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Dear Editor, 

 

we are pleased to send you the revised version of the manuscript JCA-16-1317R1 that includes 

corrections suggested by reviewers. Additions and changes have been marked in red in the revised 

text.  

We are grateful to the reviewers for appreciations and many positive comments that reward long 

work. Their suggestions offer us the opportunity to improve the paper making it more appealing for 

readers.  

 

1. Grammar mistakes and English deficiencies were checked and modified as suggested.  

 

2. The title and highlights have been modified to be more appropriate. 

 

3. New literature references were added in according to the comments of reviewers 

(12,13,14,17,47,66,67).   

 

4. Finally, other requests, such as those concerning the details of van Deemter plots and others (i.e. 

comments # 20-23-31 from Reviewer 3) are so trivial that they are no longer presented in research 

papers. They would render the text unnecessary long, wasting valuable journal space.   

 

A detailed point-by-point (in red) reply for the principal points raised by each Reviewer is provided 

in a separate file. 
 

*Cover letter



 

Response to reviewers 

 

Reviewer #1:  

The manuscript entitled "Capillary polymethacrylate monoliths by innovative grafting from/to 

<gamma>-ray polymerization on a tentacle-type reactive surface for the HPLC of small molecules 

and intact proteins" authored by Gasparrini et al. is interesting in the sense that good separation 

efficiency is reported for both large biomolecules and small molecules. Generally, the Gasparrini 

group delivers high quality separations, and this is another demonstration of outstanding 

performance. Please allow me to make a critical comment (see comment 26); possibly adding some 

of the requested discussion raises the quality even more. 

With respect to the publication in the Journal of Separation Science by the authors earlier this year, 

also discussing polymethacrylate monoliths prepared via gamma-ray polymerization, there are 

enough new elements in the current work to merit publication in JCA. Possibly the authors see 

some possibilities to condense the manuscript at some places and the manuscript requires a major 

improvement of the English language. 

 

Comments 

1. The grammar / English language should be thoroughly improved throughout the manuscript. For 

example: 

- Title: I would recommend to have this checked by a native English speaker. It sounds very 

unnatural. We have changed the Title into “Capillary methacrylate-based monoliths by grafting 

from/to -ray polymerization on a tentacle-type reactive surface for the liquid chromatographic 

separations of small molecules and intact proteins” 

- Also in lines 30-32 have syntax errors and are difficult to read. We have changed the whole 

sentence 

- lines 33-35: Copolymerization "xxx" was generated "xxx". Corrected 

- line 36: The morphology have been 'deeply' investigated. Corrected 

- line 38-40 need revision (also the term reproducibility is incorrectly used throughout the 

manuscript; it is likely the authors mean repeatability). Corrected 

- Please note that I only mention English deficiencies in the abstract. Please carefully check the 

manuscript. Checked 

 

2. Keywords: <gamma>-ray polymerization and proteins are words in the title and thus not really 

required to be keywords. Corrected 

 

3. General: put all Latin abbreviations and symbols in italics, check throughout manuscript. 

Checked 

 

4. General: Check hyphenation throughout manuscript: microwave-assisted polymerization, free-

radical process, flow-rate range, reversed-phase mode, etc. Checked 

 

5. General: Please avoid the use of psi, but use SI units such as MPa (please adapt) Corrected 

 

6. Line 71-72: add relevant references. We added references # 12,13,14 

 

7. Line 78: implement the sensitivity? Syntax. Corrected 

 

8. Line 109: from a morphological viewpoint Corrected 

 

*Response to Reviewer Comments



9. Line 111: Not all readers might be familiar with cross-polarization magic angle spinning NMR, 

write in full. We have added a text line explaining the meaning of the acronym  

 

10. Line 118-119: "Supporting devices to protect the capillary columns" is quite vague, specify. We 

added the part number of the devices 

11. Line 133: Origin of the monolithic column? We added this information  

 

12. Line 148: Everhart-Thornley detector: perhaps it is clearer if you mention backscattered 

electrons + secondary electrons. We added this information  

 

13.  Line 179: USA Corrected 

 

14. Lines 201-208, merge with lines 209-231 to avoid too much repetition Corrected 

 

15. Line 256-257: it not only affects dimension and distribution of pores, but also of the globules. 

Please correct Corrected 

 

16. Line 307: replace regime by range Corrected 

 

17.  Line 317: replace "tenths and tens" with an actual range. In line with a restyling process of 

manuscript we rephrased the sentence: “It has been previously shown that 1H NMR may be 

successfully applied for investigating the pore size distribution in mesoporous materials.” 

 

18. Line 344-345: subscript is missing. Corrected 

 

19.  Figure 4: C is not mentioned in the caption. Perhaps a and b can be shown on the same 

graph. Corrected 

 

20. Figure 5: the decimal separator seems to be a comma instead of a point Corrected 

 

21. Line 386-389: your statement is not supported by what is seen in the SEM images. I would 

expect a larger difference in morphology given this substantial difference in 

backpressure/permeability. Were the monoliths also studied at the level of the macropores (e.g., via 

MIP) to confirm your statement? Perhaps some remarks about homogeneity could be included in 

the discussion regarding the difference in efficiency also.  We tried to study the monoliths by MIP, 

but the results were not conclusive. We experienced some practical difficulties due to the low 

mechanical stability of the larger monolith required for the MIP measurements. A comment on the 

macropores size and homogeneity as obtained by SEM measurements was added in text. 

 

22. Line 403. Provide proper statistics to justify that the fit is indeed good: "best numerical values 

of the fitted coefficients A, B and C are reported in table 2." We changed the sentence “in the 

optimal values corresponding to the minima of curve are reported in table 2” 

23. Change header 3.6 (correct reproducibility). Corrected 

 

24. Correct grammar line 474 (it is not "due to its high efficiency" the column is tested.) Corrected 

 

25. Please place the results in perspective with results published in literature for peptides (Vaast et 

al Journal of Chromatography A, Volume 1374, 29 December 2014, Pages 171-179 and Journal of 

Chromatography A, Volume 1304, 23 August 2013, Pages 177-182) and intact proteins (Eeltink et 



al Journal of Chromatography A, Volume 1218, Issue 32, 12 August 2011, Pages 5504-5511). We 

added some comments in the text relating to the new literature references #66 and 67. 

 

26. The performance of the monoliths presented in impressive for the separation of small molecules, 

which is generally not achieved by other research groups. But the main question is: (1) why do your 

monoliths perform so well (is it better homogeneity or are there no surface diffusion/gel porosity 

effects and why not?) and (2) if the monoliths perform so much better for small molecules does this 

mean that the performance of large molecule separations is also better. Discussion on these aspects 

is very much appreciated! 

We have not addressed these points in the paper, especially the relationship, if any, between the 

observed efficiency for small and large (bio)molecules. At this point, any comment would be 

speculative and we are planning to deeply investigate the interesting subject in a near future. 

  27. General comment: improve figure quality (4, 5, 6, 9). 

- labels on x and y axis, sometimes the font/size, sometimes the content!. 

- check the units. 

- check if appropriate scale are used (van Veemter curves: x-axis  5-6 mm/s does not show data 

points, kinetic plots y axis should be adjusted (there is no data in 10-1 and 10-2 range and 10-4 to 

10-5 range, so please do not show this range). Corrected 

 

28. Grammar last 2 highlights should be improved. Corrected 

 

Reviewer #2:  

Summary 

This work encompasses synthesis of poly(lauryl methacrylate-co-1,6-hexanediol dimethacrylate) 

monolithic columns in capillary diameters (75 µm, 200 µm and 250 µm i.d.) with a view to 

developing suitable materials for reversed-phase LC separation of small molecules, and to reinforce 

the suitability of the approach by demonstrating biomolecule separations. The novelty of the work 

is in the pre-treatment of capillary to allow a "grafting-to" approach to be used for anchoring the 

<gamma>-ray initiated monolithic co-polymer to the surface. While no direct comparison to 

columns prepared using conventional pre-treatment procedures has been made within this work, the 

material has been structurally characterized (IR, solid state NMR, cryogenic NMR & SEM), 

compared to a thermally-initiated equivalent (using AIBN), with a number of chromatographic 

experiments with small and large molecules also shown. Isocratic chromatographic comparison 

centers around evaluation of newly-synthesized materials against a column packed with 5 µm C18-

functionalized particles in identical dimensions to the monolithic columns. Some further examples 

of biomolecule separations are shown in the gradient mode with high-resolution MS (Orbitrap). 

 

The monolith prepared is primarily novel due to the pre-treatment process used. Previous 

publications from this group (refs [17] & [43]) contain extensive examples of peptide and protein 

separations including peak capacity calculations. Thus, the biomolecule work is of secondary value, 

except that the best material is shown to demonstrate very similar characteristics as the same 

stationary phase material synthesized with a conventional pre-treatment process from previous 

publications. However, the performance for small molecule separations is excellent and shows some 

behavior that is contrast to previously-published materials of similar origin. Specifically the 

retention-dependence of plate height seems to be almost non-existent, which is a major problem for 

most organic polymer monoliths used for analytical chromatography of small molecules. 

 

There are some details missing from technical aspects of the work that I believe need to be 

addressed before publication. This includes a full explanation of the correction of plate height data 

for the chromatographic comparison (including the strange behavior of the packed column in terms 



of efficiency). I believe that the work is actually most relevant to studying monolith formation and 

points toward interesting properties of the monolith derived from the combination of monomers and 

initiation used in this study (as best shown by small molecule HPLC experiments). This could be 

further built upon by the authors in the current work, although it is actually distinct from the goal of 

improving performance for biomolecule analysis. Some comparison of the performance of the new 

column (gamma-M1) and the new silanization procedure used should be made with that from 

previous publications for completeness and relevance to this special issue (Section 3.9/conclusions). 

In order to avoid excessive length of the paper, the readers can easily compare the performance of 

new and old columns by refereeing to the previous publications. 

 

Overall, the work is scientifically very interesting. 

 

Title 

The columns synthesized are described only as "polymethacrylate" - this is maybe a little bit 

unclear given the huge range of methacrylate monomers and that have been used for monolith 

synthesis. Methacrylate-based would be a better description throughout (e.g. PS-DVB is not 

described as "polystyrene monolith). We have changed the Title into “Capillary methacrylate-based 

monoliths by grafting from/to -ray polymerization on a tentacle-type reactive surface for the liquid 

chromatographic separations of small molecules and intact proteins” 

 

Highlights:  

-     "Methacrylate-based", or more specific ("poly(lauryl methacrylate-co-1,6-hexanediol 

dimethacrylate)" would be better for the first highlight. 

-     "Both thermal and radiolytic polymerization were employed" 

-     "…SEM, and NMR cryoporosimetry" 

-     "Up to 102,000 plates/m were obtained…"  - here would be a good opportunity to highlight the 

lack of dependence of performance upon retention for small molecules (see later comments). 

We changed the Highlights accordingly, emphasizing the performances for both small molecules 

and proteins 

 

Abstract 

Line 41: has "reproducibility" been assessed here? Unless a different user, location, or instrument 

was the focus of this part of the study, then it is "repeatability" - e.g. batch-to-batch, column-to-

column, run-to-run, interday… etc.  Please choose accordingly. Changed 

Line 42: again, "methacrylate-based" would be better here. Changed 

 

Introduction 

Line 60: silica- and polymer-based monoliths represent the majority of materials used by the 

analytical community, and commercial availability, but they are not the only types. It would be 

better to say that two of the most important groups are based on inorganic silica-based chemistry, 

and those derived from organic monomers. Changed 

Line 64: "They are most commonly obtained by a single-step…" Changed 

Line 70: "…suitable for high efficiency separations of large biomolecules,…" Changed 

Line 73: "…preparation and, consequently, monolithic…"  

Lines 77-78: "…used to implement the sensitivity of large molecules…" does not make sense. 

Please revise. Changed 

Line 79: "The majority of recent developments have been…" Changed 

Line 84: "microwave-assisted polymerization process."  

Line 85: missing comma after "photo-induced" Changed 



Line 87: "…methods) have also emerged as reviewed recently by Svec…" Changed 

Line 89: "mold" or "confinement" would be better terminology than "holder"  

Line 90: "…requires access to <gamma>-ray…"  

Line 93: "…to reduce the possibility of bed heterogeneity (e.g. void spaces close to the wall)." 

Changed 

Lines 94-95: The entire mechanical stability of the "frit-less" monolith is compromised without 

efficient adhesion to the capillary wall, this is the major point as emphasized in line 96. This has 

been resolved for fused silica and for PEEK confinements, so I don't see that this is an ongoing 

issue for "reproducibility" of separations exactly. Some commercially-available columns are housed 

in stainless steel in analytical dimensions and are not chemically anchored to the wall, but suitable 

separation repeatability is obtained as the "single particle" is confined using the column end-fittings. 

Some revision of this sentence is needed.  

We agree with this comment and we deleted the sentence related to the mechanical stability, being 

not a general issue. 

Line 105: "…permits the generation of a so-called …" Changed 

Line 106 "covalently-anchored" Changed 

Lines 112-113: The chromatographic (kinetic) performance of these columns…" - ("kinetic 

behavior" is not a clear description) Changed 

 

Experimental 

The tryptic digest procedure should be described separately to the chemicals section. Changed 

Please provide a table with both polymerization (m1 & m2) mixtures specified in w/w %, or state 

clearly that these were identical in the text.  

Please see lines 206-207. 

Line 138: …spectra were measured at 100.13 MHz…" Changed 

Line 147: "…analysis was performed on…" Changed 

Line 155: "methanol-D4" Changed 

Line 174-177: which peak width was used (half-height)? How were plate height values corrected? 

Please provide detailed examples in the supporting information. Please show an example of an 

uncorrected, and corrected plate height curve for uracil and a retained analyte for all 3 columns. It is 

somehow surprising that the efficiencies recorded on the packed, C18 column increase with 

retention, unlike the monolith, which cannot be attributed to extra column effects as column 

volumes, and retention factors are very similar.  

The width at half-heigh was used for measuring the plate number without any correction (sentence 

inserted now in the text, Instrumentation, line 183). So the efficiency was estimated from the total 

band droadening (instrumental plus column) and only the linear velocity values have been 

corrected. The increase of efficiency with retention observed on the paked column is under 

investigation by a separate project, and is not the focus of the present work. 

 

Line 190 (and throughout): should be "cytochrome c" (no capital) Changed 

Line 205: "…a thermally-initiated monolith…" Changed 

Line 220: were monomers first purified/de-inhibited or used straight of the bottle?   

Lines 222-224: This sentence is back-to-front. It should be rearranged. Changed 

Line 228: Was this a forced-air oven, a water bath, or a still air oven,…? Please specify. We added 

experimental details in the experimental section. line 228 

Line 238: "in the reversed-phase mode" Changed 

Line 241: "uracil" not "uracile" Changed 

Line 247: "…were evaluated using the kinetic plot…" Changed 



 

Results and Discussion 

Line 266: "…the monolithic column was washed …" Changed 

Line 269: "A comparable result (99%) was…" Changed 

Lines 272-273: how is degradation of the polymer assessed? Some explanation is needed here. This 

could be quite a significant factor in the internal structure of the outer regions of monolith globules, 

which may have affected chromatographic behaviour of small molecules. 

