocomposites were characterized by SEM
(morphological aspects) and Diffusion Light Scattering (DLS) (granulometric dimensions, zeta potential). The chosen
synthesis method is simple, inexpensive, with easily adjustable parameters. The theoretical studies carried out regarding the
bisphosphonate-polydopamine interaction showed a better stability for the risedronate interaction complex which agrees with
the experimental data obtained for it.

Rezumat

Scopul studiului nostru a fost acela de a dezvolta o metoda mai avansata de utilizare a unor medicamente deja existente, prin
sinteza unui material nanocompozit biopolimeric multicomponent, care sa functioneze ca sistem de eliberare locala a
medicamentului. Astfel, am pornit de la nanoparticule de acid poli lactic-co-glicolic (PLGA), sintetizate prin metoda dublei
emulsii, apoi am functionalizat suprafata materialului obtinut cu polidopamina (PDA) de care am legat bifosfonati (utilizati in
practica medicald curentd in tratarea osteosarcomului) obtinand un material compozit cu proprietati imbunatatite comparativ
cu materialele constitutive. Biocompozitele polimerice sintetizate au fost caracterizate prin SEM (aspecte morfologice) si
DLS (dimensiuni granulometrice, potential zeta). Metoda de sintezd aleasa este simpld, necostisitoare, cu parametrii usor
ajustabili. Studiile teoretice efectuate asupra interactiei bifosfonat-polidopamind au indicat o mai buna stabilitate a
complexului de interactie pentru risedronat, ceea ce concorda cu datele experimentale obtinute pentru acesta.
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Introduction with the biocompatibility determined by different
components [7, 10].

The highest potency was observed at polylactic-co-
glycolic acid (PLGA, a biodegradable polymer).
PLGA has shown the property to deliver drugs [23]
and serve as a support for tissue engineering [12].
According to the specialized literature, a great
advantage of PLGA is that through degradation, it
can release medicinal substances, without the need for
surgical intervention [9]. Thus, through implantation,
the drug is delivered in the appropriate dose, and
the compounds resulting from degradation are non-
toxic to the body. The required dose and the time at

Composite materials were intensively studied in order
to obtain drug release systems [1, 6]. About three
decades ago, intensive research was carried out on the
delivery of medicinal substances with the help of
biodegradable polymers [2]. This research made it
possible to use polymers as bioresorbable devices [16].
If a decade ago polymeric composites (PLA, PGA,
PLGA, polyurethanes, polycaprolactones) or ceramic
composites [20] (tricalcium phosphate, hydroxyapatite,
bioactive glass) were used separately, in recent years
research has focused on the synthesis of new materials
that effectively combine the good mechanical properties
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which the drug is released are obtained controlling
certain parameters considered relevant, such as the
ratio of copolymers or the molecular weight of PLGA.
The ester bonds initiate degradation by hydrolysis, and
the ratio of monomers used in the synthesis dictates
the degradation time of PLGA. Thus, if glycolide is
present in greater quantity, then the degradation time
will be less than if lactide is predominant [29]. The
exception, in this case, is the 50/50 monomer ratio,
where the degradation is fast, in about 2 months.
The erosion of PLGA occurs heterogeneously, not
homogeneously, being controlled by the degree of
crystallinity of the polymer, molecular weight, hydrolysis,
the pH and the temperature required in the glass
transition, as well as by the lactic acid - glycolic
acid molar ratio. Degradation occurs through the
loss of molecular weight, leading to erosion and the
total weight loss of the compound. With the loss of
molecular weight, the transition temperature also
decreases.

The flexibility of degradation made PLGA suitable
for the production of medical devices such as nano-
particles, implants or grafts.

To suit the required application, the properties of
PLGA can be tailored to alter the drug release
kinetics, nanostructure or encapsulation profile. If
the dimensions are reduced, below 30 nm, PLGA
becomes hydrophobic. Furthermore, it is detected by
the endothelial reticulum and bound by phagocytes
to be eliminated by the liver or spleen, all this before
the delivery of the drug to the target.

