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Abstract 23 

In this work, 3D stereolithographic printing is proposed for the first time for the fabrication of 24 

fluidic devices aimed at in-situ covalent immobilization of polymer monolithic columns. 25 

Integration in advanced flow injection systems capitalized upon programmable flow was 26 

realized for fully automatic solid-phase extraction (SPE) and clean-up procedures as a ‘front-27 

end’ to on-line liquid chromatography. The as-fabricated 3D-printed extraction column devices 28 

were designed to tolerate the pressure drop of forward-flow fluidic systems when handling 29 

large sample volumes as demonstrated by the determination of anti-microbial agents, and 30 

plastic additives and monomers as models of emerging contaminants (4-hydroxybenzoic acid, 31 

methylparaben, phenylparaben, bisphenol A and triclosan). Decoration of the monolithic 32 

phase with gold nanoparticles (AuNPs) was proven most appropriate for the enrichment of 33 

phenolic-type target compounds. In particular, the absolute recoveries for the tested analytes 34 

ranged from 73-92% both in water and saliva samples. The 3D printed composite monolith 35 

showed remarkable analytical features in terms of loading capacity (2 mg g–1), breakthrough 36 

volume (10 mL), satisfactory batch-to-batch reproducibility (<9% RSD), and easy on-line 37 

coupling of the SPE device to HPLC systems. The fully automatic 3D-printed SPE-HPLC 38 

hyphenated system was also exploited for the on-line extraction, matrix clean-up and 39 

determination of triclosan in 200 µL of real saliva samples.  40 

 41 

  42 
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1. INTRODUCTION 43 

Porous organic monolithic materials are attractive stationary phases for separation and sample 44 

preparation in analytical science owing to their good permeability, easy preparation and 45 

chemical modification[1,2]. However, due to the small surface area of the porous monoliths, 46 

their combination with high surface-to-volume ratio (nano)materials (namely, metallic 47 

nanomaterials, metallic organic frameworks, carbon nanostructures, etc.) opened up new 48 

opportunities for the separation and/or enrichment of small molecules in a variety  of 49 

samples[1,3–5]. Particularly, the use of gold nanoparticles (AuNPs) poses several advantages 50 

because of: (i) the stability of the NPs, (ii) the specific interactions with sulphur moieties and 51 

amine derivatives[6], and (iii) the easy monolith-surface attachment[7]. Several research 52 

groups have described appealing solid-phase extraction (SPE)-based methodologies using 53 

AuNP-decorated monoliths for proteins[7,8], oligopeptides[9], and thiol-containing 54 

compounds[10].  55 

Another interesting feature of porous organic monoliths is that they can be prepared in situ 56 

within the confines of a mold, thus allowing synthesis to be effected in practically any 57 

tailorable support (viz., metallic columns, silica capillaries, disks, spin columns, pipette tips and 58 

cartridges). However, polymer monoliths are usually milled, sieved and packed within frits thus 59 

resembling conventional SPE columns[7,8,11]. Polymer monoliths can be advantageously 60 

employed in on-line sample preparation methods, such as on-line SPE, and solid-phase 61 

microextraction (SPME)[3], because of minimum pressure drop, as compared to particle 62 

columns which tend to pack progressively tighter in on-line fluidic systems[12]. However, on-63 

line methodologies reported so far using monolithic structures have been capitalized on in-64 

tube [13] or microchip formats[14,15], which suffer from rigid architectures, and/or lack of 65 

unsupervised operation. In addition, in-tube silica capillaries or microchips containing 66 

monolithic phases are inappropriate for extraction and preconcentration protocols because of 67 

the limited sample volume that can be loaded. Also, chip-based devices usually incorporated 68 
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physically constrained polymer organic monoliths rather than covalently attached stationary 69 

phases [16]. In this context, consumer-grade 3D-printersthat can ideally fabricate almost any 70 

imaginable fluidic structure with a wide range of diameters might trigger a host of prospects 71 

for on-line (µ)SPE using monolithic phases. 72 

Additive manufacturing, so-called 3D-printing, is an enabling technology for the fast 73 

prototyping of novel 3D-printed holders or supports, intricate platforms, or fluidic devices in a 74 

variety of research areas[17–24]. 3D-printing is based on a material being added layer-by-75 

layer, which affords the design and building of structures that cannot be easily prepared by 76 

conventional subtractive methodologies[17,19,20,24]. Several cost-effective 3D printing 77 

techniques using desktop printers have been launched in the last years, including those based 78 

on fused deposition modelling (FDM) and stereolitography (SLA). Interested readers are 79 

referred to the following comprehensive reviews for a detailed description of the underlying 80 

principles of FDM, SLA and other 3D printing technologies[17–21]. In the field of sample 81 

preparation and separation science, 3D printed fluidic structures have been scarcely 82 

studied[17,20,25–27] because of the limited capacity of 3D-printed fluidic platforms with 83 

cross-sectional features at the micro or milli-dimensional scale to accommodate sorptive 84 

material with sufficient surface/exchange area. Several authors have attempted to fabricate 85 

intricate printed structures in which the pristine inner surface of 3D-printed fluidic channels or 86 

after grafting with proper ligands is exploited for size-based, ion-exchange or chelating-based 87 

separation of the target analytes[28–31]. An attractive alternative is to combine porous 88 

organic monolithic stationary phases with 3D-printed devices. Up to the date, only two 89 

research groups contemplated this possibility[16,32,33]. One of the groups at Brigham Young 90 

