
The Journal of Supercritical Fluids 194 (2023) 105853

Available online 20 January 2023
0896-8446/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Development of affinity polymeric particles for the removal of 4-dimethy
laminopyridine (DMAP) from active pharmaceutical ingredient crude 
streams using a green technology 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• DMAP- molecularly imprinted polymer 
was developed using scCO2 technology. 

• DMAP-MIP was synthesized for cleanup 
DMAP impurity from pharmaceutical 
mixtures. 

• Polymer particles were obtained in high 
yield as dry powder. 

• MIP particles were able to remove 18.3 
µmol DMAP/g pol from a 104 ppm 
DMAP solution. 

• 1004.6 µmol DMAP/g API were 
removed by MIP from a solution con
taining DMAP + API.  
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A B S T R A C T   

Polymeric particles with affinity for 4-dimethylaminipyridine (DMAP) were developed by molecular imprinting 
using supercritical carbon dioxide (scCO2) technology, for cleanup of this potentially genotoxic impurity from 
crude mixtures of Active Pharmaceutical Ingredients (APIs). DMAP-molecularly imprinted polymer (DMAP-MIP) 
and the respective control, the non-molecularly imprinted polymer (NIP) were produced by free radical poly
merization using methacrylic acid as monomer, ethylene glycol dimethacrylate as crosslinker and AIBN as free- 
radical initiator in scCO2. The materials were obtained in high yield and were characterized chemically, phys
ically and morphologically. Their extraction efficiency was evaluated by dynamic binding experiments using two 
solutions: i) a solution containing 104 ppm DMAP solution; ii) model pharmaceutical mixture containing 104 
ppm of DMAP and 1018 ppm of Mometasone furoate (API). Particles were able to remove 18.3 µmol DMAP/g 
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polymer from a 104 ppm DMAP solution (i) and 1004.6 µmol DMAP/g API (ii). In addition, high recoveries of 
both DMAP and API were obtained, above 99%.   

1. Introduction 

4-dimethylaminipyridine (DMAP) is widely used as catalyst in 
several types of organic reactions, such as sulfonylation, acylations, 
silylations [1], esterifications [2], and amino group protections [3]. 
Furthermore, DMAP is present in the manufacturing of Active Pharma
ceutical Ingredients (APIs), being considered a potentially genotoxic 
compound [4]. Since 2006 pharma authorities, Food and Drug Admin
istration (FDA) and European Medicinal Agency (EMA), have issued 
recommendations on the pharmaceutical impurities admissible values, 
in particular on genotoxic content in pharmaceutical drugs, due to the 
potential negative effects on human health. These guidelines impose 
limits on content of impurities in final drug product at ppm levels [5]. 

DMAP is a typical API impurity since it is used in many methane 
sulfonylation reactions used in API manufacturing [6]. The final crude 
mixtures of APIs should be free of impurities such as reactants, in
termediates, by-products, and degradation products [7]. Typically, the 
pharma industry takes advantage of the well implemented purification 
processes to remove different types of API contaminants, such as 
re-crystallization [8], chromatography [9], nano-filtration [10] distil
lation [11], extraction, resins, activated carbon powder treatments [12], 
or combinations of these processes as multi-step/hierarchical purifica
tion processes. However, most of them lack specificity for impurities 
removal without simultaneous loss of API, use large quantities of organic 
solvents, which make these strategies costly, demanding and 
time-consuming. About 50–80% of API manufacturing costs are due to 
purification processes [13]. Highly specific, cheap, efficient, robust and 
less intensive solutions for the specific extraction of genotoxic com
pounds from unpolished solutions are potentially of interest to the 
pharma industry [7]. 

High affinity materials can be designed by Molecular Imprinting 
Techniques (MITs), a synthetic approach that takes advantage of the 
molecule which the affinity is wanted - the template, or a structurally 
similar surrogate, to assemble recognition sites by establishing precise 
bonds with the polymeric matrices. A template-monomer complex is 
formed during the polymerization process, which is “frozen” by a 
crosslinker under a porogenic solution, within a 3D porous structure 
[14]. The recognition sites are built for a perfect match between the 
template and the matrix, which are specifically designed to be comple
mentary in size, shape and functional groups, acting as lock-and-key 
systems. These affinity materials typically present binding constants 
comparable to natural receptors. Their low cost of preparation is another 
significant competitive advantage of synthetic receptors. Moreover, they 
can work under harsher temperature and pressure conditions than nat
ural materials as well as having low reactivity to strong acids and bases 
and organic solvents [15–17]. 