To avoid this, the PLGA surface is functionalized by
coating it with various substances such as PDA
(polydopamine), which provide hydrophilic groups.
This helps protect the structure from the detection
of the endothelial reticulum. Apart from PDA, PEG,
chitosan, poloxamines or poloxamer can also be used,
which modify the hydrophobic properties of PLGA.
In order to facilitate the guidance of the vehicle to
the target site of action and to increase the therapeutic
efficiency, the PLGA surface is decorated with
targeting ligands that have the property of binding
to the receptors of the target cell [24].

The characterization of the binding behaviour of
bisphosphonates to PDA plays an important role in
elucidating the fundamental biochemical processes
in which these compounds participate. Currently, the
results reported in the specialized literature [8, 21]
have indicated that the approach of ligand-biological
receptor binding design (molecular docking studies
and structure-activity/property correlation techniques)
allows the exploration of probable binding conformations
of biologically active compounds at the sites of the
target protein. Furthermore, it provides useful information
in understanding their structural and physico-chemical
characteristics and, implicitly, in understanding their
therapeutic effect. This helps to design new compounds
with optimized activity.
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The synthesis started from a copolymer of lactic and
glycolic acid, PLGA, chosen for its special properties
(biodegradability, non-toxicity, biocompatibility),
accepted by the FDA, with the aim of a targeted
local release of bisphosphonates. Those are beneficial
in certain pathological processes such as osteosarcoma,
and generally gave good results on various bone
metastases. We started with the possibility of inducing a
new way of administration, namely local administration.
In our paper, we used the combined approach between
molecular docking and structure-energy correlation
techniques for the binding of bisphosphonates to PDA.
This last analysis was carried out with the help of
geometric descriptors such as the molecular surface
area and the volume of the studied molecules. These
descriptors effectively characterize the shape of the
molecule, the shape that plays an essential role in
the ligand — biological receptor interaction [3, 4].
Therefore, the actual interaction of the two is
preceded by the steric accommodation of the ligand
in the active site of the receptor, being as better as
the shape of the molecule allows this.

Materials and Methods

All reagents and chemicals are of analytical grade.
Both PLGA (65:35, Mw 40000 - 75000) and dopamine
chloride were purchased from Sigma-Aldrich. DCM,
PVA 8-88 and Water LiCroSolv were acquired from
by Merck, Darmstadt, Germany; Biphosponates such
as alendronate monosodium trihydrate, disodium
pamidronate, risedronate sodium were purchased from
Merck, whereas zolendronate disodium salt was
procured from ABCAM. Tris base buffer was achieved
from Roth.

Synthesis. The synthesis is based on methods already
described by us in specialized literature with
modifications [11].

PLGA nanoparticles. Aqueous phase A; was represented
by a 5 mL aqueous solution with 0.5% polyvinyl alcohol
(PVA). The oil phase was prepared by dissolving
100 mg of PLGA in dichloromethane (DCM). The
two phases were mixed at 45000 rpm in a vortex
(Heidolph Silent Crusher) to obtain the A1/O primary
emulsion.

Aqueous phase A, was represented by an aqueous
solution (95 mL) of 0.5% polyvinyl alcohol which
acted as an emulsifier (w/w). The primary emulsion
was added to the second aqueous phase and stirred
at 1000 rpm for 3 hours to evaporate the DCM. The
final suspension was centrifuged and then subjected
to a lyophilization process (Labconco FreeZone 18
Liter Console Freeze Dry System), left overnight at
-45°C, then kept for 10 hours at 0,014 mbar and -
9°C.

Secondary drying stage 2: at 0,0014 mbar and 20°C
for 10 hours. PLGA nanoparticles were kept at 5°C
for later use.
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Surface functionalization. The obtained material (PLGA
nanoparticles) was added to 5 mL of aqueous solution
brought to pH = 8.5 (0.01 M Tris base buffer) containing
10 mg of dopamine and stirred for 3 h at room
temperature to coat the surface of PLGA with PDA.
20 mg bisphosphonate (pamidronate/risedronate/
alendronate/zoledronate) dissolved in 50 mL water
and 100 mg PLGA-PDA particles were added under
continuous stirring for 5 h. The final suspension of
PDA-biphosphonate-conjugated nanoparticles was
centrifuged at 11000 rpm and washed.