University developed a fluidic platform containing glycidyl methacrylate (GMA)-based 91 

monoliths for immunoaffinity extraction by using a custom 3D printer that admits polyethylene 92 

glycol diacrylate resin[16]. However, the authors did not attach the monolith to the inner 93 

surface of the channels and thus, the column might be shrunk or swelled in the time course of 94 
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the extraction, or even pushed away from the channel when increasing the linear velocity. In 95 

fact, only vacuum-assisted fluidic control was demonstrated by the authors. Also, the use of 96 

non-commercial resins led to devices that could not be readily printed by consumer-grade 3D-97 

printers. The second group at the University of Tasmania[32,33] anchored monolithic 98 

stationary phases to titanium alloy chromatographic columns that were 3D printed by selective 99 

laser melting. In this case, the inner surface was modified with 3-trimethoxysilylpropyl 100 

methacrylate for further in-situ polymerization of a butyl methacrylate monolithic material. 101 

However, the use of silane-based coupling reagents could lead to hydrolysis in strong 102 

acidic/alkaline media conditions, or even in milder conditions. In addition,  the effectiveness of 103 

organosilane reactions on metallic surfaces, such as titanium, is smaller compared to other 104 

materials like silica, quartz or glass that are commonly used for the covalent attachment of 105 

organic monolithic structures[34]. It should be also added that laser sintering is a costly 3D 106 

printing technology that usually leads to non-homogeneous inner surfaces that could in turn 107 

jeopardize the column reproducibility and, thus, the reliability of the separation process. 108 

Therefore, there is a quest of developing novel strategies for the reliable preparation of in situ 109 

porous organic monoliths covalently attached to 3D-printed devices for micro and milli-scale 110 

sorptive extraction by using commercially available technologies at low cost. 111 

This work reports for the first time the exploration of a variety of synthetic routes for covalent 112 

attachment of porous polymers to the inner surface of acrylate-based photopolymerized resins 113 

in 3D-SLA printed fluidic platforms aimed at on-line sorptive extraction. The proof-of-concept 114 

applicability of the novel monolithic phase containing fluidic devices to which AuNPs were 115 

incorporated was demonstrated by the automatic SPE of alkyl esters of 4-hydroxybenzoic acid, 116 

bisphenol A and triclosan (used as preservatives, anti-microbials or plastic monomers in 117 

consumer products) in human saliva as a ‘front-end’ to on-line liquid chromatographic 118 

separations. The idea behind is to illustrate the opportunities of the recently launched 4th 119 

generation of flow injection analysis, so-called 3D-µFIA[27] in the analytical separation arena.  120 
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 121 

 122 

2. EXPERIMENTAL SECTION 123 

Description of (i) the high-performance liquid chromatographic system, (ii) reagents and 124 

chemicals, and (iii) samples is available as Supporting Information (SI). The fabrication of the 125 

3D-printed devices, their chemical functionalization and integration into the fluidic device is 126 

described below.  127 

 128 

2.1.  Fabrication of the 3D-printed fluidic device  129 

 130 

The fluidic device (Fig. S1) was designed in 123D Design software (Autodesk, San Rafael, CA, 131 

USA). Despite the aim of the current contribution is to demonstrate the feasibility of covalently 132 

binding of the monolithic SPE sorbent to the inner surface of 3D printed stereolithographic 133 

fluidic objects, the design of a customized flow channel and the connections thereof to other 134 

fluidic components was also explored. The main channel has a 2 mm i.d. and a length of 50 135 

mm (volume of ca. 157 µL) and ended with U-shaped protruding channels of 1.8 mm i.d. and 2 136 

mm-bending radius (see Fig. S1). Two empty cylinders of 5.5 mm i.d. and 8 mm length each 137 

were appended at the ends of the channels to serve as tapper guides for the connectors in the 138 

post-printing process. The resulting U-shaped object served two-fold purposes: on one hand, it 139 

enabled the one-step fabrication of the device onto the printer platform, which implies less 140 

resin consumption along with the draining of the remnants of the liquid polymer during the 141 

printing process so as to prevent the clogging of the channel. Further, the narrowing of the 142 

channel at both ends of the device served minimize void volumes because of the potential 143 

polymer shrinking throughout the polymerization process. The overall size of the unit was 65.5 144 

mm long, 9.5 mm wide and 16 mm high. 145 
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The 3D model was then loaded into the manufacturer’s CAM software (Preform, Formlabs) for 146 