 

In the early stages of our research, we prepared monolithic columns using a gamma-ray exposure 

exceeding 40kGy (data not shown in this manuscript) and we recorded high back-pressure values 

and low efficiency for these columns. So we estimated the 40kGy dose as the optimum value taking 

also into account that the total conversion is reached in these conditions. 

 

Line 291: "highly repeatable" - to be consistent with terminology Changed 

Line 292: "… firmly bound to the inner…" Changed 

Line 297: "…was used as an "octopus-like"… Changed 

Line 302: "methacrylate-based" Changed  

Lines 308-309: "… taken at magnification levels of 800, 10 000, and 30 000 …" Changed 

Line 322: "… based on the phenomena of freezing point depression of the confined liquid with 

respect to…" Changed 

Line 326: "it has also been demonstrated…" Changed 

Line 330: Using benzene here is a very interesting experiment, as such a small probe molecule can 

sample much of the polymer free volume at the surface regions of globules where the degree of 

crosslinking is lower. The finding of a narrow pore size population in the thermally-initiated 

monolith, but not in the gamma-ray initiated one is particularly interesting. The lack of very small 

pores that can be sampled by the benzene in the M1 monolith points toward a difference in the 

properties of the polymer network. Some further experiments with different monolith types would 

be very interesting for future work to confirm this behavior in relation to chromatographic mass 

transfer experiments. We agree with the comments of the reviewer 

 

Line 370: "without suffering measurable compression" - monoliths are axially compressible, but the 

quality of anchoring to the wall and operating at lower HPLC pressures minimizes these effects. 

Wall detachment can even occur at the head of capillary columns as the bed becomes compressed 

under high pressure, but this may not be observed as a strong trend in pressure/flow plots. Changed 

 

Lines 398: It would have been better to use a higher retention factor for the kinetic plot experiments 

as the Supporting information chromatograms indicate that there was an issue with the packed 

column as efficiency increases significantly (~30%) with retention (unlike the monoliths). Again, 

the corrected and uncorrected data should be made transparent here, as over-correction of plate 

height values can render such results meaningless. See comments on point: lines 174-177  

 

Line 408: "…for high speed and high efficiency separations…" Changed 

 

Line 414: "inspection" Changed 

 

Lines 417-419: see later comments on retention-dependence. A useful reference for comparison is: 

J. Chromatogr. A: 1358 (2014): 165. See comments on point: lines 174-177 

Line 420: Please confirm that this is reproducibility or repeatability throughout the work (I believe 

it is the latter): (http://goldbook.iupac.org/R05305.html) Changed with “repeatability” 

 

Line 430: "approximately 1%." Changed 

http://goldbook.iupac.org/R05305.html


Line 434: missing comma before "but" Changed 

Line 439: "The Poppe plot…" Changed 

Line 443: "…they both allow high efficiency values to be achieved in shorter times…" Changed 

Line 448: so they visually resemble a conventional van Deemter…" Changed 

 

In section 3.7, the role of smaller particles should also be mentioned based on what is 

commercially-available and shown in literature (including kinetic plots). Even will outperform the 

monoliths described here without a need for extremely high pumping pressures (aka UPLC). These 

can be packed into capillary columns and offer better overall performance for practical separations. 

We agree with the comments of the reviewer about the performance of 3 µm particles. However, 

since all the comparison in this work have been done with the 5 µm particles, we would like to keep 

the same comparison throughout the paper, and avoid to mention smaller of different formats for the 

packed column. 

 

Lines 470-471: This is a speculative observation, but an understandable one. Taking the tabulated 

data (Table S1), one can calculate that the thermally-initiated polymer offers 18-31% higher 

retention for the probe solutes than the gamma-initiated one. If one assumes 100% conversion of 

monomers, and essentially the same phase ratio for each column (as supported by the almost 

equivalent total porosity values (Table 2), then what is responsible for this difference? The 

hydrophobicity of the columns should be the same - same monomers, same composition… It must 

relate to the ability of solutes (analytes) to interact with the stationary phase based on structure at 

the molecular level. i.e. as the probe solute is the same in each case, then how is the molecule 

partitioned/adsorbed onto/into the globules, and how are they different? Interestingly, styrenic 

polymer monoliths in analytical form offer much higher retention than silica-based, C18 modified 

columns of similar dimensions (Figure 2 from 

http://www.sciencedirect.com/science/article/pii/S0021967314010486). 

 

The only explanation we can offer is related to a small but significant difference in surface area 

between the two otherwise identical monoliths. This is in part indicated by the bimodal pore size 

distribution  for the thermal monolith, with a population centred around 2.5 nm (see section 3.4). 

However, this point needs further investigations and we do not want to anticipate here any 

conclusion that is not fully supported by experimental results.  

 

 

In future work, it would be extremely interesting to examine the nanostructural properties of the two 

monoliths (e.g. An. Chem., (2013), 85: 5645) as the performance difference between the two fully-

converted monoliths examined here is substantial. The SEM reveals perhaps a more uniform and 

spherical pore system for the gamma ray-initiated polymer, which may also be reflected in the 

internal crosslinking density uniformity of globules.  

 

If these are uncorrected efficiency values, then Figure S3 (lower panel) is possibly the best isocratic 

separation of small molecules on a "pure" (i.e. not a hybrid material), 100%-converted organic 

polymer monolith that I have seen. Total plates/m is not a particularly useful chromatographic 

metric for synthesis of new monoliths unless it is provided for a wide range of analytes, and (even 

better) for a range of mobile phase conditions (i.e. flow rates & compositions). This should (in my 

opinion) be a standard expectation for similar studies. For a discussion of these points, see lines 

174-177. 

 

This is supported in Figure S2, which demonstrates a lack of retention-dependent performance for 

up to k = 2.9 at over 4.5 mm/s (t_0 ~ 1.1 min, presumably). This is remarkably better than for 

styrenic materials (despite manifold efforts to modify the materials with complex procedures) and 

http://www.sciencedirect.com/science/article/pii/S0021967314010486


could indicate a fundamental difference in mass transfer (e.g. partitioning) processes due to 

differences in the nanostructure of the polymer network (e.g. polymer free volume, cross-linking 

density at the outer regions of globules, surface diffusion…). Moreover, a comparison with Figure 

10a from http://www.sciencedirect.com/science/article/pii/S0021967310007910 indicates much 

better behavior than that of established poly(EDMA-co-BuMA) materials has been achieved - i.e. 

increasing retention does not diminish performance for this new column.  

 

Apart from studying the interaction of solvent and polymer network in the chromatographic 

environment, perhaps the nature of the polymerization also plays a role here (i.e. <gamma>-

radiation instead of thermal), or the new modification for pre-treatment? There are some interesting 

experiments that could be followed up here in future work. 

 

Line 474: "for the separation of intact proteins" Changed 

Line 475: "…its low flow resistance allowed higher flow rates to be employed (in the order of 15 

µL/min), that are suitable…" the flow range has been added 

Line 481: "assignment" is misspelled Changed 

Line 486: "low charge state signals" would be better Changed 

 

Some further comparison to the authors' previous work is needed here. Are the new columns 

offering some improvement for biomolecule analysis? Has the synthetic approach used here 

(octopus-like silanization reagent) improved any aspects. Also, how does the performance compare 

to the efforts of other groups for biomolecule separations (e.g. see works from Eeltink et al)? 

From the limited HPLC data accumulated so far on the -M1 monolith with biomolecules, we are 

not able to draw general conclusions about the real advantages, if any, of the new columns over the 

old ones. A detailed comparison of  the different inner surface activation chemistry is beyond the 

scope of the present work, and will reported in a separate paper. See also the response to point 26 of 

reviewer #1. 

 

Conclusions 

The aspects centering around the chromatographic behavior of small molecules for the new 

columns shown here is very interesting, but it may not be an influence on the good performance for 

gradient separations of biomolecules. The chromatographic processes involved in these two 

situations (small molecule/isocratic; and proteins/gradient elution) do not demand the same 

properties from a stationary phase. Nevertheless, the columns prepared here (M1) seems to be 

suitable for both situations. It might be interesting to perform some isocratic experiments with 

biomolecules to better understand the mass transport, which is strong obscured by the use of solvent 

gradients. Some reference to improvements offered by the new silanization procedure used should 

also be included here and throughout. See previous point. 

 

 

Reviewer #3:  

The authors have investigated a series of polymethacrylate capillary monoliths synthesized with 

tentacle-type inner wall activation via both thermal and radiolytic polymerization approaches. The 

resultant monoliths were characterized by related assessment techniques (such as, IR, SEM and 

NMR, etc). Good efficiency was obtained in terms of chromatographic separation of both small 

molecules and large biomolecules. In general, the present work is novel and interesting, and it has 

an impact and adds to the knowledge base. Thus, I suggest it could be publishable after a minor 

revision. And here is the following comments list: 

 

#1: Line 1-3 A predicate verb was devoid in the title. Besides, it's better not use the abbreviation in 

the article title. If insisted by the authors, the HPLC separation probably be somewhat more 



appropriate than "HPLC". Moreover, the author didn't explain what does the "HPLC" stand for 

anywhere? We have changed the Title into “Capillary methacrylate-based monoliths by grafting 

from/to -ray polymerization on a tentacle-type reactive surface for the liquid chromatographic 

separations of small molecules and intact proteins” 

 

#2: Line 36-38/109-111 I personally suppose both the FT-IR and 13C CPMAS NMR could not 

contribute to the data in terms of "morphology and porous structure". We agree with the comment 

 

#3: Line 41 How you calculate and obtain the linear velocity of about 0.5 mm/sec? 

Please see lines 369-370 

#4: Line 59-60 "A relevant number of reviews"? "has been published"  Changed  

 

#5: Line 132-133 What material was contained in the "5-cm long capillary monolithic column (250 

?m I.D.)."? In addition, please also clarify the source of this column, homemade or commercially 

available? We added this information  

 

#6: Line 148 "The Netherlands"? Changed 

 

#7: Line 169 and 241 I assume the "uracile" should be uracil on account of misspelling. Corrected 

 

#8: Line 179 "NL,USA"? Corrected 

 

#9: Line 214 Please denote the full name of the "IPA" acronym. Changed 

 

#10: Line 233 Probably length internal and diameter combinations is better than "internal diameter 

and length combinations" in terms of agreement with following (L. × 234 I.D.). Changed 

 

#11: Line 239 Please illustrate how you get the viscosity value of <eta>= 0.72 cP in the case of 

ACN/H2O 60/40 v/v at 25°C? 

We added the corresponding reference [47] 

 

#12: Line 259-260 How the authors calculate the percentage and what's the unit for 40% and 30%? 

We added this information 

 

#13: Line 264-266 How long time for the <gamma>-M1 column completion, 20 h? It's better to 

show here as ?-M2 column for comparison. We added this information 

 

#14: Line 267-269 Please clearly show how to calculate the "percent conversion", e.g., a formula. 

We added this information 

 

#15: Line 284-285 Please also assign the rest two peaks of 21 and 20 here. We added this 

information  

#16: Line 334 It's better to more specify the so-called IT method/plot because there is limited 

introduction and explanation to this abbreviation throughout this article. Changed 

 

#17: Line 366-367 Please unify the unit. We added this information  

 

#18: Line 368-369 What's the meaning of unretained/unexcluded compound? Please indicate which 

compound and what does the L refer to as in the following equation.  

We added this information  

 



#19: Line 372-376 Please rearrange the equations in accordance with the Arabic numerals. Besides, 

all the units for each parameter should also be completely clear. We rearranged all equations in the 

text. 

 

#20: Line 400-401 What's the corresponding volumetric flow rate scope for the provided linear 

velocity value range, besides, please also explain each parameter grapheme in the van Deemter 

equation. Flow rate range has been reported in the text 

 

#21: Line 449-451 Could the authors clarify how these values were obtained? We modified the 

sentence. 

 

#22: Line 463 What did "figure 4C" refer to and why the authors show "figure 4C" here? Moreover, 

please clearly interpret why the more permeable <DELTA>-M2 monolith possessed the higher 

retention factors than <gamma>-M1 monolith here? Figure 4C in this part of text was a mistake. 

Concerning the higher retention of thermal than radiolytic monolith, we introduce this sentence in 

the text: An explanation of this data can be found in the different distribution of mesopores (see 

figure 4c). In fact, for the thermal -M2 monolith, the pore population centered at about 2.5 nm is 

indicative of a greater surface area, wich in turn can be related to higher retention ability.  See also 

lines 459-465 in the revised text. 

 

#23: Line 468-469 Regarding the "methylene selectivity", authors should also discuss the third C18 

columns except from these two monolithic columns. What's more important, could the authors 

theoretically explicate why there was "methylene selectivity" for all these columns in detail? 

We included C18 column in the discussion. Explanation of methylene selectivity was intentionally 

omitted, as it obviously stems from the hydrophobic contribution to retention offered by the 

aliphatic fragments of the stationary phases. 

 

#24: Line 472 Please check the X-axis title. done 

 

#25: Line 487-490 The corresponding figure number was not assigned in the text although I assume 

it should be Figure 9. What's worse, the limited data information could be drawn from the given 

TIC figure. Consequently, it seems somewhat exaggerated for its top-down proteomic analysis 

application as mentioned in current section sub-title. 

We changed the sub-title of section in “Capillary LC-MS of complex peptide sample” 

 

#26: Line 494 Easy? I don't think it's an easy preparation approach to macroporous polymeric 

monoliths because the authors also mentioned "<gamma>-ray sources are expensive and need 

dedicated laboratory" in Line 91. We removed the word “easy” 

 

#26: Line 496-497 After reading through this article, it's still hard to get the point of the apparent 

advantage for this more tedious silanization approach compared with the relatively simple but also 

efficient traditional route using more accessible silanization reagent.  
We would like to point out that the new silanization procedure has the same number of steps of the 

traditional route, and that the silanization reagent is commercially available. The merits of the new route are 

detailed in section 3.2. 

 

#27: Line 507 The authors didn't show sufficient data proving the monoliths' potential application in 

both top-down aforementioned in subtitle of section 3.9 and bottom-up proteomic analysis field. 

See comment 25 

 

#28: Line 517 Please unify the format for all references. Besides, please also recheck the references. 



For instance, the reference [19] is not a review paper actually. 

Corrected 

 

#29: Line 697-698 Where is the missing (c) then? Caption has been completed 

 

Comments on the SI part: 

 

#30: Please check the serial number for Page 8. Corrected 

 

#31: In Figure S1, please annotate what does the star marks refer to and it's also very important to 

fully assign and deeply discuss all the spectra in the main text or SI.  Corrected 

 

#31: As for Table S1, it's better for the authors distinctly show the equations for parameters' 

calculation in order to enhance article's readability, especially for those potential beginner readers. 