Molecular docking and geometrical descriptors. The
chemical structure of bisphosphonates was constructed
using HyperChem Release 8.0 Professional software
(Hypercube Inc.) [14]. The conformational analysis
of these compounds was performed by the semi-
empirical PM3 calculation method.

The resulting geometry was transferred to the Hex
8.0 program [22], which performed the docking
calculations and provided the ligand (bisphosphonate)-
receptor (polydopamine) interaction energies. The
structure of PDA could not be downloaded from the
PDB database [15], because its structure is currently
not known precisely [17, 30]. The structure was
achieved by repeated docking of the tetrameric subunits
leading to layered aggregates as predicted by the
recently reported studies [25].

The geometrical descriptors were calculated using
HyperChem Release version 8.0 Professional soft-
ware (Hypercube Inc.).

Morphological characterization. SEM image acquisition
was performed with a high-resolution scanning electron
microscope, FEI Inspect F50, at 30 KeV voltage and
at various magnifications.

Granulometric size. For particle size analysis, a Zeta
Potential Analyzer (Brookhaven) was used. Accuracy
+ 2%; repeatability: + 2%; laser: 35 mW solid state,
red light (660 nm wavelength); working temperature
25°C; diffraction angle 90°.

The samples were diluted in water and sonicated for
5 minutes. The cuvette was filled with dispersant
liquid specific to the sample to be analysed (1.5 mL).
The sample to be analysed was subjected to the
ultrasound process to break any agglomerates and
the porous material was eligible for analysis. For a
correct analysis, a minimum of 5 measurements of
2 minutes each were performed.

Results and Discussion

Synthesis

Our composite material is part of the newest generation
of composite materials with local drug release (bio-
polymeric nanoparticles). It represents a real interest
for the entrepreneurial sector because it offers a series
of advantages compared to the conventional systemic
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administration (oral, parenteral) [26] such as: avoids
drug concentration fluctuations, overdose, systemic
toxicity, hepatic and renal side effects. Furthermore,
it provides local release at bone level where blood
flow does not reach in sufficient quantity to ensure
an adequate drug concentration if oral administration
is used.

In our case, PDA [13] was used in order to bind bis-
phosphonates (risedronate, zolendronate, alendronate,
pamidronate) to our system. Both PDA and bis-
phosphonates have important roles. PDA has the
advantage of being water soluble, solubility required
according to the chosen synthesis method, while
bisphosphonates are very important, due to the very
high affinity for calcium ions and implicitly for the
bone system (hydroxyapatite being the main inorganic
component of the bone). They show a regenerative
action of the bone system through osteoblastic
stimulation.

Molecular docking and geometrical descriptors
The best docking results were considered to be the
conformations with the lowest docking energy which
are listed in Table I. PDA was obtained by repeated
docking of eight tetrameric subunits, the latter being
combined in two ways, by chemically linking the
same mer - dihydroxyindole (simple oligomer) and,
respectively, by covalent binding of four different
mers in equimolecular ratio (dopamine, dihydroxyindole,
leukodopaminechrome and dopaminechrome; mixed
oligomer) in the most reactive positions 2, 4 and 7
(Figure 1).

Table |

Bisphosphonate-PDA interaction energies (kJ/mol)

8 tetramers 8 tetramers

Compound | (simple oligomer) | (mixed oligomer)
Alendronate -153.73 -156.21
Pamidronate -156.23 -153.46
Risedronate -186.00 -184.92
Zolendronate -185.25 -179.43

The results (Table I) show that the most stable bis-
phosphonate-PDA complex (having the lowest binding
energy, -186.00 kJ/mol and -184.92 kJ/mol, respectively)
is the one involving riserdronate, followed by zolendronate,
alendronate and pamidronate. This may impose a
slow degradation kinetics for the risedronate-PDA
complex, ensuring the delayed release of the bis-
phosphonate at the bioactive target and thus a better
therapeutic action of it compared to the others.

The results also show approximately equal values
between the binding energies of bisphosphonates with
the two forms of oligomers present in PDA. This
marks the fact that, regardless of the structure of
PDA, risedronate forms the most stable complex
with PDA.
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Figure 1.

The layered aggregate structures formed by eight of the most stable

This result is also supported by the idea of a better
accommodation of risedronate in the active site of
PDA, due to a larger geometry and possibly a more
suitable value for the geometry of the active area of

PDA receptor. Table Il shows the values of the
geometric descriptors calculated for the studied
compounds.