fabrication of replicates, positioning of the objects, and slicing prior to submitting the STL. file 147 

to the Form 2 printer (Formlabs, Somerville, USA). The units were printed at a nominal 148 

resolution of 50 µm (316 layers as a trade-off between speed and resolution of the final 149 

print)[25] using the FLGPCL02 (Formlabs) clear resin, without supports and with the 150 

connections facing downwards.  151 

After retrieving the 3D printed devices from the moving platform, the devices were soaked in 152 

isopropyl alcohol (IPA) for 10 min to remove the non-polymerized resin with further perfusion 153 

of the internal channels with IPA to eliminate remnants of liquid resin. The fluidic supports 154 

were UV-cured for 24 h under a 16 W low pressure mercury lamp UV oven (KA-9180, PSKY, 155 

China) according to previous studies[22] to harden the polymerized resin and prevent 156 

unspecific leaching of non-polymerized oligomers. Once the post-printing process was finished, 157 

both connectors were manually tapered to ¼’’ - 28 threads. 158 

 159 

2.2.  Modification of the inner surface of the 3D printed device 160 

Several wet chemical procedures[35–38] were assayed for functionalization of the surface of 161 

the inner walls of the 3D-printed fluidic devices. Only the optimal procedure is described 162 

herein while the other alternative synthetic routes are available to interested readers in the SI. 163 

The optimal procedure (Fig. 1) is based on the incorporation of methacryloyl moieties onto the 164 

inner surfaces of the 3D prints for further in-situ polymerization. For this purpose, first, the 165 

channel of the 3D printed fluidic device is entirely filled with a 2 mol L-1 NaOH solution at 45 ºC 166 

for 24 h to hydrolyze the methacrylate moieties from the photopolymerized resin (step A, Fig. 167 

1). Then, the 3D-printed object is washed subsequently with water, 0.1 mol L-1 HCl and IPA 168 

before drying with a N2 steam. In the second step, the carboxylic groups generated in the 169 

interior of the channel are allowed to react with a solution containing 0.2 mol L-1 (1-ethyl-3-(3-170 

dimethylaminopropyl)carbodiimide (EDC) and 0.3 mol L-1 N-hydroxysuccinimide (NHS) in water 171 
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for 1 h at 37 ºC (step B, Fig. 1). The 3D-printed fluidic support is subsequently washed with 172 

water and IPA, and dried with N2. The third step consists of exchanging the NHS moieties with 173 

hexamethylendiamine (HMD) groups. The amidation reaction is achieved by filling the fluidic 174 

system with a 0.52 mol L-1 HMD solution in water for 2 h at 37 ºC (step C, Fig. 1). Subsequently, 175 

the channel is rinsed with water and IPA, and dried with N2 before the last reaction. To this 176 

end, the 3D-printed channel is filled with a solution of 2 mol L-1 glycidyl methacrylate (GMA) in 177 

ACN and the reaction is performed for 2 h at 60 ºC (step D, Fig. 1). Prior to the polymerization 178 

step, the functionalized 3D-printed devices are washed subsequently with ACN and IPA, and 179 

dried with a N2 steam pending use. 180 

 181 

Fig. 1. Scheme of the sequential chemical modifications of the inner surface of acrylate-based 182 

3D-prints prior to in-situ monolith preparation. The reagents used for the modification of the 183 

inner surface of the 3D printed support are: EDC: 1-Ethyl-3-(3-184 

dimethylaminopropyl)carbodiimide; NHS: N-hydrosuccinimide ;HMD: hexamethylenediamine 185 

and GMA: glycidyl methacrylate. 186 

 187 

2.3.  In-situ monolithic column preparation 188 
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In-situ fabrication of the organic monolithic phase incorporated 3D-printed fluidic platform is 189 

performed by UV-polymerization following a previous report with minor changes[39]. Briefly, 190 

220 μL of a polymerization mixture containing GMA as functional monomer (20 wt%), ethylene 191 

glycol dimethacrylate (EDMA, 5 wt%) as crosslinker, cyclohexanol (70 wt%) and 1-dodecanol (5 192 

wt%) as porogens and 2,2-dimetoxyacetophenone (DMPA) as initiator (1 wt% with respect to 193 

the monomers) is introduced into the 3D-printed millifluidic channel to fabricate a ca. 50 mm-194 

long monolithic column. UV-polymerization was performed in a 16 W low pressure Hg lamp UV 195 

oven (KA-9180, PSKY, China) for 16 h. The 3D-printed devices containing the covalently 196 

attached monoliths are flushed with IPA prior to further chemical modification. The decoration 197 

of the polymer monoliths with AuNPs is accomplished by activating the monolithic epoxy 198 

surface with 4.5 mol L–1 ammonia at 60 ºC for 2 h[7]. Then, the column is flushed with water 199 

until neutral pH before pumping a dispersion of 20 nm AuNPs in citrate buffer through the 200 

monolith until the entire monolithic column acquired the characteristic red-garnet color that is 201 

indicative of the attachment of AuNPs to the nitrogen moieties. Finally, the column is flushed 202 

with IPA and kept closed until use. 203 

 204 

2.4.  Fluidic Setup 205 

A Cavro Xcalibur syringe pump (Tecan, Männeford, Switzerland) equipped with a 1 mL-glass 206 

barreled syringe and a 9-position ceramic head valve served as the microflow analysis platform 207 

integrating the 3D printed device. Fig. 2 schematically shows the flow setup for on-line 208 

microextraction as a front end to liquid chromatographic separation. The ports of the valve are 209 

used for air (port #1), deionized water (port #3), 0.1% acetic acid in water (port #4), ACN (port 210 