See general comments at the beginning of this document (point # 4). 
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Abstract  29 

Capillary methacrylate-based monoliths were prepared for the high performance liquid 30 

chromatography (HPLC) separation of both small molecules and large biomolecules. An efficient 31 

grafting from/to synthetic approach was adopted introducing a network of activated sites in the 32 

inner wall surface using the new silanization agent (N-trimethoxysilylpropyl)-polyethylenimine. 33 

Copolymerization of lauryl methacrylate monomer and 1,6-hexanediol dimethacrylate cross-linker 34 

in the presence of porogenic solvents was obtained under continuous γ-ray exposure with high 35 

conversion yield. 36 

The morphology and porous structure of the resulting monoliths have been deeply investigated by 37 

Fourier transform infrared spectroscopy (FT-IR), solid state 
13

C CPMAS NMR Scanning Electron 38 

Microscopy (SEM) and 
1
H NMR cryoporosimetry. By a detailed chromatographic investigation, the 39 

new capillary columns attested high kinetic performance (with efficiency larger than 100,000 40 

theoretical plate/meter for small molecules at optimum mobile phase linear velocity of about 0.5 41 

mm/sec) and also excellent mechanical stability and repeatability. 42 

The new methacrylate-based monolithic capillary columns have been successfully employed for 43 

efficient reversed-phase separation of intact proteins and peptides. 44 

 45 

 46 

 47 

 48 

 49 

 50 

Keywords: Capillary High Performance Liquid Chromatography; Organic polymer monoliths; 51 

Monolith morphology; Biomolecule separation. 52 

 53 

 54 
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1. Introduction 55 

Monolithic materials are versatile adsorbents widely employed in separation science, sample 56 

preparation and as supports for flow-through applications (e.g. heterogeneous catalysis, ion-57 

exchange, solid-phase extraction, etc.) [1-4]. Interest around their preparation and applications has 58 

been rapidly growing in recent years. Some reviews about the use of monoliths as separation media 59 

for analytical chromatography have been published [5-10]. Two of the most important groups of 60 

monoliths are based on inorganic silica chemistry, and those derived from organic monomers. 61 

Silica-based monoliths consist of a bi-continuous mesoporous skeleton as result of the sol-gel 62 

preparation method designed by Tanaka in the 90s [11]. On the other hand, polymeric organic ones 63 

have a normally globule-like backbone. They are most commonly obtained by a single-step 64 

polymerization process starting from a bulk mixture of monomers, cross-linkers (difunctional 65 

monomers) and porogens. In both cases, monoliths are characterized by a single-body mesoporous 66 

structure with interconnected channels (flow-through pores). 67 

Thanks to the possibility of modulating the skeleton thickness with respect to the width of the flow-68 

through pores, monoliths combining high efficiency and high permeability can be prepared. They 69 

have been proven to be particularly suitable for high efficiency separations of large biomolecules, 70 

which are excluded by the mesoporous network and do not experience the usually slow mass 71 

transfer therein [12-14].  A further considerable advantage also includes the simplicity of in-situ 72 

preparation and, consequently, monolithic chromatographic columns of virtually any geometry and 73 

shape can be easily prepared. This flexibility allows to overcome the constraints related to both 74 

packing and miniaturization of the conventional particle-based chromatographic columns. 75 

Nowadays, polymer monolithic column technology has been successfully applied for the HPLC 76 

separation of large molecules such as intact proteins, synthetic polymers, peptides [15-18], and used 77 

to improve the sensitivity when directly interfaced to UV absorbance detection or MS [19-20]. The 78 

majority of recent developments have been focused on the optimization of their morphology to 79 

achieve a better efficiency and enhanced mass transport of solutes, as reported by Nischang [21] 80 
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and Shen et al. [22]. Different monomers (acrylamide, acrylate, methacrylate, vinylbenzene), cross-81 

linkers and monomer/cross-linker ratio have been evaluated to induce a control of pore dimensions 82 

and to improve efficiency and biocompatibility [23-32]. New solvent systems as ionic liquids have 83 

also been introduced in a microwave-assisted polymerization process [33]. Polymerization of active 84 

precursors involves a free radical process mainly thermal or photo-induced, but several less 85 

common free radical polymerization techniques (-ray, electron beam, living processes, 86 

polycondensation methods) have also emerged as reviewed by Svec [34]. Among them, γ-ray 87 

induction does not require an initiator and the polymerization can be carried out at room 88 

temperature in almost any confinement, including the stainless steel columns usually employed for 89 

the preparation of HPLC columns [35-36]. On the other hand, the use of this powerful technology 90 

requires access to γ-ray sources, which are expensive and need dedicated laboratory. In the 91 

preparation of monolithic columns, a crucial step is the strong adhesion of the polymer backbone to 92 

the inner walls of the holder where the polymerization is performed (e.g., the capillary column), to 93 

reduce the possibility of bed heterogeneity and void spaces close to the wall. Without an efficient 94 

adhesion, the quality of separation in terms of efficiency and reproducibility is compromised. So is 95 

the mechanic stability of monoliths. To obtain a strongly tethered organic monolith, usually, the 96 

capillary surface is subjected to a two-step treatment: the so-called etching step firstly makes 97 

available the silanols groups present on the inner wall; then, the superficial grafting procedure 98 

(silanization step) introduces on the silanols the reactive units that will be covalently embedded into 99 

the monolithic skeleton during the polymerization process. Usually, acidic and alkaline solutions 100 

are alternately used in the etching procedure, while the surface modification is carried out by 101 

anchoring 3-((trimethoxysilyl)propyl) methacrylate [37-42].  102 

In this work, we present an innovative grafting synthetic approach on a multisite tentacle-type 103 

inner-wall activated surface obtained by using (N-trimethoxysilylpropyl)-polyethylenimine as 104 

silanization agent and methacrylic anhydride. The “octopus-like” surface modification permits the 105 

generation of a so-called grafting from/to polymerization process since the covalently anchored 106 
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active units (vinyl groups) take part to the free radical polymerization happening in the bulk phase, 107 

possessing the active moieties of precursors, both monomers and cross-linkers. The new 108 

methacrylate-based monoliths are extensively characterized from a morphological viewpoint by 109 

employing a series of advanced techniques including FT-IR (Fourier transform infrared 110 

spectroscopy), solid state 
13

C CPMAS NMR (Cross-Polarization Magic Angle Spinning Nuclear 111 

Magnetic Resonance, SEM (Scanning Electron Microscopy) and 
1
H NMR cryoporosimetry. The 112 

chromatographic performance of these columns for the reversed-phase separation of small 113 

molecules and intact proteins is discussed.     114 

 115 

2. Experimental 116 

2.1 Chemicals and samples 117 

Fused-silica capillary tubings of 0.250, 0.200 and 0.075 mm I.D. (0.375 mm O.D.) with a polyimide 118 

outer coating were purchased from Polymicro Technologies (Phoenix, AZ, USA). Dorica 119 

Supporting devices (figure S1) to protect  the capillary columns were from Avantech Group s.r.l 120 

(Angri, SA, Italy). Azoisobutyronitrile (AIBN), acetonitrile (ACN), trifluoroacetic acid (TFA), 121 

lauryl methacrylate (LMA), 1,6-hexanediol dimethacrylate (HDDMA), tert-butyl alcohol, 1,4-122 

butanediol, tetrahydrofuran (THF), methacrylic anhydride, pyridine, sodium hydroxide (NaOH), 123 

hydrochloric acid (HCl), ammonium bicarbonate, uracil, phenol, benzaldehyde, nitro-benzene, 124 

benzene, toluene, ethyl-benzene, n-propyl-benzene, n-butyl-benzene, n-pentyl-benzene as well as 125 

lysozyme from chicken egg white, -lactalbumin from bovine milk, -lactoglobulin B from bovine 126 

milk, carbonic anhydrase from bovine erythrocytes, core histones from calf thymus were purchased 127 

from Sigma-Aldrich (St. Louis, MO, USA). Porcine trypsin was purchased from Promega 128 

(Madison, WI, USA). (N-trimethoxysilylpropyl)-polyethylenimine from United Chemical 129 

Technologies (Bristol, PA, USA) was used as a silanization reagent. 130 

2.2 Digestion procedure of plasma protein mixture. 131 
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 Plasma protein mixture was solubilized in 25 mM ammonium bicarbonate and subsequently 132 

trypsin was added to give an enzyme-to-substrate ratio of 1:50 (w/w). The digest was kept at 37°C 133 

overnight, after which the tryptic peptide mixture was acidified with 5% formic acid to terminate 134 

the digestion. Desalting and preconcentration of the peptide mixture was performed using a 5-cm 135 

long capillary monolithic column (250 m I.D.). The column was methacrylate-based built with the 136 

same polymerization mixture as reported in following 2.4 section. 137 

2.3 Instrumentation 138 

Diffuse Reflectance Infrared Fourier Transform (DRIFT) and transmission IR (potassium bromide 139 

pellets or liquid paraffin dispersion) spectra were recorded on a Jasco 430 Fourier transform (FT) 140 

IR spectrometer (Jasco Europe, Cremella, Italy) at a resolution of 4 cm
-1

. 141 

Solid-state 
13

C CPMAS NMR spectra were measured at 100.13 MHz on a Bruker Avance III 142 

spectrometer. The spin rate was 8000 Hz. The contact time for the cross-polarization was 1 ms, the 143 

recycle delay was 3 sec, and the 
1
H π/2 pulse was 3.2 μs. The cross-polarization was performed by 144 

applying the variable spin-lock sequence RAMP-CPMAS [43], the RAMP was applied on the 
1
H 145 

channel, and during the contact time the amplitude of the RAMP was increased from 50 to 100% of 146 

the maximum value. High-power proton dipolar decoupling was carried out using the Spinal-64 147 

scheme [44]. The decoupling field was 140 kHz. Spectra were acquired with a time domain of 148 

1,024 data points were zero filled and Fourier transformed with 2,048 data points, applying 149 

exponential multiplication with 8 Hz line broadening. 150 

SEM analysis was performed on a FEI Quanta 200 FEG SEM (Eindhoven, NL) at 30 kV 151 

acceleration voltage and with an Everhart-Thornley (secondary electron and back-scattered 152 

electron) detector. Before the analysis, samples were mounted onto SEM specimen holders and 153 

sputter-coated with a gold-palladium alloy. 154 

Wide line 
1
H NMR spectra of C6H6 saturated networks were recorded on a Bruker Avance 155 

spectrometer operating at the proton frequency of 300.13 MHz. A variable temperature unit 156 

equipped with an N2 flux from a pressurized line was used in the temperature range 298-190 K.  157 
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Spectra were recorded by co-adding 32 transients with a recycle delay of 60 sec, the 
1
H π/2 pulse 158 

was 6 μs. The temperature was carefully calibrated using a 4% methanol in methanol-D4 standard 159 

sample. In the investigated range of temperature, the calibration was carried out recording the 160 

chemical shift separation between the OH resonance and the CH3 resonance of methanol. 161 

1
H wide line NMR spectra were deconvoluted using the DM2011 software package. The intensity 162 

of NMR signal, the chemical shift, and the width at half-height of C6H6 and network resonances 163 

were used as input parameters in the deconvolution procedure. The area of the resonance of C6H6 164 

obtained from the deconvolution procedure was reported vs 1000/T to obtain IT plot. 165 

Chromatographic measurements, under isocratic conditions, were performed on a Waters CapLC 166 

system (Waters, Milford, MA, USA) equipped with a home-made injection system consisting in a 167 

VICI pneumatic actuator (Valco, Houston, TX, USA) controlled by a home-made electronic time 168 

switch, a 2996 ternary CapLC pump and a MicroUVis 20 UV detector (Carlo Erba, Milan, Italy) 169 

with an home-made 20 nL perpendicular flow cell. In its optimized configuration, the UV flow cell 170 

is characterized by a path length of 150 µm, an illuminated volume of ≈ 20 nL, a connecting tube 171 

(150 µm, O.D.) with inner diameter of 30 µm, length of 40 cm and a total volume of 283 nL. Peak 172 

variance from peak-width at half-height measured (
2
) for uracil in ACN/H2O 60/40 v/v was 173 

ranging from 130 to 1000 nL
2
 at the applied flow rate from 0.5 to 3.0 µL/min; while in the same 174 

flow rate regime the second central moment ( '
ex2,μ ) was ranging from 200 to 1300 nL

2 
[45]. In all 175 

measurements the time constant of 0.10 sec was used. Chromatographic data were collected with a 176 

sample rate of 100 Hz and processed using MassLynx 4.1 (Waters, Milford, MA, USA) and Clarity 177 

(LabService Analytica, BO, Italy) software. All reported data of column pressure drop, column 178 

permeability and retention were obtained after correction for the system pressure drop and t0-time 179 

measured by removing the column from the system and by a direct connection of a tube  (150 µm, 180 

O.D.; 30 µm, I.D.; 40 cm, L.) between the pump and the UV cell. The width at half-heigh was used 181 
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for measuring the plate number without any correction (N/m, according to European Pharmacopeia, 182 

EP). 183 

Separations of biomolecules were performed using an UltiMate3000 RSLC nanoLC (Dionex, 184 

Amsterdam, NL) equipped with binary separation capillary flow pump, a ternary loading pump, a 185 

thermostatted column compartment and a variable wavelength detector with a 7.0 nL Z-shaped flow 186 

cell. Time constant and the data collection rate were set to 0.10 sec and 40 Hz respectively. 187 

Chromatographic data were performed with Chromeleon 6.8 (Dionex, Sunnyvale, CA, USA).  188 

MS detection was performed on an Exactive Orbitrap (Thermo Fisher Scientific, San Josè, CA, 189 

USA), equipped with a Standard Electrospray Source. The MS instrument was operated at a 190 

resolution of 100,000 in positive ESI mode with a sheath gas flow of 15 units, an auxiliary gas of 5 191 

units, a spare gas of 4 units, a spray voltage of 2.3 kV, a capillary voltage of 30 V, a capillary 192 

temperature of 275 °C, a tube lens voltage of 240, and a skimmer voltage of 25 V. One microscan 193 

was accumulated with a maximum injection time of 100 msec. The MS parameters were optimized 194 

in the range of 500-2500 m/z by infusing a solution of 8.0 µM cytochrome c (cat.no C-2506 from 195 

Sigma-Aldrich) in H2O/ACN/TFA (80/20/0.05 v/v/v), at resolution of 30,000-100,000 with a 196 

syringe pump at a flow rate of 10.00 µL/min. 197 

Mass spectra were collected and processed using Xcalibur software and deconvoluted mass spectra 198 

were obtained by using Xtract and ProMass software (Thermo Fisher Scientific). 199 