Table 11

Geometric descriptors calculated with Hyperchem software

Compound Ebinding, kJ/mol SA, A2 V, A3
Alendronate -156.21 374.33 629.92
Pamidronate -153.46 341.50 571.92
Risedronate -184.92 399.41 678.63
Zolendronate -179.43 381.57 646.08

As can be seen in Table Il, the decreasing order of
the stability of the bisphosphonate-PDA complex
(which corresponds to the increasing variation of
the Ebinding interaction energy) is the same as that of
molecular surface or volume for the studied compounds,
i.e. risedronate > zolendronate > alendronate >
pamidronate.

From here on, the results presented will be for the
PLGA-Riserdronate (PLGA-Ris) complex, specifying
that regardless of the nature of the bisphosphonate
used; the morphological aspects, dimensions and
Zeta potential did not show substantial changes.

Figure

Morphological Aspects

In the images related to each sample (those for the
PLGA-Ris composite shown in Figure 2), taken at
low magnifications of 500x, 600x, the porous spherical
structure characteristic of all materials with PLGA
obtained by the double emulsification method can
be observed.

The conjugation of PLGA with bisphosphonates
slightly changes the morphology of the material.
Moreover, the synthesized composite materials still
have heterogeneous characteristics, due to the
multiple components of the samples. It is assumed
that bisphosphonates bind to PDA via peptide
bonds on the spherical polymeric surface [19].

2.

PLGA-Riserdronate morphology,at different magnitudes
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There is a link between the synthesis method (double
emulsion versus simple emulsion), the stirring speed,
the volume of the secondary aqueous phase (which
implicitly leads to a different volatilization of DCM)
and a different diffusion of the initial aqueous phase
[28]. Thus, a high stirring speed with a secondary
aqueous phase smaller in volume leads to a more
accentuated volatilization of the organic solvent. As
it volatilizes, PLGA begins to precipitate and the
water from the initial aqueous phase comes out through
diffusion, forming the pores observed by SEM [5].
The double emulsion method is the one that leads to
formation of pores on the surface of the material,
unlike the simple oil-water emulsion. This is determined
by the internal aqueous phase.

DLS analysis

Diffusion Light Scattering (DLS) was able to evaluate
the particle size distribution (hydrodynamic diameter),
and the scattering effect of electromagnetic radiation
by particles depending on the ratio between the particle
size and the wavelength of the electromagnetic radiation
[18]. The number distribution shows that the single,
unconjugated PLGA particles have a size of 32 nm
(Figure 3). The data resulted from the volume
distribution exhibit larger particles of [127 - 220] nm
and [432 - 745] nm, but they are not visible in the
case of numerical distribution due to their insignificant
number.
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Figure 3.
A) Numerical and B) volumetric distribution of centrifuged PLGA particles
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Figure 4.
A) numerical and B) volumetric distribution of PLGA-Ris

From the analysis of the data regarding the granulometric
analysis (by volume and by number) of PLGA-Ris
(Figure 4), the presence of two granulometric intervals
was found, namely: [74 - 113] nm respectively [464 -
650] nm. If we strictly analyse the numerical
distribution, it can be seen that the largest number
of particles have a size of around 87 nm, and the
particles that form the majority in the case of volume
distribution (the largest volume being around the size
of 505 nm) are in very small number.

The negative values of the zeta potential for composite
materials are mentioned in specialized literature for
materials having a very good stability. Even by
conjugation with PDA and bisphosphonates, the

material retained its negative zeta potential (unconjugated
PLGA -42.09 mV and for PLGA-Ris -32.40 mV)
(Figures 5 and 6).

Our results are supported by a series of studies showing
that a material with an electronegative surface charge
is more accessible for osteoblast attachment and
proliferation because negatively charged species
(mesenchymal cells and osteoblasts) are attracted when
in intimate contact [6].