Several types of affinity-scavengers based on molecularly imprinted 
polymers (MIPs) were reported by conventional processes using organic 
solvents, for removal of genotoxic compounds, such as acetamide and 
arylsulfonates [6], 1,3-diisopropylurea [18], 4-aminopyridine [19], 
2-aminopyridine [20], benzhydrol [21], methyl p-toluenesulfonate,24 
(2RS)− 2-[[2-[[[(1E)− 5-methoxy-1-[4(trifluoromethyl) phenyl] pen
tylidene] amino] oxy] ethyl] amino] butanedioic acid [22], p-nitroani
line [23], and DMAP [24,25]. 

MIPs are obtained in these cases as bulk materials which need to be 
crushed and sieved and at the end of the process, only a small fraction is 
used. Hence, part of the bulk material produced is unusable and useless. 
Moreover, large quantities of organic solvents are used in the process, 
which makes the process unwieldy, arduous and time-consuming. To 
overcome this intensive processing, new alternative solvents and new 
clean or solvent-free chemical synthesis approaches have emerged with 

environmentally beneficial characteristics that replace conventional 
methods. 

Supercritical carbon dioxide (scCO2) is a green solvent that replaces 
conventional organic solvents to obtain ready-to-use affinity polymeric 
materials as dry and free-flowing white solids with controlled 
morphology, in high yields, easy-to-handle, without any additional 
drying or purification steps. Utilization of this technology, therefore 
makes cost-efficient and timesaving procedures available. Drug de
livery, switchable devices, extraction of natural products from natural 
resources, removal of an oxidized impurity from diesel and removal of 
genotoxic compounds are some of diverse fields where this technology 
[26–33] has already shown its potential, conforming to the development 
of Green Process Engineering [34]. 

Herein, it is reported an environmentally-friendly strategy to pro
duce affinity polymeric particles for DMAP, a genotoxic impurity, using 
methacrylic acid (MAA) and ethylene glycol dimethacrylate (EGDMA), 
focused on API purification processes. The physical properties of the 
polymeric particles were assessed, in a dynamic manner by solid phase 
extraction (SPE), both with a DMAP solution and a simulated model of a 
crude pharmaceutical solution containing DMAP and mometasone 
furoate as API (DMAP+API), which mimics the late purification stage of 
the API. Mometasone furoate (API) is a corticoid commonly applied in a 
topical way to treat skin irritation caused by eczema or psoriasis or, via 
inhalation to treat allergic rhinitis and asthma pathologies [13]. The 
chemical structures of 4-dimethylaminopyridine (DMAP) and mometa
sone furoate (API) are presented on Fig. 1. 

2. Materials and methods 

2.1. Materials 

4-Dimethylaminopiridine (DMAP, 99% purity) was purchased from 
Acros (Geel, Belgium), Methacrylic acid (MAA, 99% purity), ethylene 
glycol dimethacrylate (EGDMA, 98% purity), dichloromethane (DCM), 
methanol (MeOH) and Hydrochloric acid (HCl) were acquired from 
Sigma-Aldrich (Lyon, France). Azobis (isobutyronitrile) (AIBN, 98% 
purity) was supplied by Fluka (Seelze, Germany). Acetonitrile (ACN) 
was purchased from Carlo Erba (Cornaredo, Italy). Supelclean SPE 
cartriges (TM LC-Ph SPE Tubes 3 mL) were supplied by Supelco (Lyon, 
France). Formic acid and orthophosforic acid (85%) were acquired from 
Merck (Lyon, France). Hovione FarmaCiencia SA (Loures, Portugal) 
gently provided Mometasone furoate as API. Carbon dioxide was 

Fig. 1. Structures of 4-dimethylaminopyridine (DMAP) and Mometasone 
furoate (API). 
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obtained from Air Liquide (Lisbon, Portugal) with purity better than 
99.998%. All chemicals were used without further purification. Ethyl
acetate (EtOAc) was acquired from LabChem (Loures, Portugal). 