#7), waste (port #9), the AuNP-monolith incorporated millifluidic 3D-printed device (port #2) 211 

and the AIM3200 autosampler (Aim Lab Automation Technologies, Victoria, Australia) in port 212 

#5. As illustrated in Fig. 2, the millifluidic device is allied to a high pressure HPLC 6-port 213 

injection valve that allowed the trapping of the eluate plug from the previous SPE protocol into 214 
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the valve loop. All the tube connections are made of fluorinated ethylene propylene tubing 215 

with 1/32” i.d., except the HPLC injection loop (50 μL) which is made of PEEK tube of 1/32” i.d.  216 

The syringe pump and the autosampler are computer-controlled via the freeware automation 217 

suite Cocosoft 4.4[40]. The selection of the valve ports and the autosampler positions, the 218 

direction and speed of the syringe pump, and the synchronization of the fluidic setup with the 219 

operation of the HPLC setup for unattended analyses are performed by Cocosoft through USB-220 

RS232 adapters (Parallax). The flow method and the HPLC operational procedure for automatic 221 

sorptive extraction and HPLC separation of the target species are listed in Tables S1 and S2, 222 

respectively. 223 

 224 

 225 

Fig. 2. Scheme of the flow setup integrating the 3D printed AuNP-decorated covalently 226 

immobilized monolithic structure as a front-end to HPLC separations. 227 

 228 

2.5.  Automatic analytical procedure 229 

The analytical procedure consists of several standard steps of an SPE protocol that are 230 

performed unsupervised by software control by (i) selecting the port of the multi-position 231 

head valve, (ii) aspirating the appropriate amount of reagent or sample, and (iii) perfusing the 232 

solutions through the monolith by flow reversal. All volumes are aspirated and dispensed at a 233 

flow rate of 500 μL min-1 except those of the loading, drying and eluting steps from and to the 234 



11 
 

monolith that are dispensed at 200 μL min-1. The monolith is initially conditioned with 200 µL 235 

of ACN and 500 µL of 0.1% acetic acid (HAc) followed by drying with 1000 µL of air. Then, a 236 

volume of sample ranging from 200 µL to 10,000 µL in 0.1 % HAc is perfused through the 237 

monolith with a subsequent washing step with 200 µL of 0.1% HAc and 500 µL of air. The 238 

analytes are eluted with 50 µL of ACN and the eluate is parked in the HPLC injection coil in an 239 

air-segmented manner by using 200 µL of air at the trailing edge. The pumping volume toward 240 

the HPLC valve is optimized from 150 to 250 µL by successive injections until monitoring the 241 

maximum peak area of the eluate without appreciable artifact signals attributable to air. This 242 

method is applied to all standards and samples in triplicate. The entire fluidic method including 243 

other steps such as syringe cleaning and reservoir priming lasts 11.5 min for 200 µL, and is 244 

available in Table S1. For offline detection, all the steps are the same except for the elution. In 245 

this case, the elution is performed by two steps of 200 µL ACN and collected in two different 246 

HPLC vials prior to injection (20 µL) into the HPLC system. Because the HPLC run exceeded the 247 

sample preparation method by only 1.5 min (13 min vs. 11.5 min, respectively), a very simple 248 

and straightforward strategy for unsupervised synchronization of both systems is 249 

employed[25,41] as described in SI. 250 

 251 

3. RESULTS AND DISCUSSION 252 

3.1.  Chemical derivatization of the inner surface of 3D printed stereolithographic devices 253 

The chemical modification of the inner surface of micro/millifluidic structures for separation 254 

purposes is an important step to endow them with the required terminated functional groups 255 

for target species. In this work, the 3D-printed SLA platform was modified by wet chemical 256 

method to incorporate pendant vinyl groups. First, the chemical structure of the commercial 257 

Clear Resin (FLGPCL02, Formlabs) was characterized by ATR-FTIR (Fig. S3A). The ATR-FTIR 258 

spectrum shows the characteristic absorption bands of a polymerized acrylate: C-O (1052 and 259 