The bisphosphonate-PDA interaction studies carried out
by molecular docking indicated an increased stability
for riserdronate and zolendronate, in accordance with
the data from the literature that show their increased
potency compared to other bisphosphonates [27].
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Zeta potential of PLGA-risedronate conjugated composite material (PLGA-Ris)

Conclusions

The chosen synthesis method is used for the composite
material due to its simplicity and the extremely low
costs involved. The functionalization of the PLGA
surface with PDA to which we linked bisphosphonates
offers advantages for the subsequent use of the composite
material in bone metastases, bisphosphonates stimulating
osteoblastic proliferation.

Acknowledgement

This work was supported by the grant
POCU/993/6/13/153178, “Performantd in cercetare” —
“Research performance” co-financed by the European

89

Social Fund within the Sectorial Operational Program
Human Capital 2014-2020.

Conflict of interest
The authors declare no conflict of interest.

References

1. Alibrahim KA, FTIR, 1H NMR, TGA, TEM and
biological studies on the new synthesized nano
Zirconium(iv) captopril hypertension drug complex.
Farmacia, 2022; 70(1): 133-137.

2. Alonso MJ, Gupta RK, Min C, Siber GR, Langer R,
Biodegradable microspheres as controlled-release



FARMACIA, 2023, Vol

.71,1

10.

11.

12.

13.

14.
15.
16.

tetanus toxoid delivery systems. Vaccine, 1994; 12:
299-306.

Amzoiu E, Amzoiu MO, Anoaica PG, Molecular
descriptors for the study of lipophilicity in catecholamine
class. Rev Roum Chim., 2010; 54(8): 671-679.
Amzoiu E, Amzoiu M, Munteanu M, Popescu S,
Cristea O, Sirbu R, Physicochemical parameters used
for the study of antibacterial activity of benzimidazole
derivatives. JOSA., 2019; 1(46): 177-184.

Chen Y, Ai K, Liu J, Ren X, Jiang V, Lu L,
Polydopamine-based coordination nanocomplex for
T1/T2 dual mode magnetic resonance imagingguided
chemophotothermal synergistic therapy. Biomater.,
2016; 77: 198-206.

Bita A, Mogosanu GD, Bejenaru LE, Oancea CN,
Bejenaru C, Croitoru O, Rau G, Neamtu J, Scorei ID,
Scorei IR, Hunter J, Evers B, Nemzer B, Anghelina
F, Rogoveanu OC, Simultaneous Quantitation of
Boric Acid and Calcium Fructoborate in Dietary
Supplements by HPTLC-Densitometry. Anal Sci.,
2017; 33(6): 743-746.

Chen CT, Martin-Martinez FJ, Jung GS, Buehler
MJ, Polydopamine and eumelanin molecular structures
investigated with ab initio calculations. Chem Sci.,
2017; 8(2): 1631-1641.

Chetan M, Patel MA, Patel NP, Prajapati PH, Patel CN,
Poly Lactic Glycolic Acid (PLGA) As Biodegradable
Polymer. Res J Pharm Tech., 2010; 3(2): 353-360.
Ciocilteu MV, Filip (Ionescu) OL, Manda CV,
Nicolaescu OE, Neacsu IA, Ficai A, Buzatu IM,
Nicolicescu C, Croitoru O, Neamtu J, Physico-
chemical characterization and antibacterial activity of
a controlled collagen-hydroxyapatite-ciprofloxacin
release system. Farmacia, 2020; 68(6): 1055-1061.
Ciocilteu MV, Mocanu AG, Mocanu A, Ducu C,
Nicolaescu OE, Manda VC, Turcu-Stiolica A,
Nicolicescu C, Melinte R, Balasoiu M, Croitoru O,
Neamtu J, Hydroxyapatite-ciprofloxacin delivery system:
Synthesis, characterisation and antibacterial activity.
Acta Pharm., 2018; 68(2): 129-144.

Ciocilteu MV, Podgoreanu P, Delcaru C, Chifiriuc
MC, Manda CV, Bitd A, Popescu M, Amzoiu E ,
Croitoru O, Bleotu C, Bostan M, Neamfu J, PLGA-
Gentamicin biocomposite materials with potential
antimicrobial applications in orthopedics. Farmacia,
2019; 67(4): 580-586.