2.4 Preparation of organic monolithic capillary columns 200 

The monolith was generated by copolymerization of LMA monomer and HDDMA cross-linker as 201 

reported in [46], where it was also demonstrated that this stationary phase provides excellent 202 

mechanical stability and permeability and very high peak capacity values, making it suitable for 203 

separation of intact proteins in miniaturized chromatographic systems. For comparative purposes, a 204 

thermal monolith (Δ-M2) was also prepared by adding to the same polymerization mixture a free 205 

radical initiator (azobisisobutyronitrile) in amount of 1% w/w with respect to monomers. 206 
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In the present work, capillary columns were prepared following an innovative multi-step procedure. 207 

1
st 

step (capillary etching): the inner wall of the fused-silica capillary is treated in a static mode 208 

with an aqueous solution of 1 M NaOH for 3 h at 120°C, washed with water, treated with an 209 

aqueous solution of 0.1 M HCl for 3 h at 70°C and finally washed with consecutive 5 ml portions of 210 

water and methanol and then dried under nitrogen flow. 211 

2
nd

 step (multisite tentacle-type inner wall activation): the pre-treated capillary is filled with a 212 

solution of 10% v/v (N-trimethoxysilylpropyl)-polyethylenimine in 2-propanol and heated at 70°C 213 

for 12 h. After cooling, it is washed with a solution of MeOH/H2O 60/40 v/v containing 10% v/v of 214 

acetic acid. The filled capillary is then heated at 50°C for 3 h and washed with consecutive 5 ml 215 

portions of methanol and THF. By using a syringe, the capillary is filled with a solution of 20% v/v 216 

of methacrylic anhydride in pyridine/acetonitrile 1/1 v/v, heated at 40°C for 2 h, and finally washed 217 

with acetonitrile. 218 

3
rd 

step (preparation of the polymerization solution): monomers and cross-linkers were filtered on 219 

alumina before use. The polymerization mixture is prepared in a glass vial by admixing monomer, 220 

cross-linker and porogens and then degassed by helium sparging for 5 minutes at room temperature. 221 

Through a slight argon pressure (ranging from 20 to 60 psi, depending on the diameter and length 222 

of the capillary), it is then introduced into the pre-treated capillary. The ends of the capillary 223 

columns are finally sealed by silicon rubber. 224 

4
th

 step (polymerization): filled capillaries are placed inside a Gammacell and irradiated at room 225 

temperature with a total dose of 40 kGy, with a dose rate of about 2 kGy/h. Instead, for -M2 226 

monolith, filled capillaries are positioned in a still air oven heated at a temperature of 50°C and 227 

maintained for 24 h. Lastly, all capillaries are connected to an apparatus for micro-HPLC and 228 

washed with acetone (about 50 column dead volumes) under constant pressure (5 or 10 MPa, 229 

depending on the diameter and length of the capillary). 230 

2.5 Chromatographic set-up 231 
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In this study, monolithic columns with different length and internal diameter combinations (L. × 232 

I.D.) were investigated: 300 and 250 mm × 0.25 mm; 1100 mm × 0.200 mm; 250 mm × 0.075 mm.  233 

In order to compare kinetic and thermodynamic performance, we used a homemade packed 5 µm 234 

silica Hypersil C18 100 Å capillary column with the same internal diameter and length 235 

combinations of both polymethacrylate columns -M1 and -M2 (300 × 0.25 mm L. × I.D.). 236 

Chromatographic characterization under isocratic elution was carried out in reversed-phase mode 237 

using ACN/H2O 60/40 v/v as eluent (η= 0.72 cP at 25°C, [47]) with a flow rate range extending 238 

from 0.250 to 10.00 µL/min at a temperature of 25°C and UV detection at 214 nm. A test mixture 239 

of 10 compounds (1.uracil, 2.phenol, 3.benzaldehyde, 4.nitrobenzene, 5.benzene, 6.toluene, 240 

7.ethylbenzene, 8.propylbenzene, 9.butylbenzene and 10.pentylbenzene) was used to evaluate the 241 

efficiency and retentivity of the columns. van Deemter plots were obtained by fitting the 242 

experimental efficiency data of benzaldehyde as representative analyte for each column. Data fitting 243 

of the experimental points to van Deemter equation was performed using Origin 8.0 software and 244 

kinetic performance of the different columns were evaluated using the kinetic plot method [48,49] 245 

setting the maximum backpressure of the HPLC system at 40 MPa and the viscosity of the mobile 246 

phase at 0.72 cP. Due to the higher chromatographic efficiency of radiolytic monolithic columns 247 

(up to 102,000 plate/meter vs. roughly 50,000 plate/m of Δ-M2), these have been employed in 248 

capillary-HPLC analysis coupled with high resolution mass spectroscopy (cap-HPLC-HRMS) 249 

under RP-gradient conditions. 250 

 251 

3. Results and Discussion 252 

3.1 Conversion efficiency, FT-IR and 
13

C-CP-MAS NMR investigations  253 

The polymerization mixture, reaction conditions and the monomer/porogen volume ratio affect the 254 

morphology of the monoliths in terms of dimension, distribution and shape of pores, and therefore 255 

the chromatographic performance of the final columns. In our first experiments (data not shown) 256 

we observed the best kinetic performance when the monomer content in the polymerization mixture 257 
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was decreased from 40% (high density range) [31] to 30% (medium density range), where 258 

percentage values refer to the volumetric content of monomers and cross-linkers respect to the total 259 

volume of polymerization mixture. Maintaining the medium density monomers/porogens ratio, γ-260 

M1 monolith was obtained from the optimized polymerization mixture as reported in a previous 261 

publication [50]. 262 

Quantitative data on monomer conversions were collected using 50 × 10 mm (L. × I.D.) stainless-263 

steel columns filled with the polymerization mixtures and irradiated with a total dose of 40 kGy in 264 

20 h (γ-M1 column) or alternately heated at 50°C for 24 h (-M2 column). After completion of the 265 

polymerization process, the monolithic column was washed in-situ using an HPLC pump, dried and 266 

removed from the column. Percent conversion, calculated as % weight of monolith/weight of 267 

monomers and cross-linkers, was almost quantitative at total doses of 40 kGy, and close to 98% at 268 

20 kGy. A comparable result (99%) was obtained for thermal triggered polymerization. A total dose 269 

of 40 kGy was chosen throughout our study as the best compromise between completeness of the 270 

polymerization, acceptable reaction time, and minimum degradation of the formed polymer 271 

monolith due to an excessive exposure to γ-radiation. Radiolytic and thermal polymer monoliths 272 

also showed superimposable 
13

C CP-MAS (figure 1) and FT-IR (figure S2) spectra, proving either 273 

way the achievement of a complete monomer and cross-linker conversion into a saturated 274 

polymeric structure. By careful analysis of 
13

C CPMAS spectra, the peaks of vinyl carbons at about 275 

136 and 125 ppm observed in spectra of monomers are no longer present in the spectrum of the 276 

cross-linked monolith (see figure 1). Carbon resonances of methylene (2), methyl (3) and 277 

quaternary (1) carbon atoms of the main polymeric backbone are observed at 54.7, 15.2, and 44.0 278 

ppm respectively [51]. The resonance of the carbonyl carbon (4) is observed at 176 ppm. The peak 279 

of methylene carbons (5, 10) having an oxygen as first neighbour and belonging to the bridge 280 

between polymeric backbones is observed at 63.9 ppm. At the same frequency the peak of 281 

methylene carbon (11) having an oxygen as first neighbour and belonging to the side chain is also 282 

observed. The peak of terminal methyl (22) is observed at 13.6 ppm, whereas the peak of methylene 283 
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carbon (21) having the terminal methyl as a first neighbour is found at 22.3 ppm, and the peak of 284 

the methylene carbon (20) having the methyl as a second neighbour is possibly observed at 31.5 285 

ppm. All other methylene carbons (6-9, and 12-19) resonate between 25 and 30 ppm. 286 

FIGURE 1 287 

3.2 Multisite tentacle type inner wall activation 288 

While bulk polymerization of monomers and cross-linkers induced by γ-radiation is straightforward 289 

and highly repeatable, polymerization inside HPLC capillaries poses the additional challenge of 290 

obtaining a uniform monolith firmly bound to the inner capillary walls in order to provide a 291 

monolithic column. Indeed, any discontinuity of the polymer monolith, causing preferential path 292 

flow of the mobile phase, negatively affects the chromatographic performance (wall effect).  293 

In this work, we introduced a new silanization procedure to covalently anchor the monolith to the 294 

capillary inner wall surface. After standard etching procedures, the (N-trimethoxysilylpropyl) 295 

polyethyleneimine was used as an “octopus-like” silanization agent, affording a flexible and 296 

multisite reactive surface. The following introduction of unsaturated units with methacrylic 297 

anhydride completes the activation of capillary inner walls (figure 2). Then, the polymerization 298 

proceeds in a grafting from/to fashion, simultaneously from the methacrylate moieties anchored on 299 

the polyethyleneimine coating and from methacrylate precursors (monomers and crosslinkers) in 300 

the bulk. Thus a monobody methacrylate-based column is generated as a highly homogeneous 301 

three-dimensional polymeric network firmly anchored to the column inner walls. 302 

FIGURE 2 303 

3.3 Morphological characterization of monoliths  304 

 SEM yielded valuable structural details on the final polymeric monoliths in the micrometer range. 305 

Morphology of the two different γ-M1 and Δ-M2 methacrylate-based monoliths is illustrated by 306 

SEM micrographs taken at 800, 10000 and 30000 magnifications (figure 3). The composite media 307 

reveal the familiar cauliflower internal structure of porous monoliths featuring micro globules of 308 

relatively uniform size agglomerated into larger clusters. Inspection of low magnification SEM 309 
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micrographs (figure 3, left) reveals that in both cases the monolith was covalently bond to the silica 310 

surface and no cracks were present, confirming an effective and efficient grafting from/to process. 311 

FIGURE 3 312 

3.4 
1
H NMR cryoporosimetry  313 

It has been previously shown that 
1
H NMR may be successfully applied for investigating the pore 314 

size distribution in mesoporous materials [52-57].  Before performing measurements, the porous 315 

matrix must be saturated with a liquid probe which must be a non solvent for the porous solid  316 

matrix. Then the area of the 
1
H resonance of the liquid probe must be reported vs temperature from 317 

room temperature down to low temperature (IT plot). The obtained IT plot represents the 318 

fingerprint of a porous network without requiring any model of the shape of pores [58]. This 319 

approach is based on the phenomena of freezing point depression of a confined liquid with respect 320 

to the freezing temperature of the bulk liquid [59]. Based on the Gibbs-Thompson equation, the 321 

freezing phenomena of a liquid confined into restricted volumes may give information on the pores 322 

size distribution. Many porous materials such as zeolites and other silicates have been studied with 323 

1
H NMR cryoporosimetry [55]. In these studies, it has also been demonstrated that the pores size 324 

distribution obtained by 
1
H NMR cryoporosimetry compares well with distributions obtained by N2 325 

adsorption measurements [52]. In particular, with this method the pores structure of water-, 326 

benzene-, and cyclohexane-saturated porous silica has been mapped out [52]. We used benzene as a 327 

liquid probe to map out the porous structure of our networks. 328 

At room temperature 
1
H spectra of benzene-saturated networks showed a rather sharp resonance of 329 

benzene and a very broad resonance of the solid matrix. By lowering the temperature, the benzene 330 

resonance progressively broadened and decreased in intensity. 
1
H spectra were deconvoluted to 331 

obtain the area of both resonances. According to the IT method, the integral of the benzene 332 

resonance was reported vs 1000/T.  IT plots of sample -M1 (a) and -M2 (b) are shown in figure 4.  333 

Note that the steep transition of signal intensity observed in both samples between 283 and 278 K 334 

was due to the freezing of bulk C6H6. At lower temperatures, sample -M1 showed just one 335 
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intensity transition whereas sample -M2 showed two transitions. These intensity transitions are 336 

due to freezing of benzene confined in pores with a different average dimension. In figure 4 these 337 

transitions are evidenced with arrows.  338 

The intensity of a liquid probe confined in a porous matrix is related to X=1000/T through the 339 

equation [52]:   340 

   
 


















 


N

1i i

ci0i

2Δ

XX
exp1

2

I
I(X)  (1) 341 

where I0i, Xci and i represent the intensity, the inverse transition temperature (Xci=1000/Tci) and 342 

the width of the temperature distribution curve of phase i, I(X) represents the total amount of the 343 

liquid probe confined in pores at the inverse temperature X=1000/T and N is the number of 344 

temperature transitions. Note that, for a very sharp transition i tends to 0, while the broader the 345 

transition the higher the i value. Parameters I0i, Xci and i were obtained fitting the experimental 346 

data to equation 1, see table 1, the uncertainty on data reported in the table varies between 6 and 347 

10%. 348 

According to the literature [52], differentiating equation 1 with respect to X and using an equation 349 

which correlates the freezing point temperature depression T of the confined liquid to the pore 350 

radius (Rp) it is possible to obtain the pore size distribution: 351 

   































2

i

ci2

0

N

1i ib

0i

2Δ

X-X
exp1000XT

2πΔ1000K

I

dRp

dI
   (2) 352 

where T0= 278.5 K is the freezing temperature of bulk benzene, and Kb= 1107 K was obtained from 353 

literature data [52]. 354 

Using equation 2 and the parameters reported in table 1, the pore size distributions for samples -355 

M1 and -M2 was obtained (see figure 4 c). 356 
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It is worth noticing that sample -M1 showed one asymmetric distribution centered at about 13 nm, 357 

whereas sample -M2 showed a bimodal distribution with a sharp peak centered at about 2.5 and a 358 

broad asymmetric peak centered at about 8 nm in a relative amount of 36 and 64%.  359 

Table 1 360 

FIGURE 4 361 

3.5 Permeability and Efficiency 362 

The plot of the backpressure generated by the column (ΔPc, MPa) against the mobile phase linear 363 

velocity (µ0, mm/s) is reported on the left side of figure 5 for the two monolithic columns (300 mm 364 

× 0.250 mm, L × I.D.) and a Hypersil C18 packed column (particle size 5 µm, 300 mm × 0.250 365 

mm, L × I.D.). Linear velocities are calculated as ratio of the elution time, t0, of the unretained 366 

compound uracil and the column length, L (μ0= L/t0).  The  linear dependence of ΔPc  on µ0 (linear 367 

regression R
2
s > 0.999) show that the monolithic bed is stable without suffering measurable 368 

compression. From these plots, column permeability K0 [60] can be calculated according to:  369 

                  (3)                370 

where η is the viscosity of the solvent and L the column length. Alternatively, the specific 371 

permeability KSF is given by: 372 

              (4)    373 

where  is the flow rate and r the radius of column. Both the permeability and the specific 374 

permeability values obtained by linear regression analysis of ΔP vs µ0 (or ΔP vs ) plots are 375 

summarized in table 2. 376 

 FIGURE 5 377 

The maximum pressure drop recorded at the highest linear velocity was around 15 and 6 MPa for γ-378 