1141 cm–1) and C=O stretches (1240 and 1701 cm–1), and symmetric and asymmetric 260 
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deformations of CH2 and CH3 (2800-3000 cm–1). The O-H stretch band (3370 cm–1) can be 261 

assigned to the residual IPA used for cleaning the 3D-printed devices. Aiming at incorporating 262 

vinyl groups to the inner surface of the prints, several multi-step reactions were tested (see SI), 263 

although the only one described below allowed subsequent covalent attachment of the 264 

polymer monolith to the inner surface (see experimental section and Fig. 1). All reaction steps 265 

used along this work were monitored by ATR-FTIR (Figs. S3B-D). The first step consisted of the 266 

hydrolysis of the ester groups of the parent carboxylic acid by introducing an aqueous NaOH 267 

solution into the 3D-printed device channel (step A, Fig. 1) for 24 h at 45 ºC. The ATR-FTIR (Fig. 268 

S3B) spectra shows the band at 1702 cm–1 of the parent material (Fig. S3A) split into two 269 

overlapped bands at 1702 and 1694 cm–1 corresponding to the C=O stretches of the ester and 270 

carboxylic groups, respectively. Also, the magnitude of the O-H band (3300-3400 cm–1) 271 

increased by ca. 30 % after the reaction due to the incorporation of O-H groups from the 272 

hydrolysis of the ester (see Fig. S3B). Then, the introduction of an alkyl diamine (e.g., HMD) is 273 

performed to obtain pendant amine moieties (see Fig. 1 C) that can subsequently react with 274 

the epoxide of the GMA. For this purpose, a two-step procedure based on the EDC-NHS 275 

coupling of primary amines to carboxylic groups (see Fig. 1B) was undertaken. However, the 276 

coupling reaction has to be carried out relatively fast because the reactive ester with EDC is 277 

rapidly hydrolyzed. First, a mixture containing EDC and NHS was introduced into the 3D-278 

printed device for 1 h at 37 ºC (step B, Fig. 1). After washing with water and drying with a 279 

nitrogen steam, the HMD solution was pumped into the fluidic structure for chemical 280 

derivatization, thus obtaining the desired primary amine group (step C, Fig. 1). This reaction 281 

was again monitored by ATR-FTIR (Fig. S3C): The band of the C=O split in several bands 282 

corresponding to the different carbonyl groups available after the reaction, viz., amide (1722 283 

cm–1), acid (1694 cm–1) and ester (1703 cm–1) moieties. Also, three bands corresponding to the 284 

terminated primary amine and amide groups were found at 950 cm–1 (N-H bending), 1450 cm–1 285 

and 1548 cm–1 (C-N stretch) and 3372 cm–1 (N-H stretch).  286 



13 
 

The last reaction step involved the introduction of GMA to generate vinyl groups anchored to 287 

the inner surface of the 3D printed device. For this purpose, the 3D printed millifluidic channel 288 

is filled with 2 mol L-1 GMA in ACN for 2 h at 60 ºC. The ATR-FTIR spectra (Fig. S3D) shows less 289 

bands overlapped near the C=O zone, probably due to the increase of the number of ester 290 

groups from GMA. Also, the appearance of new C=C bands (1640-1680 cm–1) demonstrates the 291 

success of the last derivatization reaction. In our case, each primary amine seems to react with 292 

two GMA molecules to generate tertiary amines with two vinyl groups each. This assumption is 293 

confirmed by the decrease of the N-H bending band at 950 cm-1, and the increase of a band at 294 

1028 cm–1 (C-N stretching of the tertiary amine). After this procedure, as described in detail in 295 

SI (section 1.5-Preparation and characterization of the monolithic columns), the inner surface 296 

of the 3D-printed millifluidic device incorporated pendant vinyl groups that foster the 297 

anchorage by UV-copolymerization of the monomer and crosslinker (poly(GMA-co-EDMA)) and 298 

the modified wall inside the 3D printed object. In order to corroborate the successful covalent 299 

attachment of the monolith within the printed device, SEM micrographs of the cross-sections 300 

of the poly(GMA-co-EDMA) monolith (See SI and Fig S4 for the preparation and AuNP 301 

decoration of the polymer monolith) were taken. As shown in Fig. 3A, no significant voids 302 

between the inner surface and the polymeric monolith were evidenced, which confirmed that 303 

the material was tightly attached to the inner wall of the 3D-printed fluidic device. In addition, 304 

the pressure-driven flow (up to 5 mL min–1) generated by the micro-syringe pump did not 305 

jeopardize the stability of the anchored phase. 306 

 307 
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Fig. 3. SEM micrographs of the organic monolithic covalently attached to 3D-printed fluidic 308 

devices. SEM micrograph at 2000 × of the parent monolithic material at the wall zone (A) and 309 

parent monolithic morphology at 5000 × (B). 310 

 311 

In the following experiments with on-line and off-line detection, two types of 3D-printed 312 

millifluidic devices were fabricated based on the modification of the organic monolith. The first 313 

is obtained by modification of the  parent poly(GMA-co-EDMA) monolith with amino groups by 314 

opening of the available epoxy groups[42] with ammonia (see Experimental Section) The 315 

second is fabricated bythe immobilization of citrate-modified AuNPs[7] onto the previous 316 

device. The mechanism of the retention of the AuNPs onto amino modified surfaces is based 317 

on the complex interplay between donor-acceptor and electrostatic interactions. First, the 318 

citrate shell favors the electrostatic interactions of AuNPs with the surface amine groups. 319 