Elmowafy EM, Tiboni M, Soliman ME, Biocompatibility,
biodegradation and biomedical applications of poly
(lactic acid)/poly(lactic-co-glycolic acid) micro and
nanoparticles. J Pharm Investig., 2019; 49: 347-380.
Honmane SM, Charde MS, Salunkhe SS, Choudhari
PB, Nangare SN, Polydopamine surface-modified
nanocarriers for improved anticancer activity: Current
progress and future prospects. OpenNano., 2022; 7:
100059.

http://www.hypercubeusa.com.
https://www.rcsb.org/.

Ionescu C, Rizea SC, Pirvu A , Vlase L, Barragan-
Montero V, Neamtu J, Synthesis of an amphiphilic

90

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

compound derived from malonic acid for bone targeting.
Farmacia, 2022; 70(1):59-64.

Liebscher J, Mrowczynski R, Scheidt HA, Filip C,
Hadade ND, Turcu R, Bende A, Beck S, Structure
of polydopamine: a never-ending story?. Langmuir,
2013; 29(33): 10539-10548.

Mandzy N, Grulke E, Druffel T, Breakage of TiO2
agglomerates in electrostatically stabilized aqueous
dispersions. Powder Technol., 2005; 160: 121-126.
Nanying L, Song J, Zhu G, Shi X, Wang Y,
Alendronate conjugated nanoparticles for calcification
targeting. Colloids Surf B Biointerfaces, 2016; 142:
344-350.

Ozcan M, Hotza D, Fredel MC, Cruz A, Volpato
CAM, Materials and Manufacturing Techniques for
Polymeric and Ceramic Scaffolds Used in Implant
Dentistry. J Compos Sci., 2021; 5(78): 1-22.

Reiss A, Mitran RA, Babeanu C, Amzoiu E, Amzoiu
MO, Varut RM, Ganescu A, New Bioactive Co(ll)
and Ni(ll) Complexes with Ofloxacin Mixed-Ligand.
Rev Chim., 2020; 71(10): 11-27.

Ritchie DW, Kemp GJL, Protein Docking Using
Spherical Polar Fourier Correlations. Proteins: Struct
Func Genet., 2000; 39(2): 178-194.

Shakeri S, Ashrafizadeh M, Zarrabi A, Roghanian R,
Afshar EG, Pardakhty A, Mohammadinejad R, Kumar
A, Multifunctional Polymeric Nanoplatforms for Brain
Diseases Diagnosis, Therapy and Theranostics.
Biomedicines, 2020; 8(13): 1-29.

Su Y, Zhang B, Sun R, Liu W, Zhu Q, Zhang X,
Wang R, PLGA-based biodegradable microspheres
in drug delivery: recent advances in research and
application. Drug Deliv., 2021; 28(1): 1397-1418.
Szewczyk J, Pochylski M, Szutkowski K, Kempinski
M, Mroéwczynski R, latsunskyi I, Gapinski J, Coy
E, In-situ thickness control of centimetre-scale 2D-
Like polydopamine films with large scalability. Mater
Today Chem., 2022; 24: 100935.

Treeprasertsuk S, Silveira MG, Petz JL, Lindor
KD, Parenteral bisphosphonates for osteoporosis in
patients with primary biliary cirrhosis. Am J Ther.,
2011; 18(5): 375-381.

Tripathi KD, Essentials of medical pharmacology
(7™ ed.), Jaypee Brothers: New Delhi, India, 2013;
245-296.

Wei S, Yang Q, Zong Y, Ren G, Zhao L, Hong M,
Xin Z, Toward understanding the effect of solvent
evaporation on the morphology of PLGA microspheres
by double emulsion method. Ind Eng Chem Res.,
2021; 60(25): 9196-9205.

Xu K, Chai B, Zhang K, Xiong J, Zhu Y, Xu J, An
N, Xia W, Ji H, Wu Y, Li H, Xiao J, Feng Z, Zhang
H, Topical Application of Fibroblast Growth Factor
10-PLGA Microsphere Accelerates Wound Healing
via Inhibition of ER Stress. Oxid Med Cell Longev.,
2020; 2020: 8586314.

Yana J, Chiangraeng N, Nimmanpipug P, Lee VS, A
theoretical study of supramolecular aggregation of
polydopamine tetramer subunits in aqueous solution.
J Mol Graph Model., 2021; 107: 107946.


https://www.rcsb.org/