2.2. Synthesis of DMAP-affinity polymeric particles in scCO2 

DMAP-MIP copolymer was produced in scCO2 by free radical pre
cipitation following a methodology previously reported [27]. Basically, 
in a typical synthesis, 1 mmol of DMAP (template molecule), 4 mmoles 
of MAA (functional monomer), 20 mmoles of EGDMA (crosslinker) and 
the AIBN (radical initiator, 1 wt% of total monomers used) were intro
duced in a 33 mL stainless steel high-pressure cell equipped with two 
aligned sapphire windows and a Teflon™ coated magnetic stir bar. The 
cell was submerged in a thermostated water bath at 65 ºC (optimal AIBN 
initiation conditions) and temperature control was made through an 
open bath circulator Julabo Ed with stability ± 0.1 ºC. Carbon dioxide 
was loaded up to 21 MPa and polymerization reactions occurred during 
24 h under stirring. At the end of the reaction, the polymer was slowly 
washed with a fresh stream of scCO2 for 1 h to remove unreacted re
agents. The non-imprinted polymer (NIP), a control material, was pro
duced using the same procedure but in the absence of template 
molecule. 

2.3. ScCO2-assisted DMAP desorption 

Template desorption from the matrices is a crucial step in molecular 
imprinting in order to provide empty binding sites for further rebinding 
processes. ScCO2 has already proved to be able to remove the template 
from imprinted matrices due to the high diffusivity, typically with an 
efficiency 10-fold higher than with traditional organic solvent processes 
[14]. ScCO2-assisted DMAP desorption was carried out by packing the 
1 g of pre-synthesized polymer in a tubular reactor (ID 7 mm, 15 cm 
length), coupled to a 33 mL stainless steel high-pressure cell containing 
a co-solvent [27], 3 mL of DCM. Both high pressure reactors were 
immersed in a thermostated water bath at 40 ◦C and CO2 was bubbled 
through the cell containing the co-solvent (bottom to top) and the 
mixture CO2-DCM was passed through the tubular reactor. The system 
was loaded up to a pressure of 20 MPa. The polymer was then slowly 
washed for 3 h in continuous mode with fresh high-pressure CO2 to 
remove all the template and co-solvent from the matrices. The residual 
amount of DMAP entrapped within polymer was evaluated by crushing 
20 mg of DMAP desorbed polymer and stirring for 3 days with 3 mL of 
DCM at room temperature. Quantification of the template released was 
carried out by HPLC. 

2.4. Evaluation of the performance of the polymeric DMAP-affinity 
particles by dynamic binding tests 

Solid-phase extraction (SPE) experiments were carried out in dupli
cate in a SPE apparatus coupled to a vacuum pump. For that, 50 mg of 
both DMAP-MIP and NIP were loaded and packed in 3 mL SPE syringes. 
Initially, columns were conditioned with 2 × 15 mL of DCM each and 
their performance was evaluated in two different ways: i) 5 mL of a 
solution containing only genotoxic compound (104 ppm DMAP) in DCM 
was placed on the column and then exhaustively washed with DCM; ii) 
5 mL of a solution containing API (1018 ppm) and DMAP (104 ppm) in 
DCM was treated in the same way. The SPE syringes were then washed 
exhaustively with DCM, ACN and ethyl acetate, sequentially, and the 
eluate collected and analyzed by HPLC as described below. 