However, the main interaction is most likely due to the labile character of the citrate layer that 320 

fosters the direct bonding of the Au to the amine moieties [43].  321 

 322 

3.2.  Automatic SPE exploiting the in-situ prepared monolithic 3D-printed fluidic devices 323 

Using flow-injection analysis, the various 3D-printed millifluidic devices described above 324 

(empty, parent, amino- and AuNP-modified monolithic sorbents) were examined for the 325 

extraction capacity of several antimicrobials and plastic additives that are currently regarded 326 

organic emerging contaminants (viz., 4-hydroxy benzoic acid, 4-HBA, methyl paraben, MPB, 327 

bisphenol A, BPA, phenyl paraben, PhPB and triclosan, TCS). The automatic SPE procedure is 328 

described in the experimental section in detail, yet off-line detection was used here for the 329 

sake of simplicity. Briefly, 200 µL of a solution containing 1 mg L–1 compounds in 0.1% HAc was 330 

passed through the columns, washed with 200 µL of aqueous 0.1% HAc, followed by two 331 

elution steps of 200 µL of acetonitrile. Next, 20 µL of the collected eluates were injected into 332 

the HPLC. According to Fig. 4, the empty millifluidic device showed the lowest retention 333 
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efficiency (<50%) for all the analytes as it might be expected from an in-tube SPE phase 334 

consisting of an empty 2 mm ID photopolymerized channel (ca. 314 mm2). On the other hand, 335 

all the millifluidic devices containing covalently immobilized monolithic sorbents featured good 336 

retention efficiencies (>60%), yet, improved retention capacities were detected for the 3D-337 

printed millifluidic devices containing the NH2-modified and the AuNP-decorated monoliths 338 

(>67 and 76%, respectively). The most polar analyte, 4-HBA, showed a significant improvement 339 

in the retention by the AuNP-laden sorbent compared to the parent monolith (see Fig. 4). This 340 

behavior can be explained by the donor-acceptor interactions between the hydroxyl groups 341 

and aryl rings of the target compounds and the AuNPs[43–46], and the increase of the surface 342 

area of the monolith due to the surface attached nanoparticles[7].  343 

The feasibility for eluting the analytes was also examined for the four distinct sorptive 344 

materials (Fig. 4). The experimental results revealed that the AuNP incorporated monolithic 345 

phase featured improved absolute recoveries (72-92% against the overall mass loaded) 346 

compared to the amino-modified (10-60%), parent monolith (35-67%) and the empty 347 

millifluidic device (0-40%). Experimental measurements of the washing solution also evidenced 348 

that the percentage of analytes eluted in the washing step of the AuNP-modified sorbent was 349 

<5% as compared to 5-25% for the parent monolith or 2-15% for the NH2-modified monolith. 350 

In the case of the AuNP-modified column, the first elution step with 200 µL was sufficient to 351 

elute between 70 and 80% of the loaded analytes. 352 
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 353 

Fig. 4. Breakdown of the loaded mass of target analytes onto the different monolithic phases 354 

attached to the 3D-printed millifluidic devices for automatic SPE. The maximum absolute 355 

recovery was achieved for a total elution volume of 400 µL with off-line detection. Error bars 356 

are given as SD values for three extractions performed with the same 3D-printed device. 357 

 358 

3.3.  Analytical performance 359 

Two primary influent parameters in the automatic SPE process are: (i) the breakthrough 360 

volume and (ii) the sorbent loading capacity (see Figs. S5 and S6). As observed in Fig. S5, the 361 

retention efficiencies of the parent monolith dropped quickly from 58-98% down to 40-90% 362 

when the loading sample volume increased from 0.2 to 1 mL. An additional decrease (down to 363 

ca. 10-60%) is observed at greater loading volumes (10 mL). Similar results were encountered 364 

for the amino-terminated monoliths, in which the retention efficiency also decreased rapidly. 365 

On the other hand, the monolith decorated with AuNPs featured good sorptive efficiencies for 366 

the suite of compounds (70-98%) even at loading volumes as large as 10 mL. With respect to 367 

the loading capacity for the several 3D-printed millifluidic devices containing monolithic 368 

phases (Fig. S6), the parent and the amino-modified phase showed a significant deterioration 369 
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of the retention efficiencies (down to 50-70%) even at low loadings (0.2 mg analyte per g of 370 

sorbent) of the less retained analytes. However, the 3D-printed millifluidic device with the 371 

anchored AuNPs exhibited excellent extraction efficiencies (70-97%) even for loading amounts 372 

up to 2 mg g-1 sorbent. These results are in agreement with previous results of organic 373 

monoliths functionalized with AuNPs for which larger analyte breakthrough volumes and 374 

improved loading capacities were observed for small compounds and biomolecules as 375 

compared with pristine monoliths[10,47,48]. Therefore, the 3D-printed devices with 376 

monolithic structures modified with AuNPs were selected for further studies. 377 

The proposed automatic SPE protocol was validated in terms of sensitivity, linearity, precision, 378 

enrichment factors, reusability and limit of detection and quantification. A good linearity 379 