M1 and Δ-M2 monolith columns respectively, while a value of 17 MPa was found for the packed 379 

column.  380 
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The total porosity of monolithic columns can be calculated as: 381 

T = KSF/K0                   (5) 382 

Total porosities of monolothic columns were very similar each other and significantly higher than 383 

that of the packed particle column. On the other hand, the larger permeability of Δ-M2 (K0 = 18.0 * 384 

10
-14

 m
2
) compared to γ-M1 (K0 = 7.0 * 10

-14
 m

2
) is due to the larger globule of the thermal 385 

monolith with the distribution centered at 0.78 µm and therefore the pore size, as evidenced by 386 

SEM analysis (figure S3). In order to compare hydrodynamic properties of monolithic and packed 387 

columns, permeability-equivalent particle diameter dperm  [61] was calculated using the following 388 

equation: 389 

FSperm Kd  1000                   (6) 390 

where 1000 is the so-called flow resistance value for a typical packed column with external porosity 391 

of about 0.4. Thus the permeability of γ-M1 monolith is comparable to that of a column packed 392 

with spherical particles of about 7 µm diameter, while the permeability of  Δ-M2  is higher and 393 

comparable to that of a column packed with 11.5 µm particles (table 2). The differences in dperm and 394 

globule distribution provide also different efficiency as attested by van Deemter inspection. 395 

Table 2 396 

To evaluate the kinetic performance of both monolithic and packed columns, The traditional 397 

efficiency-linear velocity plots were built using benzaldehyde as retained solute (figure 5, right) in 398 

ACN/H2O 60/40 v/v at 25°C, by changing the eluent linear velocity from 0.12 to maximum 5.00 399 

mm/s (or 0.25-10 µl/min range). The data were therefore fitted to the van Deemter equation:  400 

0

0




 C
B

H               (7) 401 

and the optimal working values corresponding to the minima of the plots are reported in table 2.  402 

The minima of the van Deemter curves for the monolithic columns were Hmin = 9.8 and 18.9 µm for 403 

γ-M1 and Δ-M2 respectively; on the other hand, the packed column exhibited Hmin of 12.9 µm. 404 

Observation of figure 5 shows that the van Deemter curve of γ-M1 monolithic column is 405 
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characterized by a less steep C branch portion due to a lower mass transfer resistance in the porous 406 

structure. It is thus more suitable for high speed and high efficiency separations. The almost twice 407 

larger C-term of Δ-M2 column compared to that of γ-M1 one, despite the fact that the two 408 

monoliths have identical chemistry, points out that the radiolitic polymerization procedure favours 409 

the achievement of a more microglobular structure with monodispersed porosity centered at 13 nm 410 

(figure 4). γ-M1 monolith showed higher flow-resistance than -M2 thermal monolith and 411 

enhanced kinetic behavior  (lower C and Hmin values) even compared with the Hypersil C18 column 412 

packed with 5 µm particles. An extended van Deemter inspection of the behavior of these two 413 

columns is reported under Supporting Information (figure S4) where van Deemter curves for a 414 

series of low molecular weight compounds with capacity factors between 0.30 and 7.0 (γ-M1 415 

monolith) and between 0.7 and 8.8 (Hypersil C18, 5 µm column) are presented. Remarkably, 416 

efficiency of about 100,000 plate/meter was observed also using 75 m I.D. monolithic column, 417 

which represents a considerable result in the practice of miniaturized nano liquid chromatography 418 

(figure S5). 419 

3.6 Repeatibility and long-term stability 420 

Run-to-run and batch-to-batch repeatibility of -M1 monolith were assessed by performing a series 421 

of injections of a sample of four standard proteins in gradient elution mode. The comparison of 422 

retention time of the test compounds in a series of five consecutive injections were characterized by 423 

a relative standard deviation (RSD) smaller than 1% for each component (figure S6-A) showing 424 

therefore a very high run-to-run reproducibility. Analogous results (RSD <1%) were obtained also 425 

in terms of batch-to-batch reproducibility, as detailedly described under Supporting Information 426 

(figure S6-B). Finally, the long term column stability was also investigated by considering the 427 

separation of the same mixtures of core histones from calf thymus on a new monolithic column and 428 

on the same column after 1000 runs (see Supporting Information, figure S6-C): even in this case,  429 

the RSD of retention times of corresponding peaks was approximately 1%.   430 

3.7 Kinetic Plots 431 
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The Kinetic Plot Method (KPM) is a powerful tool to predict the theoretical highest performance 432 

achievable in the shortest possible time at the maximum pressure allowed by the system [48,49]. 433 

KPM is useful not only to evaluate column quality, but also to compare the kinetic performance of 434 

columns with different size and morphology. In this study, kinetic plots were calculated by 435 

assuming 41 MPa as the maximum HPLC backpressure and 0.72 cP as the mobile phase viscosity. 436 

Specific permeabilities, as well as values of µ0 and H were obtained experimentally (see before). 437 

The resulting t0/N vs. N  (so-called Poppe plot) and t0/N
2
 vs. N plots are shown in figure 6A and B 438 

respectively. The Poppe plot [62] (figure 6A) reflects the separation speed that can be achieved at 439 

the maximum pressure. Fastest separations are located in the bottom left corner, while analysis with 440 

high resolution and efficiency are in the top-right of the plot. Given the comparable C-terms of γ-441 

M1 and C18 silica-based columns, significantly lower than that Δ-M2 monolith (see table 2), they 442 

both allow high efficiency values to be achieved in shorter times than for the thermal monolith. 443 

Since, the higher permeability of monolithic columns allows using longer columns at a fixed 444 

maximum pressure and higher plate numbers can be achieved only with monoliths. For lower N 445 

values, essentially the same length of γ-M1 and Hypersil C18 columns is required, while the Δ-M2 446 

would need to be twice as long. Figure 6B shows impedance time t0/N
2
 vs. N plots. In these plots, 447 

N-values (x-axis) are in reversed order with respect to Poppe plots, so visually they resemble  448 

conventional van Deemter plots. The radiolitic γ-M1 monolith shows the widest linear velocity 449 

range of use, mainly in the low-to-medium region where its achievable efficiencies are dominant. 450 

FIGURE 6 451 

3.8 Thermodynamic investigation: retention and methylene selectivity 452 

Hydrophobicity of  the columns was investigated through the retention behavior of a series of small 453 

molecules (phenol, benzaldehyde, nitrobenzene, benzene, toluene, ethylbenzene, propylbenzene, 454 

butylbenzene and pentylbenzene) in reversed-phase mode (using ACN/H2O, 60/40 v/v). Figure 7 455 

compares the chromatograms obtained with the three columns. First of all, one may notice the 456 

different behavior in terms of retention between the two monolithic columns. As detailedly reported 457 
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under Supporting Information (table S1), retention factors (ks) measured on the -M2 monolith 458 

were systematically larger than those of the radiolitic column. While the chemical composition of 459 

the two monoliths is identical, the detailed geometrical orientations of the hydrophobic chains and 460 

of the polar ester fragments could be different for the two materials (prepared at different 461 

temperatures). Retention data for the same test solutes seem to indicate a larger accessibility of the 462 

aalkyl chains for the thermal-M2 compared to the radiolithic γ-M1 monolith. In addition , for the 463 

thermal -M2 monolith, the pore population centered at about 2.5 nm is indicative of a greater 464 

surface area, wich in turn can be related to higher retention ability. Moreover, we estimated the 465 

methylene selectivity (αCH2) of the stationary phases, i.e. their ability to distinguish between two 466 

compounds differing by a single methylene group [63-65], using the homologous series of 467 

alkylbenzenes from toluene to pentylbenzene. In figure S7, the plots of the logarithmic retention 468 

factors vs. the incremental number of methylene groups are reported. This study evidenced that the 469 

three stationary phases have essentially the same αCH2 (logk vs nCH2 plots having the same slope). On 470 

the other hand, γ-M1 showed a remarkably lower value of the y-intercept compared to those of -471 

M2 and of C18 Hypersil, which reflects a lower contribution of the aromatic end group to retention.  472 

FIGURE 7 473 

3.9 Capillary LC-MS of complex peptide sample 474 

It is well known that polymer monoliths show great potential for reversed-phase gradient separation 475 

of biomolecules and also peptides [66-67]. In fact, the highly porous structure allows the use of 476 

long columns to improve separation efficiency and in addition, permits higher flow rates (in the 477 

order of 15 µL/min), that are suitable for coupling the column to MS instruments through standard 478 

electrospray ionization (ESI) interface. 479 

A standard mixture of four intact proteins was analyzed on the γ-M1 column (250 × 0.250 mm L. × 480 

I.D.) using gradient elution and high resolution MS detection (figure 8). As it can be seen from the 481 

figure, total ion current chromatogram showed additional peaks (with respect to UV signal). The 482 
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identification of each peak was obtained by deconvolution of multicharged MS spectra as reported 483 

under Supporting Information (figure S8). Briefly, two different lyzozyme isoforms (p1-a, p1-b) 484 

and two impurities of carbonic anhydrase (i-1, i-2) could be identified (see table S2 of Supporting 485 

Information). Signals due to multiply charged ions (z always higher than +13) were recorded with 486 

high isotopic resolution (about 40-50,000) for all proteins except than p4. The exact mass of p4 487 

(29022.8 Da) was determined by artifact-free deconvolution of low charge state signals using 488 

ProMass. The separation of real complex peptide sample was also performed by using a very long 489 

column (110 cm × 200 m, L × I.D.) directly interfaced to the mass spectrometer via standard ESI 490 

source. Maintaining the column pressure at an acceptable level, plasma proteins digest was well 491 

separated with a 50 min gradient at 7 L/min flow rate (figure 9). 492 

FIGURE 8 493 

FIGURE 9 494 

4. Conclusions 495 

Gamma radiation offers an alternative route for an in-situ preparation of macroporous polymeric 496 

monoliths suitable as separation media in analytical chemistry. In this work, to obtain the capillary 497 

column by γ ray polymerization, we proposed an innovative “tentacle type” grafting from/to 498 

approach producing multisite, flexible grafted reactive surface of capillary inner walls. Monolithic 499 

stationary phases for capillary HPLC characterized by chromatographic efficiencies > 102,000 500 

plate/m were prepared under continuous γ-ray exposure. The chemical, physical and morphological 501 

properties of lauryl methacrylate-1,6-hexanediol dimethacrylate co-polymer were investigated by 502 

FT-IR, solid state 
13

C CPMAS NMR, SEM and 
1
H NMR cryoporosimetry. The evaluation of 503 

chromatographic performance, using a set of small molecules, has revealed high efficiency and high 504 

resolution power, together with low flow resistance and very significant mechanical stability. 505 

Moreover, the fabricated columns demonstrated excellent repeatability with RSD values for run-to-506 

run and column-to-column below 1%. Efficient separation of intact proteins and peptides by LC-507 
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MS on lauryl polymethacrylate-based monolithic capillary columns was realized, demonstrating 508 

their potential use in separation of complex peptide samples. 509 
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 705 

Figure captions 706 

Figure 1. Solid state 
13

C CPMAS NMR spectra of thermal (a) and radiolytic (b) monoliths. 707 

Assignement was discussed in the text. 708 

Figure 2. Tentacle type inner wall activation and grafting on-to polymerization process. 709 
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Figure 3. SEM images of γ-M1 (top) and Δ-M2 (bottom) monoliths. 710 

Figure 4. IT plots of sample γ-M1 (a) and Δ-M2 (b), solid lines through the experimental points 711 

were obtained fitting the experimental data to equation 1. (c) Pore size distribution of samples γ-M1 712 

and Δ-M2 obtained from equation 2. 713 

Figure 5. Pressure-linear flow velocity plots (left) and van Deemter plots (right) for columns 714 

containing   γ-M1_300 mm × 0.25 mm monolith and  Δ-M2_300 mm × 0.25 mm monolith in 715 

comparison to ● Hypersil C18, 5 µm packed column (300 mm × 0.25 mm L. × I.D.). Eluent: 716 

ACN/H2O 60/40 v/v, viscosity given as η = 0.72 cP at 25 °C. Uracil for permeability data, and 717 

benzaldehyde (k: 0.30 for γ-M1; k: 0.38 for Δ-M2 and k: 0.72 for Hypersil C18, 5 µm) for van 718 

Deemter inspection, were used as markers. 719 

Figure 6. Poppe plot (top) and t0/N
2
 vs. N (bottom) for ethylbenzene. Columns: () γ-M1_300 mm 720 

× 0.25 mm monolith, () Δ-M2_300 mm × 0.25 mm monolith and (●) Hypersil C18, 5 µm 300 mm 721 

× 0.25 mm. Mobile phase: ACN/H2O 60/40, v/v; Tcol: 25 °C. Maximum system pressure: 6000 psi. 722 

Figure 7. Comparison of isocratic elution on γ-M1_300 mm × 0.25 mm (top), Hypersil C18, 5 µm 723 

300 mm × 0.25 mm (middle) and -M2_300 mm × 0.25 mm (bottom) by eluting a small molecules 724 

mixture. Mobile phase: ACN/H2O 60/40 v/v; detection wavelength: 214 nm; flow rate: 1.0 µl/min. 725 

Results are expressed as theoretical plates per meter (N/m). 726 

Figure 8. Total ion current chromatogram and UV traces of standard proteins mixture (i-1 and i-2. 727 

impurity 1 and 2 of the carbonic anhydrase, respectively, p1-a. lysozyme isoform a, p1-b. lysozyme 728 

isoform b, p2. -lactalbumin, p3. -lactoglobulin, p4. carbonic anhydrase) on γ-M1_250 mm × 729 

0.25 mm monolith. Mobile phases: (A) H2O/ACN 95/5 + 0.1% TFA; (B) ACN/H2O 95/5 + 0.1% 730 

TFA; 15 min gradient elution from 5% to 70% of mobile phase B; flow rate: 15 L/min; Tcol: 60 731 

°C. 732 

Figure 9. Total ion current chromatogram of plasma protein digest (CapHPLC-HRMS analysis).  733 
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Pre-Column: -M1 5 cm × 0.25 mm L. × I.D. Loading solvent: 0.1% aqueous trifluoroacetic acid; 734 

trapping time: 5 min; loading flow rate: 10 μL/min; Column: -M1_1100 mm × 0.200 mm L. × I.D. 735 

Mobile phases: (A) H2O/ACN 95/5 + 0.1% TFA; (B) ACN/H2O 95/5 + 0.1% TFA; gradient elution 736 

from 3% to 35% of mobile phase B in 40 min, from 35% to 50% in 1 min, from 50% to 70% in 4 737 

min and finally hold for 5 min; flow rate: 7 L/min; Tcol: 60 °C. 738 
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Abstract  29 