2.5. Characterization methods 

Scanning electron microscopy (SEM) analysis was assessed through 
in a Hitachi S-2400 instrument, with an accelerating voltage set to 
15 kV. The samples were gold-coated and fixed on aluminum stumps 
using carbon adhesive tape. Specific surface area and pore diameter of 

the polymers were determined by N2 adsorption according to the 
Brunauer-Emmett-Teller (BET) method. An accelerated surface area and 
porosimetry system (ASAP 2010 Micromeritics, Norcross, Georgia, USA) 
was used under nitrogen flow. Dry polymers were degassed under ni
trogen atmosphere at 70 ºC for approximately 12 h prior to measure
ment. Fourier transform infrared spectroscopy (FTIR) measurements 
were carried out using a Perkin Elmer Spectrum BX FTIR (Waltham, 
Massachusetts, EUA) (16 scans and 1 cm-1 resolution between the 
4000 cm-1 and 700 cm-1). Samples were produced by preparing tablets 
containing a finely ground powder of a small quantity of each sample of 
polymeric particles (DMAP-MIP and NIP) mixed with dehydrated KBr 
(1:5 mass ratio). Morphologi G3 (Malvern, UK) equipment was used to 
determine particle size of the affinity particles. The samples were dry- 
dispersed using an integrated dispersion unit using the following con
ditions: sample volume 13 mm3; injection pressure: 0.4 MPa; injection 
time: 40 ms; Setting time: 120 s; optic selection 50 x. Triplicated dis
persions were analyzed. 

2.6. HPLC quantification of DMAP and API 

Quantification of DMAP and API was carried out using High Per
formance Liquid Cromatography (HPLC) [35]. A Merck L-7100 HPLC 
system containing an L-7400 UV detector, D-7000 processor interface 
and a XT Maraton autosampler was used. The wavelength for the UV 
detection was 250 nm for both compounds. The isocratic mobile phase 
was prepared with ACN and 1.5% w/v aqueous ammonium acetate 
buffer in the ratio 45:55 (% v/v), pH 3.8 (adjusted with orthophosphoric 
acid). Separations were carried out at 25 ̊ C using a Symmetry C8, 
150 × 3.9 mm, 5 µm, stainless steel analytical column supplied by Wa
ters (Milford, Massachusetts, USA). A flow rate of 1.0 mL/min was 
employed to perform the analyses. The DMAP (0.61–122 ppm) and the 
API (6.5–1300 ppm) samples were run for analysis using a loop volume 
of 25 µL. 

3. Results and discussion 

3.1. Material characterization 

The produced copolymers were collected in high yields (> 90%, 
calculated gravimetrically), as white dry-powders, which is in agree
ment with precipitation polymerization in scCO2 as previously described 
[31,36]. All the samples showed a similar morphology. A typical SEM 
image of the particles is shown in Fig. 2. Materials are obtained as 
aggregated discrete nano-sized particles in contrast to the much larger 

Fig. 2. SEM image of DMAP-affinity polymeric particles.  
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particles typically reported for conventional molecular imprinting, 
which have to be ground and sieved before utilization [31,36]. 

FTIR analysis (Fig. 3) showed the following bands: 3590 cm-1 (OH 
stretch); 1748 cm-1 and 1732 cm-1 (C––O stretch). Both DMAP-MIP and 
NIP presented similar spectra and indicate efficient incorporation of 
carboxylic acid groups into MAA-based polymeric matrices [27]. 

Physical characteristics of the DMAP-affinity polymeric particles 
were also evaluated by nitrogen adsorption experiments. They exhibit 
higher surface area, pore volume and pore size than the control polymer. 
Both copolymers presented type-II curves [27], which is indicative of the 
presence of mesopores. 

Table 1 shows the average particle size, acquired from Morphologi 
G3. No significant differences were found in average particle size, be
tween DMAP-MIP sample and its control. Accordingly to the literature, 
the particlés dimension is strongly dependent on their solubility in the 
scCO2 phase and on the precipitation conditions from the supercritical 
phase [27]. The data obtained suggest that both polymeric particles 
were produced by similar processes, in particular, suggesting that the 
increase of DMAP content on the polymer reaction step does not influ
ence significantly the average particle size, pore volume and average 
pore diameter of the copolymer particles, as described previously [37, 
38]. MIP generally presents higher BET surface area than NIP which 
reflects the different specific interactions stablished during the 
polymerization. 