(R>0.999) was obtained for the five analytes (within the following concentration ranges: 6-380 

2000 ng mL–1 for 4-HBA, MPB, BPA and PhPB, respectively, and 20-2000 ng mL–1 for TCS) for a 381 

sample volume of 0.2 mL with sensitivities (slopes of calibration curves) of 5,800; 4,100; 3,100; 382 

2,400; and 5,800 mV L mg-1, respectively. As shown in Table 1, satisfactory relative standard 383 

deviation (RSD) values (below 9%) for intra- and inter-3D-printed devices containing AuNP-384 

modified monoliths were obtained for all the analytes. The limits of detection (LOD) and 385 

quantification (LOQ) of the automatic SPE protocol in acidified Milli-Q water were estimated 386 

from a signal-to-noise ratio of 3 and 10, respectively (see Table 1) The LODs obtained were 387 

better than those previously reported for the same analytes using 3D-printed millifluidic 388 

devices incorporating magnetically retained sorptive nanoparticles[25]. The enrichment 389 

factors, calculated for a 200 µL loading volume at the 1 µg mL–1 using the absolute recoveries 390 

in acidified Milli-Q water (see Table 2), were 2.9, 3.0, 3.2, 3.7 and 3.6 for 4-HBA, MPB, BPA, 391 

PhPB and TCS, respectively. Nevertheless, the enrichment factors at the maximum loading 392 

volume admitted (10 mL) might be increased up to 145, 150, 158, 184 and 177 for 4-HBA, 393 

MPB, BPA, PhPB and TCS, respectively. The 3D-printed monolith incorporated millifluidic 394 
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device might be reused for at least 25 injections with a change down to 7% of the absolute 395 

recoveries for all the analytes. 396 

 397 

3.4. Sample analysis 398 

The 3D-printed millifluidic platform with the covalently-immobilized AuNP-monolith was 399 

applied to the clean-up, extraction and preconcentration of the target species (4-HBA, MPB, 400 

BPA, PhPB and TCS) in human saliva (see SI for the detailed procedure for analysis of human 401 

saliva). An analyte-free blank saliva was spiked with 250 µg L-1 of each of the five analytes. The 402 

automatic SPE results for the analysis of 200 µL saliva with on-line detection were compared 403 

against those obtained by on-line processing of acidified Milli-Q water (pH=3.3) spiked at the 404 

same concentration level. The absolute recoveries calculated against external mass calibration 405 

with aqueous standards ranged from 71-89% for the saliva samples and 73-92% for Milli-Q 406 

water (see Table 2). The t-test of comparison of means revealed that the texp were in all cases 407 

below tcrit at a significance level of 0.05, thus indicating that the absolute recoveries for the 408 

target analytes in saliva were statistically comparable to those found in aqueous standards. 409 

The clean-up, extraction, and preconcentration capability of the 3D-printed millifluidic sorptive 410 

device is illustrated in Fig. 5A-D. Before the SPE protocol (Fig. 5A and 5B), all of the analytes 411 

were hardly detectable due to matrix interfering effects (Fig. 5A) or low concentration levels 412 

(Fig. 5B), whereas after the SPE protocol (Fig. 5D) all of the analytes could be satisfactorily 413 

quantified. The clean-up effect of the on-line SPE protocol can be clearly observed for 4-HBA, 414 

MPB and TCS, which cannot be reliably quantified without SPE because of matrix interferences 415 

(see Fig. 5C and 5D vs 5A and 5B). The automatic method was further applied to the analysis of 416 

human saliva samples of two volunteers after using a mouthwash containing TCS (see SI for 417 

more information). The proposed method allowed the quantitative determination of TCS in the 418 

two samples (134 ± 4 μg g–1 and 127 ± 2 μg g–1), thus demonstrating the feasibility of the 3D 419 
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printed platform hyphenated to HPLC for reliable analysis of biological fluids with sufficient 420 

sensitivity for the target species. 421 

 422 

 423 

Fig. 5. Experimental chromatograms of direct injection of blank saliva without SPE (A), saliva 424 

spiked at 250 µg L-1 without SPE (B), blank saliva after the on-line SPE and separation 425 

methodology (C) and saliva spiked at 250 µg L-1 after the on-line SPE and separation 426 

methodology (D). SPE conditions are given in the experimental section, whereas 427 

chromatographic conditions are listed in Table S2. Peak identification: 4-HBA (1), MPB (2), BPA 428 