 An efficient grafting from/to synthetic approach on a highly activated tentacle-type multisite 30 

surface obtained thanks to a new silanization agent ((N-trimethoxysilylpropyl)-polyethylenimine) 31 

has been employed to prepare capillary polymethacrylate monoliths suitable for the 32 

chromatographic separation of both small molecules and large biomolecules. Copolymerization of 33 

lauryl methacrylate monomer and 1,6-hexanediol dimethacrylate cross-linker in the presence of 34 

porogenic solvents was generated under continuous γ-ray exposure with high conversion yield. 35 

The morphology and porous structure of the resulting monoliths have been deeply investigated by 36 

Fourier transform infrared spectroscopy (FT-IR), solid state 
13

C CPMAS NMR, Scanning Electron 37 

Microscopy (SEM) and 
1
H NMR cryoporosimetry. In addition, a detailed chromatographic 38 

investigation of the new capillary columns has shown not only their high kinetic performance (with 39 

efficiency larger than 100,000 theoretical plate/meter for small molecules at optimum mobile phase 40 

linear velocity of about 0.5 mm/sec) but also excellent mechanical stability and reproducibility. 41 

The new polymethacrylate-based monolithic capillary columns have been successfully employed 42 

for efficient reversed-phase separation of intact proteins and peptides. 43 

 44 

 45 

 46 

 47 

 48 

 49 

Keywords: Capillary High Performance Liquid Chromatography; -ray polymerization; Organic 50 
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1. Introduction 55 

Monolithic materials are versatile adsorbents widely employed in separation science, sample 56 

preparation and as supports for flow-through applications (e.g. heterogeneous catalysis, ion-57 

exchange, solid-phase extraction, etc.) [1-4]. Interest around their preparation and applications has 58 

been rapidly growing in recent years. A relevant number of reviews about the use of monoliths as 59 

separation media for analytical chromatography has been published [5-10]. Depending on their 60 

nature, monoliths can be classified into two groups, inorganic silica-based and organic polymeric 61 

materials. Silica-based monoliths consist of a bi-continuous mesoporous skeleton as result of the 62 

sol-gel preparation method designed by Tanaka in the 90s [11]. On the other hand, polymeric 63 

organic ones have a globule-like backbone. They are obtained by a single-step polymerization 64 

process starting from a bulk mixture of monomers, cross-linkers (difunctional monomers) and 65 

porogens. In both cases, monoliths are characterized by a single-body mesoporous structure with 66 

interconnected channels (flow-through pores). 67 

Thanks to the possibility of modulating the skeleton thickness with respect to the width of the flow-68 

through pores, monoliths combining high efficiency and high permeability can be prepared. They 69 

have been proven to be particularly suitable for the high-efficient separation of large biomolecules, 70 

which are excluded by the mesoporous network and do not experience the usually slow mass 71 

transfer therein.  A further considerable advantage also includes the simplicity of their in-situ 72 

preparation, consequently, monolithic chromatographic columns of virtually any geometry and 73 

shape can be easily prepared. This flexibility allows to overcome the constraints related to both 74 

packing and miniaturization of the conventional particle-based chromatographic columns. 75 

Nowadays, polymer monolithic column technology has been successfully applied for the HPLC 76 

separation of large molecules such as intact proteins, synthetic polymers, peptides [12-15], and used 77 

to implement the sensitivity when directly interfaced to UV absorbance detection or MS [16-17]. 78 

Most of recent developments have been focused on the optimization of their morphology to achieve 79 

a better efficiency and enhanced mass transport of solutes, as reviewed by Nischang [18] and Shen 80 
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et al. [19]. Different monomers (acrylamide, acrylate, methacrylate, vinylbenzene), cross-linkers 81 

and monomer/cross-linker ratio have been evaluated to induce a control of pore dimensions and to 82 

improve efficiency and biocompatibility [20-29]. New solvent systems as ionic liquids have also 83 

been introduced in a microwaves assisted polymerization process [30]. Polymerization of active 84 

precursors involves a free radical process mainly thermal or photo-induced but several less common 85 

free radical polymerization techniques (-ray, electron beam, living processes, polycondensation 86 

methods) are meanwhile emerged as reviewed by Svec [31]. Among them, γ-ray induction does not 87 

require an initiator and the polymerization can be carried out at room temperature in almost any 88 

holder, including the stainless steel columns usually employed for the preparation of HPLC 89 

columns [32-33]. On the other hand, the use of this powerful technology requires the access to γ-ray 90 

sources, which are expensive and need dedicated laboratory. In the preparation of monolithic 91 

columns, a crucial step is the strong adhesion of the polymer backbone to the inner walls of the 92 

holder where the polymerization is performed (e.g., the capillary column), to avoid the presence of 93 

heterogeneity and void spaces close to the wall. Without an efficient adhesion, the quality of 94 

separation in terms of efficiency and reproducibility is compromised. So is the mechanic stability of 95 

monoliths. To obtain a strongly tethered organic monolith, usually, the capillary surface is subjected 96 

to a two-step treatment: the so-called etching step firstly makes available the silanols groups present 97 

on the inner wall; then, the superficial grafting procedure (silanization step) introduces on the 98 

silanols the reactive units that will be covalently embedded into the monolithic skeleton during the 99 

polymerization process. Usually, acidic and alkaline solutions are alternately used in the etching 100 

procedure, while the surface modification is carried out by anchoring 3-((trimethoxysilyl)propyl) 101 

methacrylate [34-39].  102 

In this work, we present an innovative grafting synthetic approach on a multisite tentacle-type 103 

inner-wall activated surface obtained by using (N-trimethoxysilylpropyl)-polyethylenimine as 104 

silanization agent and methacrylic anhydride. The “octopus-like” surface modification permits to 105 

generate so-called grafting from/to polymerization process since the covalently anchored active 106 
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units (vinyl groups) take part to the free radical polymerization happening in the bulk phase, 107 

possessing the active moieties of precursors, both monomers and cross-linkers. The new 108 

polymethacrylate monoliths are extensively characterized by a morphological viewpoint by 109 

employing a series of advanced techniques including Fourier transform infrared spectroscopy (FT-110 

IR), solid state 
13

C CPMAS NMR, Scanning Electron Microscopy (SEM) and 
1
H NMR 111 

cryoporosimetry. The kinetic behaviour of these columns for the reversed-phase separation of small 112 

molecules and intact proteins is discussed.     113 

 114 

2. Experimental 115 

2.1 Chemicals and samples 116 

Fused-silica capillary tubings of 0.250, 0.200 and 0.075 mm I.D. (0.375 mm O.D.) with a polyimide 117 

outer coating were purchased from Polymicro Technologies (Phoenix, AZ, USA). Supporting 118 

devices to protect  the capillary columns were from Avantech Group s.r.l (Angri, SA, Italy). 119 

Azoisobutyronitrile (AIBN), acetonitrile (ACN), trifluoroacetic acid (TFA), lauryl methacrylate 120 

(LMA), 1,6-hexanediol dimethacrylate (HDDMA), tert-butyl alcohol, 1,4-butanediol, 121 

tetrahydrofuran (THF), methacrylic anhydride, pyridine, sodium hydroxide (NaOH), hydrochloric 122 

acid (HCl), ammonium bicarbonate, uracil, phenol, benzaldehyde, nitro-benzene, benzene, toluene, 123 

ethyl-benzene, n-propyl-benzene, n-butyl-benzene, n-pentyl-benzene as well as lysozyme from 124 

chicken egg white, -lactalbumin from bovine milk, -lactoglobulin B from bovine milk, carbonic 125 

anhydrase from bovine erythrocytes, core histones from calf thymus were purchased from Sigma-126 

Aldrich (St. Louis, MO, USA). Porcine trypsin was purchased from Promega (Madison, WI, USA). 127 

(N-trimethoxysilylpropyl)-polyethylenimine from United Chemical Technologies (Bristol, PA, 128 

USA) was used as a silanization reagent. Plasma protein mixture was solubilized in 25 mM 129 

ammonium bicarbonate and subsequently trypsin was added to give an enzyme-to-substrate ratio of 130 

1:50 (w/w). The digest was kept at 37°C overnight, after which the tryptic peptide mixture was 131 
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acidified with 5% formic acid to terminate the digestion. Desalting and preconcentration of the 132 

peptide mixture was performed using a 5-cm long capillary monolithic column (250 m I.D.). 133 

2.2 Instrumentation 134 

Diffuse Reflectance Infrared Fourier Transform (DRIFT) and transmission IR (potassium bromide 135 

pellets or liquid paraffin dispersion) spectra were recorded on a Jasco 430 Fourier transform (FT) 136 

IR spectrometer (Jasco Europe, Cremella, Italy) at a resolution of 4 cm
-1

. 137 

Solid-state 
13

C CPMAS NMR spectra were carried out at 100.13 MHz on a Bruker Avance III 138 

spectrometer. The spin rate was 8000 Hz. The contact time for the cross-polarization was 1 ms, the 139 

recycle delay was 3 sec, and the 
1
H π/2 pulse was 3.2 μs. The cross-polarization was performed by 140 

applying the variable spin-lock sequence RAMP-CPMAS [40], the RAMP was applied on the 
1
H 141 

channel, and during the contact time the amplitude of the RAMP was increased from 50 to 100% of 142 

the maximum value. High-power proton dipolar decoupling was carried out using the Spinal-64 143 

scheme [41]. The decoupling field was 140 kHz. Spectra were acquired with a time domain of 144 

1,024 data points were zero filled and Fourier transformed with 2,048 data points, applying 145 

exponential multiplication with 8 Hz line broadening. 146 

Scanning Electron Microscopy (SEM) analysis were performed on a FEI Quanta 200 FEG SEM 147 

(Eindhoven, The Netherlands) at 30 kV acceleration voltage and with an Everhart-Thornley 148 

detector. Before the analysis, samples were mounted onto SEM specimen holders and sputter-149 

coated with a gold-palladium alloy. 150 

Wide line 
1
H NMR spectra of C6H6 saturated networks were recorded on a Bruker Avance 151 

spectrometer operating at the proton frequency of 300.13 MHz. A variable temperature unit 152 

equipped with an N2 flux from a pressurized line was used in the temperature range 298-190 K.  153 

Spectra were recorded by co-adding 32 transients with a recycle delay of 60 sec, the 
1
H π/2 pulse 154 

was 6 μs. The temperature was carefully calibrated using a 4% methanol in methanol-d4 standard 155 

sample. In the investigated range of temperature, the calibration was carried out recording the 156 

chemical shift separation between the OH resonance and the CH3 resonance of methanol. 157 
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1
H wide line NMR spectra were deconvoluted using the DM2011 software package. The intensity 158 

of NMR signal, the chemical shift, and the width at half-height of C6H6 and network resonances 159 

were used as input parameters in the deconvolution procedure. The area of the resonance of C6H6 160 

obtained from the deconvolution procedure was reported vs 1000/T to obtain IT plot. 161 

Chromatographic measurements, under isocratic conditions, were performed on a Waters CapLC 162 

system (Waters, Milford, MA, USA) equipped with a home-made injection system consisting in a 163 

VICI pneumatic actuator (Valco, Houston, TX, USA) controlled by a home-made electronic time 164 

switch, a 2996 ternary CapLC pump and a MicroUVis 20 UV detector (Carlo Erba, Milan, Italy) 165 

with an home-made 20 nL perpendicular flow cell. In its optimized configuration, the UV flow cell 166 

is characterized by a path length of 150 µm, an illuminated volume of ≈ 20 nL, a connecting tube 167 

(150 µm, O.D.) with inner diameter of 30 µm, length of 40 cm and a total volume of 283 nL. Peak 168 

variance from peak-width at half-height measured (
2
) for uracile in ACN/H2O 60/40 v/v was 169 

ranging from 130 to 1000 nL
2
 at the applied flow rate from 0.5 to 3.0 µL/min; while in the same 170 

flow rate regime the second central moment ( '
ex2,μ ) was ranging from 200 to 1300 nL

2 
[42]. In all 171 

measurements the time constant of 0.10 sec was used. Chromatographic data were collected with a 172 

sample rate of 100 Hz and processed using MassLynx 4.1 (Waters, Milford, MA, USA) and Clarity 173 

(LabService Analytica, BO, Italy) software. All reported data of plate height, column pressure drop, 174 

column permeability and retention were obtained after correction for the system pressure drop and 175 

t0-time measured by removing the column from the system and by a direct connection of a tube  176 

(150 µm, O.D.; 30 µm, I.D.; 40 cm, L.) between the pump and the UV cell. 177 

Separations of biomolecules were performed using an UltiMate3000 RSLC nanoLC (Dionex, 178 

Amsterdam, NL,USA) equipped with binary separation capillary flow pump, a ternary loading 179 

pump, a thermostatted column compartment and a variable wavelength detector with a 7.0 nL Z-180 

shaped flow cell. Time constant and the data collection rate were set to 0.10 sec and 40 Hz 181 
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respectively. Chromatographic data were performed with Chromeleon 6.8 (Dionex, Sunnyvale, CA, 182 

USA).  183 

MS detection was performed on an Exactive Orbitrap (Thermo Fisher Scientific, San Josè, CA, 184 

USA), equipped with a Standard Electrospray Source. The MS instrument was operated at a 185 

resolution of 100,000 in positive ESI mode with a sheath gas flow of 15 units, an auxiliary gas of 5 186 

units, a spare gas of 4 units, a spray voltage of 2.3 kV, a capillary voltage of 30 V, a capillary 187 

temperature of 275 °C, a tube lens voltage of 240, and a skimmer voltage of 25 V. One microscan 188 

was accumulated with a maximum injection time of 100 msec. The MS parameters were optimized 189 

in the range of 500-2500 m/z by infusing a solution of 8.0 µM cytochrome C (cat.no C-2506 from 190 

Sigma-Aldrich) in H2O/ACN/TFA (80/20/0.05 v/v/v), at resolution of 30,000-100,000 with a 191 

syringe pump at a flow rate of 10.00 µL/min. 192 

Mass spectra were collected and processed using Xcalibur software and deconvoluted mass spectra 193 

were obtained by using Xtract and ProMass software (Thermo Fisher Scientific). 194 

2.3 Preparation of organic monolithic capillary columns 195 

The monolith was generated by copolymerization of LMA monomer and HDDMA cross-linker as 196 

reported in [43], where it was also demonstrated that this stationary phase provides excellent 197 

mechanical stability and permeability and very high peak capacity values, making it suitable for 198 

separation of intact proteins in miniaturized chromatographic systems. 199 

In the present work, capillary columns were prepared following an innovative multi-step procedure. 200 

This consists, firstly, of the pre-treatment of the capillary inner walls as to create a multiple-site 201 

tentacle-type activated surface designed to improve the adhesion of the developing polymer to the 202 

wall of the inner capillary; then, in the filling of the activated capillaries with the polymerization 203 

mixture and, finally, in the irradiation with γ-rays at room temperature (-M1) to initiate the 204 

polymerization process. For comparative purposes, a thermal monolith (Δ-M2) was also prepared 205 

by adding to the same polymerization mixture a free radical initiator (azobisisobutyronitrile) in 206 
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amount of 1% w/w with respect to monomers.  Polymerization of Δ-M2 was carried out at 50°C for 207 