3.2. Dynamic binding experiments on DMAP polymeric particles 

The dynamic binding experiment results presented in Fig. 4 showed 
that DMAP polymeric particles (MIP) adsorb DMAP at a level 1.44 times 
higher than NIP. Takeuchi et al. [24] were the first to explore affinity 
polymers for DMAP utilizing halogen bonding-based binding sites as 
Lewis acids with affinity for the neutral Lewis base, DMAP. 
DMAP-affinity particles were produced in an organic solvent, CHCl3, by 
a non-covalent imprinting strategy and free radical polymerization 
where 2,3,5,6-tetrafluoro-4-iodostyrene was the monomer selected, 
styrene the co-monomer and divinylbenzene the crosslinker. The poly
mer obtained was ground and sieved (a common procedure in the 
conventional methodologies) to yield polymer particles with a medium 
size below 32 µm. These authors performed static binding experiments 
using 10 mg of this fraction, in 1 mL of a 250 µM (30.54 ppm) solution 
of DMAP in ACN, removing 3.8 μmol DMAP/g polymer. Further Esteves 
et al. [25] also reported the use of acrylate-based affinity polymers for 
DMAP by conventional methods using different compositions of Tem
plate:Monomer:Crosslinker (T:M:C) and two different methodologies: i) 
the polymerization process was carried out at 40 ºC during 12 h and then 
the temperature rose up stepwise each 30 min in 5 ºC increments until a 
temperature of 65 ºC was reached and held for additional 4 h; ii) the 
polymer reaction was performed at 65 ºC for 16 h. Copolymers were 
further crushed and sieved and the fraction with a particle size of 
38–63 µm (obtained as a small percentage of the total MIP) was used for 
affinity measurements. Passing 1.5 mL of a solution containing 100 ppm 

of DMAP through a column containing 50 mg of this MIP fraction 
resulted in the removal of 60–95% of DMAP, corresponding to 14.8 and 
23.4 μmol DMAP/g polymer. 

Herein, we provide a new green and alternative strategy to obtain 
DMAP-affinity polymeric particles which are able to adsorb higher 
amounts than those previously reported in the literature, 18.3 μmol 
DMAP/g polymer. 

Fig. 5 shows that the HPLC method was efficient for the separation of 
DMAP and API. 

Fig. 6 summarizes the results obtained for the Solid Phase Extraction 
(SPE) for DMAP-MIP and NIP, in which it was demonstrated that MIP 
was able to remove 1004 µmol DMAP/g API over 900.3 µmol DMAP/g 
API from NIP. In addition, higher recoveries of both, DMAP and API 
were obtained, above 99% (see Fig. 6b). 

Esteves et al. [25] used a combination of two processes, organic 

Fig. 3. FTIR spectra of DMAP imprinted and non-imprinted polymer.  

Table 1 
Physical features of DMAP-affinity polymeric particles produced.  

Sample BET surface 
area (m2.g- 

1)a 

Porosity 
volume (cm3. 

g-1)a 

Average pore 
diameter (nm)a 

Average particle 
size diameter 

(µm)b 

Control 26.1 ± 0.7 0.03 ± 0.00 4.2 ± 0.5 3.4 ± 0.3 
DMAP- 

MIP 
46.7 ± 1.3 0.07 ± 0.01 5.7 ± 0.7 3.2 ± 0.3  

a Duplicated samples. 
b Triplicated samples. 

Fig. 4. Dynamic binding experiments on DMAP-MIP and NIP particles.  

Fig. 5. HPLC chromatogram of DMAP polymeric particles, 25 µL of a model 
solution of DMAP and API (104 ppm + 1018 ppm). 
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solvent nanofiltration (non-specific) followed by SPE-MIP (specific) to 
explore removal of DMAP from an API. This procedure allowed to 
remove from 2.4 to 13 µmol DMAP per gram of API. 

Typically, DMAP content on API dosage required is below 60 µmol 
DMAP per gram of API. Our methodology delivers in a single-step an 
efficient way to remove higher amounts of DMAP per gram of API, 
1004 µmol DMAP per gram of API in comparison to other reported 
approaches. 