(3), PhPB (4) and TCS (5). 429 

 430 

4. CONCLUSIONS 431 

This paper demonstrates for the first time the feasibility of 3D stereolithographic printing for 432 

fast prototyping of supports that enable covalent immobilization of porous polymer monoliths 433 

aimed at on-line sorptive microscale extraction. Ten 3D-printed columns could be fabricated 434 
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simultaneously by SLA in 3h 15 min with an estimated cost of 0.45 € each and a total liquid 435 

resin volume of 25 mL.  436 

Several synthetic routes have been comprehensively investigated to allow 3D printed column 437 

containing fluidic devices tolerating pressure-driven flow using flow injection systems without 438 

jeopardizing the chemical stability of the monolithic phase. Besides circumventing pressure 439 

drop effects, the 3D printed monolithic phases, and particularly those decorated with AuNPs, 440 

proved to be robust and reliable for the automatic clean-up and preconcentration of 441 

antimicrobials and preservatives with varying physico-chemical characteristics with excellent 442 

absolute recoveries, loading capacities and breakthrough volumes for the tested analytes (4-443 

HBA, MPB, BPA, PhPB and TCS). Hyphenation of the millifluidic sample processing setup to on-444 

line HPLC separation and detection was also demonstrated by fully automatic assays of the 445 

above-mentioned personal care products in saliva samples with recoveries akin to those 446 

obtained with water. 447 

Current research is underway in our laboratories to further expand the applicability of the 3D 448 

printed covalently attached polymer monolith devices for on-line affinity chromatographic 449 

separation of several emerging contaminants in biological specimens and high matrix 450 

environmental samples.  451 

 452 
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Table 1. Repeatability and intermediate precision expressed respectively as relative standard 467 

deviation (RSD) for intra- and inter-3D printed devices containing AuNP-decorated monoliths 468 

Analyte 

Intra-3D-printed 

device 

RSD (%, n=3) 

Inter-3D-printed 

device 

RSD (%, n=3) 

LODs 

(ng mL–1) 

LOQs 

(ng mL–1) 

4-HBA 3.6 4.1 1.7 5.7 

MPB 2.7 4.4 0.7 2.3 

BPA 3.0 3.3 0.6 2.0 

PhPB 2.9 8.2 0.6 2.0 

TCS 1.4 3.8 1.6 5.3 

 469 

  470 
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Table 2. Absolute recoveries for the target analytes in Milli-Q water and in saliva after the 471 

automatic SPE procedure with on-line detection 472 

Analyte 
Absolute recovery (%) 

texp  
In water In Saliva 

4-HBA 72.6 ± 1.3 71.3 ± 1.9 0.38 

MPB 75.3 ± 1.8 77.3 ± 2.1 0.27 

BPA 79.3 ± 1.7 77.5 ± 1.4 0.24 

PhPB 92.2 ± 2.3 89.3 ± 2.0 0.17 

TCS 88.9 ± 1.8 86.6 ± 1.7 0.18 

The critical t value is 2.77 (n=6, α=0.05) 473 

 474 

  475 
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FIGURE CAPTIONS 476 

Fig. 1. Scheme of the sequential chemical modifications of the inner surface of acrylate-based 477 

3D-prints prior to in-situ monolith preparation. The reagents used for the modification of the 478 

inner surface of the 3D printed support are: EDC: 1-Ethyl-3-(3-479 

dimethylaminopropyl)carbodiimide; NHS: N-hydrosuccinimide ;HMD: hexamethylenediamine 480 

and GMA: glycidyl methacrylate. 481 

Fig. 2. Scheme of the flow setup integrating the 3D printed AuNP-decorated covalently 482 

immobilized monolithic structure as a front-end to HPLC separations. 483 

Fig. 3. SEM micrographs of the organic monolithic covalently attached to 3D-printed fluidic 484 

devices. SEM micrograph at 2000× of the parent monolithic material along the wall zone (A) 485 

and parent monolithic morphology at 5000× (B). 486 

Fig. 4. Breakdown of the loaded mass of target analytes onto the different monolithic phases 487 

attached to the 3D-printed millifluidic devices for automatic SPE. The maximum absolute 488 

recovery was achieved for a total elution volume of 400 µL with off-line detection. Error bars 489 

are given as SD values for three extractions performed with the same 3D-printed device. 490 

Fig. 5. Experimental chromatograms of direct injection of blank saliva without SPE (A), saliva 491 

spiked at 250 µg L-1 without SPE (B), blank saliva after the on-line SPE and separation 492 

methodology (C) and saliva spiked at 250 µg L-1 after the on-line SPE and separation 493 

methodology (D). SPE conditions are given in the experimental section, whereas 494 

chromatographic conditions are listed in Table S2. Peak identification: 4-HBA (1), MPB (2), BPA 495 

(3), PhPB (4) and TCS (5). 496 

 497 

 498 

 499 

 500 

 501 
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Organic monoliths are for the first time covalently attached to non-metallic 3D printed 

columns 

Hydrolytic cleavage is circumvented 

Integration of the monolithic column in a fully automatic millifluidic device for SPE 

On-line preconcentration and clean-up of emerging contaminants in biological samples 
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