24 h. 208 

1
st 

step (capillary etching): the inner wall of the fused-silica capillary is treated in a static mode 209 

with an aqueous solution of 1 M NaOH for 3 h at 120°C, washed with water, treated with an 210 

aqueous solution of 0.1 M HCl for 3 h at 70°C and finally washed with consecutive 5 ml portions of 211 

water and methanol and then dried under nitrogen flow. 212 

2
nd

 step (multisite tentacle-type inner wall activation): the pre-treated capillary is filled with a 213 

solution of 10% v/v (N-trimethoxysilylpropyl)-polyethylenimine in IPA and heated at 70°C for 12 214 

h. After cooling, it is washed with a solution of MeOH/H2O 60/40 v/v containing 10% v/v of acetic 215 

acid. The filled capillary is then heated at 50°C for 3 h and washed with consecutive 5 ml portions 216 

of methanol and THF. By using a syringe, the capillary is filled with a solution of 20% v/v of 217 

methacrylic anhydride in pyridine/acetonitrile 1/1 v/v, heated at 40°C for 2 h, and finally washed 218 

with acetonitrile. 219 

3
rd 

step (preparation of the polymerization solution): the polymerization mixture is prepared in a 220 

glass vial by admixing monomer, cross-linker and porogens and then degassed by helium sparging 221 

for 5 minutes at room temperature. Through a slight argon pressure (ranging from 20 to 60 psi, 222 

depending on the diameter and length of the capillary), it is then introduced into the pre-treated 223 

capillary in an inert atmosphere. The ends of the capillary columns are finally sealed by silicon 224 

rubber. 225 

4
th

 step (polymerization): filled capillaries are placed inside a Gammacell and irradiated at room 226 

temperature with a total dose of 40 kGy, with a dose rate of about 2 kGy/h. Instead, for -M2 227 

monolith, filled capillaries are positioned in an oven heated at a temperature of 50°C and 228 

maintained for 24 h. Lastly, all capillaries are connected to an apparatus for micro-HPLC and 229 

washed with acetone (about 50 column dead volumes) under constant pressure (5 or 10 MPa, 230 

depending on the diameter and length of the capillary). 231 

2.4 Chromatographic set-up 232 
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In this study, monolithic columns with different internal diameter and length combinations (L. × 233 

I.D.) were investigated: 300 and 250 mm × 0.25 mm; 1100 mm × 0.200 mm; 250 mm × 0.075 mm.  234 

In order to compare kinetic and thermodynamic performance, we used a homemade packed 5 µm 235 

silica Hypersil C18 100 Å capillary column with the same internal diameter and length 236 

combinations of both polymethacrylate columns -M1 and -M2 (300 × 0.25 mm L. × I.D.). 237 

Chromatographic characterization under isocratic elution was carried out in reversed phase mode 238 

using ACN/H2O 60/40 v/v as eluent (η= 0.72 cP at 25°C) with a flow rate range extending from 239 

0.250 to 10.00 µL/min at a temperature of 25°C and UV detection at 214 nm. A test mixture of 10 240 

compounds (1.uracile, 2.phenol, 3.benzaldehyde, 4.nitrobenzene, 5.benzene, 6.toluene, 241 

7.ethylbenzene, 8.propylbenzene, 9.butylbenzene and 10.pentylbenzene) was used to evaluate the 242 

efficiency and retentivity of the columns. van Deemter plots were obtained by fitting the 243 

experimental efficiency data (N/m, number of theoretical plates per meter according to European 244 

Pharmacopeia, EP) of benzaldehyde as representative analyte for each column. Data fitting of the 245 

experimental points to van Deemter equation was performed using Origin 8.0 software and kinetic 246 

performance of the different columns were best evaluated using the kinetic plot method [44, 45] 247 

setting the maximum backpressure of the HPLC system at 400 bar and the viscosity of the mobile 248 

phase at 0.72 cP. Due to the higher chromatographic efficiency of radiolytic monolithic columns 249 

(up to 102,000 plate/meter vs. roughly 50,000 plate/m of Δ-M2), capillary-HPLC analysis coupled 250 

with high resolution mass spectroscopy (cap-HPLC-HRMS) under RP-gradient conditions were 251 

performed by using γ-M1 columns. 252 

 253 

3. Results and Discussion 254 

3.1 Conversion efficiency, FT-IR and 
13

C-CP-MAS NMR investigations  255 

The polymerization mixture, reaction conditions and the monomer/porogen volume ratio affect the 256 

morphology of the monoliths in terms of dimension and distribution of pores, and therefore the 257 

chromatographic performance of the final columns. In our first experiments (data not shown) we 258 
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observed the best kinetic performance when the monomer content in the polymerization mixture 259 

was decreased from 40% (high density regime) [28] to 30% (medium density regime). Maintaining 260 

the medium density monomers/porogens ratio, γ-M1 monolith was obtained from the optimized 261 

polymerization mixture as reported in a previous publication [46]. 262 

Quantitative data on monomer conversions were collected using 50 × 10 mm (L. × I.D.) stainless-263 

steel columns filled with the polymerization mixtures and irradiated with a total dose of 40 kGy (γ-264 

M1 column) or alternately heated at 50°C for 24 h (-M2 column). 265 

After completion of the polymerization process, the content of the column was washed in-situ using 266 

an HPLC pump, dried and removed from the column. Percent conversion, calculated from the 267 

known combined weights of monomer and cross-linker introduced into the reaction column, was 268 

almost quantitative at total doses of 40 kGy, and close to 98% at 20 kGy. Comparable result (99%) 269 

was obtained for thermal triggered polymerization. A total dose of 40 kGy was chosen throughout 270 

our study as the best compromise between completeness of the polymerization, acceptable reaction 271 

time, and minimum degradation of the formed polymer monolith due to an excessive exposure to γ-272 

radiation. Radiolytic and thermal polymer monoliths also showed superimposable 
13

C CP-MAS 273 

(figure 1) and FT-IR (figure 1-S) spectra, proving either way the achievement of a complete 274 

monomer and cross-linker conversion into a saturated polymeric structure. By careful analysis of 275 

13
C CPMAS spectra, the peaks of vinyl carbons at about 136 and 125 ppm observed in spectra of 276 

monomers are no longer present in the spectrum of the crosslinked monolith (see figure 1). Carbon 277 

resonances of methylene (2), methyl (3) and quaternary (1) carbon atoms of the main polymeric 278 

backbone are observed at 54.7, 15.2, and 44.0 ppm respectively [47]. The resonance of the carbonyl 279 

carbon (4) is observed at 176 ppm. The peak of methylene carbons (5, 10) having an oxygen as first 280 

neighbour and belonging to the bridge between polymeric backbones is observed at 63.9 ppm. At 281 

the same frequency the peak of methylene carbon (11) having an oxygen as first neighbour and 282 

belonging to the side chain is also observed. The peak of terminal methyl (22) is observed at 13.6 283 

ppm, whereas the peak of methylene carbon having the terminal methyl as a first neighbour is 284 
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found at 22.3 ppm, and the peak of the methylene carbon having the methyl as a second neighbour 285 

is possibly observed at 31.5 ppm. All other methylene carbons (6-9, and 12-19) resonate between 286 

25 and 30 ppm. 287 

FIGURE 1 288 

3.2 Multisite tentacle type inner wall activation 289 

While bulk polymerization of monomers and cross-linkers induced by γ-radiation is straightforward 290 

and highly reproducible, polymerization inside HPLC capillaries poses the additional challenge of 291 

obtaining a uniform monolith firmly stuck to the inner capillary walls in order to provide a 292 

monolithic column. Indeed, any discontinuity of the polymer monolith, causing preferential path 293 

flow of the mobile phase, negatively affects the chromatographic performance (wall effect).  294 

In this work, we introduced a new silanization procedure to covalently anchor the monolith to the 295 

capillary inner wall surface. After standard etching procedures, the (N-trimethoxysilylpropyl) 296 

polyethyleneimine was used as “octopus-like” silanization agent, affording a flexible and multisite 297 

reactive surface. The following introduction of unsaturated units with methacrylic anhydride 298 

completes the activation of capillary inner walls (figure 2). Then, the polymerization proceeds in a 299 

grafting from/to fashion, simultaneously from the methacrylate moieties anchored on the 300 

polyethyleneimine coating and from methacrylate precursors (monomers and crosslinkers) in the 301 

bulk. Thus a monobody polymethacrylate-based column is generated as a highly homogeneous 302 

three-dimensional polymeric network firmly anchored to the column inner walls. 303 

FIGURE 2 304 

3.3 Morphological characterization of monoliths  305 

Scanning Electron Microscopy (SEM) yielded valuable structural details on the final polymeric 306 

monoliths in the micrometer regime. Morphology of the two different γ-M1 and Δ-M2 307 

polymethacrylate-based monoliths is illustrated by SEM micrographs taken at 800, 10.000 and 308 

30.000 magnifications (figure 3). The composite media reveal the familiar cauliflower internal 309 

structure of porous monoliths featuring micro globules of relatively uniform size agglomerated into 310 
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larger clusters. Inspection of low magnification SEM micrographs (figure 3, left) reveals that in 311 

both cases the monolith was covalently bond to the silica surface and no cracks were present, 312 

confirming an effective and efficient grafting from/to process. 313 

FIGURE 3 314 

3.4 
1
H NMR cryoporosimetry  315 

It has been previously shown that 
1
H NMR may be used for obtaining the pore size distribution in 316 

porous materials with a pore size (Rp) between a few tenths and tens of nanometers [48-53].  317 

Before performing measurements, the porous matrix must be saturated with a liquid probe which 318 

must be a non solvent for the porous solid matrix. Then the area of the 
1
H resonance of the liquid 319 

probe must be reported vs temperature from room temperature down to low temperature. The 320 

obtained IT plot represents the fingerprint of a porous network without requiring any model of the 321 

shape of pores [54]. This approach is based on that the freezing temperature of a confined liquid is 322 

depressed with respect to the freezing temperature of the bulk liquid [55]. Based on the Gibbs-323 

Thompson equation, the freezing phenomena of a liquid confined into restricted volumes may give 324 

information on the pores size distribution. Many porous materials such as zeolites and other 325 

silicates have been studied with 
1
H NMR cryoporosimetry [51]. In these studies, it has been also 326 

demonstrated that the pores size distribution obtained by 
1
H NMR cryoporosimetry compares well 327 

with distributions obtained by N2 adsorption measurements [48]. In particular, with this method the 328 

pores structure of water-, benzene-, and cyclohexane-saturated porous silica has been mapped out 329 

[48]. We used benzene as a liquid probe to map out the porous structure of our networks. 330 

At room temperature 
1
H spectra of benzene-saturated networks showed a rather sharp resonance of 331 

benzene and a very broad resonance of the solid matrix. By lowering the temperature, the benzene 332 

resonance progressively broadened and decreased in intensity. 
1
H spectra were deconvoluted to 333 

obtain the area of both resonances. According to the IT method, the integral of the benzene 334 

resonance was reported vs 1000/T.  IT plots of sample -M1 (a) and -M2 (b) are shown in figure 4.  335 
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Note that the steep transition of signal intensity observed in both samples between 283 and 278 K 336 

was due to the freezing of bulk C6H6. At lower temperatures, sample -M1 showed just one 337 

intensity transition whereas sample -M2 showed two transitions. These intensity transitions are 338 

due to freezing of benzene confined in pores with a different average dimension. In figure 4 these 339 

transitions are evidenced with arrows.  340 

The intensity of a liquid probe confined in a porous matrix is related to X=1000/T through the 341 

equation [5]:   342 
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where I0i, Xci and i represent the intensity, the inverse transition temperature (Xci=1000/Tci) and 344 

the width of the temperature distribution curve of phase i, I(X) represents the total amount of the 345 

liquid probe confined in pores at the inverse temperature X=1000/T and N is the number of 346 

temperature transitions. Note that, for a very sharp transition i tends to 0, while the broader the 347 

transition the higher the i value. Parameters I0i, Xci and i were obtained fitting the experimental 348 

data to equation 1, see table 1, the uncertainty on data reported in the table varies between 6 and 349 

10%. 350 

According to the literature [48], differentiating equation 1 with respect to X and using an equation 351 

which correlates the freezing point temperature depression T of the confined liquid to the pore 352 

radius (Rp) it is possible to obtain the pore size distribution: 353 
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where T0= 278.5 K is the freezing temperature of bulk benzene, and Kb= 1107 K was obtained from 355 

literature data [48]. 356 

Using equation 2 and the parameters reported in table 1, the pore size distributions for samples -357 

M1 and -M2 was obtained (see figure 4C). 358 
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It is worth noticing that sample -M1 showed one asymmetric distribution centered at about 13 nm, 359 

whereas sample -M2 showed a bimodal distribution with a sharp peak centered at about 2.5 and a 360 

broad asymmetric peak centered at about 8 nm in a relative amount of 36 and 64%.  361 

Table 1 362 

FIGURE 4 363 

3.5 Permeability and Efficiency 364 

The plot of the backpressure generated by the column (ΔPc) against the mobile phase linear velocity 365 

(µ0) is reported on the left side of figure 5 for two monolithic columns (300 mm × 250 µm, L × 366 

I.D.) and a Hypersil C18 packed column (particle size 5 µm, 300 mm × 0.250 mm, L × I.D.). Linear 367 

velocities are calculated through the elution time, t0, of an unretained/unexcluded compound (μ0= 368 

L/t0).  The  linear dependence of ΔPc  on µ0 (linear regression R
2
s > 0.999) show that the monolithic 369 

bed is stable without suffering compression. From these plots, column permeability K0 [56] can be 370 

calculated according to:  371 

                  (1)                372 

where η is the viscosity of the solvent and L the column length. Alternatively, the specific 373 

permeability KSF is given by: 374 

              (2)    375 

where  is the flow rate and r the radius of column. Both the permeability and the specific 376 

permeability values obtained by linear regression analysis of ΔP vs µ0 (or ΔP vs ) plots are 377 

summarized in table 2. 378 

 FIGURE 5 379 

The maximum pressure drop recorded at the highest linear velocity was around 2200 and 830 psi 380 

for γ-M1 and Δ-M2 monolith columns respectively, while a value of 2500 psi was found for the 381 

packed column.  382 



16 

 