Overall, the DMAP-MIP produced under scCO2 was able to compete 
with conventional strategies in terms of physical characteristics and 
performance evaluation. The obtained material presented unique fea
tures, as aggregated discrete nano-sized particles in contrast to the much 
larger particles typically reported for conventional molecular imprinting 
process, which have to be ground and sieved before their utilization. In 
this green methodology, the use of organic solvents was drastically 
lower, and in the end of the reaction, there was no need for further 
purification steps, decreasing the steps involved in the MIP preparation. 

4. Conclusions 

Affinity polymeric particles were successfully designed towards 
DMAP in supercritical CO2 environment for use as a SPE affinity 
adsorbent material for potential use in API purification processes. 
Polymeric particles were obtained as a free-flowing material, easy-to- 
handle and pack. Moreover, DMAP-affinity polymeric particles were 
characterized by morphological, chemical and physical analyses. The 
results obtained showed clearly that our technology provides a green, 
sustainable and effective way to produce polymeric particles with ability 
to selectively remove DMAP from a crude pharmaceutical mixture. 
DMAP-affinity particles were able to remove 18.3 µmol DMAP/g poly
mer from a 104 ppm DMAP solution and 1004.6 µmol DMAP/g API, 
with high recoveries of DMAP and API (> 99%). 
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[13] G. Székely, M. Gil, B. Sellergren, W. Heggie, F.C. Ferreira, Environmental and 
economic analysis for selection and engineering sustainable API degenotoxification 
processes, Green. Chem. 15 (2013) 210–225, https://doi.org/10.1039/ 
c2gc36239b. 

Fig. 6. Solid phase extraction results of DMAP-MIP and NIP particles for DMAP and API: a) µmol of DMAP adsorbed per gram of API and b) % Recovered.  

R. Viveiros et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.tetlet.2016.05.097
https://doi.org/10.1016/j.tetlet.2016.05.097
https://doi.org/10.1039/d1gc02251b
https://doi.org/10.1039/d1ob00798j
https://doi.org/10.1002/jssc.202100136
https://doi.org/10.1002/jssc.202100136
https://www.ema.europa.eu/en/documents/work-programme/chmp-work-plan-2021_en.pdf
https://www.ema.europa.eu/en/documents/work-programme/chmp-work-plan-2021_en.pdf
https://doi.org/10.1016/j.chroma.2012.03.092
https://doi.org/10.1016/j.chroma.2012.03.092
https://doi.org/10.1021/cr300095f
https://doi.org/10.1002/aic.17169
https://doi.org/10.1021/acs.accounts.9b00068
https://doi.org/10.1021/acs.accounts.9b00068
https://doi.org/10.1016/j.seppur.2020.117944
https://doi.org/10.1016/j.seppur.2020.117944
https://doi.org/10.1021/acs.iecr.9b03974
https://www.proquest.com/openview/83daea74c6e59941b97903bc96ee5291/1?pq-origsite=gscholar&amp;cbl=54977
https://www.proquest.com/openview/83daea74c6e59941b97903bc96ee5291/1?pq-origsite=gscholar&amp;cbl=54977
https://www.proquest.com/openview/83daea74c6e59941b97903bc96ee5291/1?pq-origsite=gscholar&amp;cbl=54977
https://doi.org/10.1039/c2gc36239b
https://doi.org/10.1039/c2gc36239b


The Journal of Supercritical Fluids 194 (2023) 105853

6

[14] R. Viveiros, S. Rebocho, T. Casimiro, Review: green strategies for molecularly 
imprinted polymer development, Polymers 10 (2018) 1–27, https://doi.org/ 
10.3390/polym10030306. 

[15] E. Turiel, A. Martín-Esteban, Molecularly imprinted polymers-based 
microextraction techniques, TrAC - Trends Anal. Chem. 118 (2019) 574–586, 
https://doi.org/10.1016/j.trac.2019.06.016. 

[16] H. Zhang, Molecularly imprinted nanoparticles for biomedical applications, Adv. 
Mater. 1806328 (2019) 1–23, https://doi.org/10.1002/adma.201806328. 

[17] J. Pan, W. Chen, Y. Ma, G. Pan, Molecularly imprinted polymers as receptor mimics 
for selective cell recognition, Chem. Soc. Rev. 47 (2018) 5574–5587, https://doi. 
org/10.1039/c7cs00854f. 
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