The total porosity of monolithic columns can be calculated as: 383 

T=KSF/K0               (3) 384 

Total porosities of monolothic columns were very similar each other and significantly higher than 385 

that of the packed particle column. On the other hand, the larger permeability of Δ-M2 (K0 = 18.0) 386 

with respect to γ-M1 (K0 = 7.0) is probably due to the presence of a lesser dense organization of 387 

microglobules, which demonstrates how polymerization procedure (radiolitic or thermic) has a 388 

noteworthy impact on the dimensions of throughpores. In order to compare hydrodynamic 389 

properties of monolithic and packed columns, permeability-equivalent particle diameter dperm  [58] 390 

was calculated using the following equation: 391 

FSperm Kd  1000     (4) 392 

where 1000 is the so-called flow resistance value for a typical  packed column with external 393 

porosity of about 0.4. Thus the permeability of γ-M1 monolith is comparable to that of a column 394 

packed with  spherical particles of about 7 µm diameter, while the permeability of  Δ-M2  is higher 395 

and comparable to that of a column packed with 11.5 µm particles (table 2). 396 

Table 2 397 

To evaluate the kinetic performance of both monolithic and packed columns, the traditional 398 

efficiency-linear velocity plots were built using benzaldehyde as retained solute (figure 5, right) in 399 

ACN/H2O 60/40 v/v at 25°C, by changing the eluent linear velocity from 0.12 to maximum 5.00 400 

mm/s. The data were therefore fitted to the van Deemter equation:  401 

0

0




 C
B

H      (5) 402 

and the best numerical values of the fitted coefficients A, B and C are reported in table 2.  403 

The minima of the van Deemter curves for the monolithic columns were Hmin = 9.8 and 18.9 µm for 404 

γ-M1 and Δ-M2 respectively; on the other hand, the packed column exhibited Hmin of 12.9 µm. 405 

Observation of figure 5 shows that the van Deemter curve of γ-M1 monolithic column is 406 

characterized by a less steep C branch portion due to a lower mass transfer resistance in the porous 407 
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structure. It is thus more suitable for high velocity and high efficient separations. The almost twice 408 

larger C-term of Δ-M2 column compared to that of γ-M1 one, despite the fact that the two 409 

monoliths have identical chemistry, points out that the radiolitic polymerization procedure favours 410 

the achievement of a more microglobular structure (figure 4). γ-M1 monolith showed higher flow-411 

resistance than -M2 thermal monolith and enhanced kinetic behavior  (lower C and Hmin values) 412 

even compared with the Hypersil C18 column packed with 5 µm particles. An extended van 413 

Deemter ispection of the behavior of these two columns is reported under Supporting Information 414 

(figure S2) where van Deemter curves for a series of low molecular weight compounds with 415 

capacity factor included between 0.30-7.0 (γ-M1 monolith) and 0.7-8.8 (Hypersil C18, 5 µm 416 

column) are presented. Remarkably, efficiency of about 100,000 plate/meter was observed also 417 

using 75 m I.D. monolithic column, which represents a considerable result in the practice of 418 

miniaturized nano liquid chromatography (figure S3). 419 

3.6 Reproducibility and long-term stability 420 

Run-to-run and batch-to-batch reproducibility of -M1 monolith were assessed by performing a 421 

series of injections of a sample of four standard proteins in gradient elution mode. The comparison 422 

of retention time of the test compounds in a series of five consecutive injections were characterized 423 

by a relative standard deviation (RSD) smaller than 1% for each component (figure S4-A) showing 424 

therefore a very high run-to-run reproducibility. Analogous results (RSD <1%) were obtained also 425 

in terms of batch-to-batch reproducibility, as detailedly described under Supporting Information 426 

(figure S4-B). Finally, the long term column stability was also investigated by considering the 427 

separation of the same mixtures of core histones from calf thymus on a new monolithic column and 428 

on the same column after 1000 runs (see Supporting Information, figure S4-C): even in this case,  429 

the RSD of retention times of corresponding peaks was about 1.%.   430 

3.7 Kinetic Plots 431 

The Kinetic Plot Method (KPM) is a powerful tool to predict the theoretical highest performance 432 

achievable in the shortest possible time at the maximum pressure allowed by the system [44,45]. 433 
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KPM is useful not only to evaluate column quality but also to compare the kinetic performance of 434 

columns with different size and morphology. In this study, kinetic plots were calculated by 435 

assuming 6000 psi as the maximum HPLC backpressure and 0.72 cP as the mobile phase viscosity. 436 

Specific permeabilities, as well as values of µ0 and H were obtained experimentally (see before). 437 

The resulting t0/N vs. N  (so-called Poppe plot) and t0/N
2
 vs. N plots are shown in figure 6A and B 438 

respectively. Poppe plot [59] (figure 6A) reflects the separation speed that can be achieved at the 439 

maximum pressure. Fastest separations are located in the bottom left corner, while analysis with 440 

high resolution and efficiency are in the top-right of the plot. Given the comparable C-terms of γ-441 

M1 and C18 silica-based columns, significantly lower than that Δ-M2 monolith (see table 2), they 442 

both allow to achieve very large efficiency in shorter times than for the thermal monolith. Since, the 443 

higher permeability of monolithic columns allows using longer columns at a fixed maximum 444 

pressure and higher plate numbers can be achieved only with monoliths. For lower N values, 445 

essentially the same length of γ-M1 and Hypersil C18 columns is required, while the Δ-M2 would 446 

need to be twice as long. Figure 6B shows impedance time t0/N
2
 vs. N plots. In these plots, N-447 

values (x-axis) are in reversed order with respect to Poppe plot, so that they visually resemble to 448 

traditional van Deemter plots. For the Hypersil C18, 5 µm column the minimum corresponds to N = 449 

300,000 plates with L= 4 m, while the γ-M1 and Δ-M2 columns show  N values two and three times 450 

higher, with L= 6.6 and 19 m respectively. Although these are only theoretical calculations not 451 

practicable for most HPLC applications, especially for silica-packed columns, the KPM can be used 452 

to predict and produce very long monolithic columns with a high permeability, reaching efficiency 453 

values of well over 100 000 theoretical plates. 454 

FIGURE 6 455 

3.8 Thermodynamic investigation: retention and methylene selectivity 456 

Hydrophobicity of  the columns was investigated through the retention behavior of a series of small 457 

molecules (phenol, benzaldehyde, nitrobenzene, benzene, toluene, ethylbenzene, propylbenzene, 458 

butylbenzene and pentylbenzene) in reversed phase mode (using ACN/H2O, 60/40 v/v). Figure 7 459 
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compares the chromatograms obtained with the three columns. First of all, one may notice the 460 

different behavior in terms of retention between the two monolithic columns. As detailedly reported 461 

under Supporting Information (table S1), retention factors (ks) measured on the -M2 monolith 462 

were systematically larger than those of the radiolitic column (figure 4C).  463 

The homologous series of alkylbenzenes (from benzene to pentylbenzene) can be used to estimate 464 

the methylene selectivity (αCH2) of the stationary phase, i.e. its ability to distinguish between two 465 

compounds differing by a single methylene group [60-62]. In figure S5, the plots of the logarithmic 466 

of retention factor vs. the incremental number of methylene groups are reported. This study 467 

evidenced that the two monolithic columns have essentially the same αCH2 (logk vs nCH2 plots having 468 

the same slope). On the other hand, the γ-M1 column showed a remarkably lower value of the y-469 

intercept compared to that of the -M2, which reflects a lower contribution by the aromatic end 470 

group to retention.  471 

FIGURE 7 472 

3.9 Capillary LC-MS top-down proteomic analysis 473 

Due to its high efficiency and permeability, -M1 monolithic capillary column was tested for the 474 

separation intact proteins. In fact, its low flow resistance allowed to reach significantly large flow 475 

rates (in the order of 15 µL/min) suitable for coupling the column to MS detector through standard 476 

electrospray interface (ESI). 477 

A standard mixture of four intact proteins was analyzed on the γ-M1 column (250 × 0.250 mm L. × 478 

I.D.) using gradient elution and high resolution MS detection (figure 8). As it can be seen from the 479 

figure, total ion current chromatogram showed additional peaks (with respect to UV signal). The 480 

assignement of each peak was obtained by deconvolution of multicharged MS spectra as reported 481 

under Supporting Information (figure S6). Briefly, two different lyzozyme isoforms (p1-a, p1-b) 482 

and two impurities of carbonic anhydrase (i-1, i-2) could be identified (see table S2 of Supporting 483 

Information). Signals due to multiply charged ions (z always higher than +13) were recorded with 484 

high isotopic resolution (about 40-50,000) for all proteins except than p4. The exact mass of p4 485 
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(29022.8 Da) was determined by artifact-free deconvolution of low z multicharged signals using 486 

ProMass. The separation of real complex peptide sample was also performed by using a very long 487 

column (110 cm × 200 m, L × I.D.) directly interfaced to the mass spectrometer via standard ESI 488 

source. Maintaining the column pressure at an acceptable level, plasma proteins digest was well 489 

separated with a 50 min gradient at 7 L/min flow rate. 490 

FIGURE 8 491 

FIGURE 9 492 

4. Conclusions 493 

Gamma radiation offers an alternative route for an easy in-situ preparation of macroporous 494 

polymeric monoliths suitable as separation media in analytical chemistry. In this work, to obtain the 495 

capillary column, an innovative “tentacle type” grafting from/to approach producing multisite, 496 

flexible grafted reactive surface of capillary inner walls was proposed. Monolithic stationary phases 497 

for capillary HPLC characterized by chromatographic efficiencies > 102,000 plate/m were prepared 498 

under continuous γ-ray exposure. The chemical, physical and morphological properties of lauryl 499 

methacrylate-1,6-hexanediol dimethacrylate co-polymer were investigated by FT-IR, solid state 
13

C 500 

CPMAS NMR, SEM and 
1
H NMR cryoporosimetry. The evaluation of chromatographic 501 

performance, using a set of small molecules, has revealed high efficiency and resolution power, 502 

together with low flow resistance and significant mechanical stability. Moreover, the fabricated 503 

columns demonstrated excellent reproducibility with RSD values for run-to-run and column-to-504 

column below 1%. Efficient separation of intact proteins and peptides by LC-MS on lauryl 505 

polymethacrylate-based monolithic capillary columns was realized, demonstrating their potential 506 

use in top-down and bottom-up proteomic studies. 507 
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Figure captions 691 

Figure 1. Solid state 
13

C CPMAS NMR spectra of thermal (a) and radiolytic (b) monoliths. 692 

Assignement was discussed in the text. 693 

Figure 2. Tentacle type inner wall activation and grafting on-to polymerization process. 694 

Figure 3. SEM images of γ-M1 (top) and Δ-M2 (bottom) monoliths. 695 

Figure 4. IT plots of sample γ-M1 (a) and Δ-M2 (b), solid lines through the experimental points 696 

were obtained fitting the experimental data to equation 1. Pore size distribution of samples γ-M1 697 

and Δ-M2 obtained from equation 2. 698 

Figure 5. Pressure-linear flow velocity plots (left) and van Deemter plots (right) for columns 699 

containing   γ-M1_300 mm × 0.25 mm monolith and  Δ-M2_300 mm × 0.25 mm monolith in 700 

comparison to ● Hypersil C18, 5 µm packed column (300 mm × 0.25 mm L. × I.D.). Eluent: 701 

ACN/H2O 60/40 v/v, viscosity given as η = 0.72 cP at 25 °C. Uracil for permeability data, and 702 

benzaldehyde (k: 0.30 for γ-M1; k: 0.38 for Δ-M2 and k: 0.72 for Hypersil C18, 5 µm) for van 703 

Deemter inspection, were used as markers. 704 

Figure 6. Poppe plot (top) and t0/N
2
 vs. N (bottom) for ethylbenzene. Columns: () γ-M1_300 mm 705 

× 0.25 mm monolith, () Δ-M2_300 mm × 0.25 mm monolith and (●) Hypersil C18, 5 µm 300 mm 706 

× 0.25 mm. Mobile phase: ACN/H2O 60/40, v/v; Tcol: 25 °C. Maximum system pressure: 6000 psi. 707 

Figure 7. Comparison of isocratic elution on γ-M1_300 mm × 0.25 mm (top), Hypersil C18, 5 µm 708 

300 mm × 0.25 mm (middle) and -M2_300 mm × 0.25 mm (bottom) by eluting a small molecules 709 

mixture. Mobile phase: ACN/H2O 60/40 v/v; detection wavelength: 214 nm; flow rate: 1.0 µl/min. 710 

Results are expressed as theoretical plates per meter (N/m). 711 

Figure 8. Total ion current chromatogram and UV traces of standard proteins mixture (i-1 and i-2. 712 

impurity 1 and 2 of the carbonic anhydrase, respectively, p1-a. lysozyme isoform a, p1-b. lysozyme 713 

isoform b, p2. -lactalbumin, p3. -lactoglobulin, p4. carbonic anhydrase) on γ-M1_250 mm × 714 

0.25 mm monolith. Mobile phases: (A) H2O/ACN 95/5 + 0.1% TFA; (B) ACN/H2O 95/5 + 0.1% 715 
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TFA; 15 min gradient elution from 5% to 70% of mobile phase B; flow rate: 15 L/min; Tcol: 60 716 

°C. 717 

Figure 9. Total ion current chromatogram of plasma protein digest (CapHPLC-HRMS analysis).  718 

Pre-Column: -M1 5 cm × 0.25 mm L. × I.D. Loading solvent: 0.1% aqueous trifluoroacetic acid; 719 

trapping time: 5 min; loading flow rate: 10 μL/min; Column: -M1_1100 mm × 0.200 mm L. × I.D. 720 

Mobile phases: (A) H2O/ACN 95/5 + 0.1% TFA; (B) ACN/H2O 95/5 + 0.1% TFA; gradient elution 721 

from 3% to 35% of mobile phase B in 40 min, from 35% to 50% in 1 min, from 50% to 70% in 4 722 

min and finally hold for 5 min; flow rate: 7 L/min; Tcol: 60 °C. 723 
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Table 1. Parameters obtained fitting IT plots of benzene-saturated networks to equation 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Xci (K
-1

) i (K) I0i (a.u.) 

γ-M1 

3.555 0.010 0.881 

3.700 0.042 0.129 

Δ-M2 

3.555 0.012 0.802 

3.761 0.117 0.139 

4.342 0.113 0.047 

Tables
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Table 2. Chromatographic parameters for columns containing monoliths γ-M1 and Δ-M2 compared 1 

to Hypersil C18, 5 µm packed column. Eluent: ACN/H2O 60/40 (v/v), η = 0.72 cP at 25 °C; sample: 2 

benzaldehyde for kinetic inspection. K0, KSF, εt and dperm values were obtained using uracil as 3 

unretained marker. 4 
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 6 

 7 

 8 

Capillary 

columns 
k 

Permeability  

(× 10
-14

 m
2
) t  

(%) 

Hmin  
(µm) 

 

 

N/m µopt  
(mm/s) 

A 
(µm) 

B 
(µm2/ms) 

C 
(ms)  

dperm 

(µm) 

K0 KSF 

γ-M1 0.30 7.03 5.09 72.5 9.8 102270 0.525 3.97 1.71 6.21 7.12 

Δ-M2 0.38 18.07 13.19 73.0 18.9 52790 0.467 8.12 2.88 13.19 11.48 

Hypersil 

C18, 5 µm 
0.72 5.90 3.55 60.1 12.9 77500 0.656 3.54 3.08 7.15 5.96 

Tables
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