
Autosampler Operation  
and Injection
In a typical method sequence that is set 

up within a chromatography data system 

(CDS), a series of runs are listed that detail 

which vial is to be sampled and which 

chromatographic method is to be used for 

each injection. In a standard instrument 

operating mode, the autosampler sequence 

occurs before each injection. This sequence 

typically includes movement of the needle 

to the designated sample vial position, a 

sample draw, movement back to the injector 

valve (if a needle seat port is used), and a 

series of needle washes to reduce sample 

carryover [2, 3]. This approach has multiple 

limitations that can increase instrument 

cycle time and thus reduce overall analytical 

throughput. The primary issue is the 

fact that the autosampler sequence and 

the chromatographic run are performed 

asynchronously, which means that the total 

instrument cycle time is the sum of both 

operation times rather than simply the 

slower of the two. The simple fix to this 

limitation is to simultaneously perform the 

autosampler sequence with the preceding 

chromatographic run so that as soon as 

one chromatographic analysis is finished, 

the next can begin immediately because 

the sample has already been delivered 

to the injector. Such functionality is often 

available as a setting of modern CDSs, using 

functions such as ‘PrepareNextInjection’ [4], 

‘Enable Overlapped Injection’ [5], or “Prep 

Ahead” [6] within the autosampler control 

code. This approach was demonstrated 

for the analysis of over-the-counter (OTC) 

analgesic compounds with a complete 

chromatographic cycle time of 20 s (total 5 

min analysis time for 15 replicate runs) [7]. 

The short separation time was achieved by 

operating a 2.1 x 50 mm column packed with 

sub-3 µm core-shell particles at 1.3 mL/min, 

which required UHPLC instrumentation as 

the column pressure exceeded 750 bar. The 

autosampler sequence time was reduced 

to less than 13 s by limiting the time of the 
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Introduction

The implementation of ultrafast liquid chromatography techniques to reduce method time and increase analytical throughput has grown 

tremendously in recent years. Instruments capable of higher pressures and flow rates, coupled with modern column technologies that can 

provide sufficient chromatographic efficiencies even at very short lengths, have provided the means to drastically increase separation speeds. 

Improvements to detector modules and new data processing algorithms are enabling effective signal acquisition at the requisite rates. The rate of 

autosampler operation has also increased, but has lagged behind these other advancements and now represents one of the primary bottlenecks 

for further increases to sample throughput in LC [1]. In this overview, current injector and autosampler technology will be discussed, along with 

recent strategies that have been used to reduce injection cycle time and how these might be further developed in coming years.
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Figure 1. Fifteen consecutive injections of a 20 s cycle time separation of acetaminophen (peak 1), aspirin 
(peak 2), benzoic acid (peak 3), and salicylic acid (peak 4) over 5 min coupled on a single chromatogram 
(from fifteen individually collected chromatograms) with vertical dashed lines designating each injection 
point. Adapted with permission from [7].
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needle wash processes, which ensured that 

it could be completed prior to the finish of 

the preceding 20 s chromatographic run 

(Figure 1). Although no significant issues 

were observed with carryover in this example, 

it can become an issue depending on the 

specific analytes and sample solvent coming 

into contact with the autosampler needle and 

loop. In a demonstration of a more robust, 

qualified high-throughput OTC analgesic 

assay, a 40 s cycle time was achieved 

combining an equivalent separation time and 

a ~30 s autosampler sequence that included 

needle washes [8]. 

Isocratic separations were used in both of 

the examples described in the previous 

paragraph. With synchronous operation 

of the autosampler and chromatographic 

analysis, the primary concern is to ensure 

that no valve actuation steps are coincident 

with eluting peaks. Such actuations can result 

in pressure changes that lead to detector 

signal disruptions and distortions to observed 

peak shape. When rapid (or ‘ballistic’) 

gradient separations are used in low cycle 

time analyses, the system dwell volume is 

another critical consideration because it 

affects how long it takes the programmed 

gradient to reach the column [9]. Connections 

between the pump and injector (which may 

include an in-line mixer), flow paths within 

the injector itself, and additional connections 

to the column all contribute to this value. 

Autosampler configurations that do not flow 

through the needle typically provide smaller 

volumes that are more amenable for high-

throughput gradient methods, though their 

design creates the potential for air bubble 

formation in the injector flow path [3]. 

A variation on synchronous injection cycle 

sample preparation is the multiple injections 

in a single experimental run (MISER) 

technique [10]. In MISER, multiple injections 

are run in the same way that is described 

above, but the data is not collected as 

individual chromatograms and is instead 

collected in a single data file. This is an 

ideal strategy for qualitative work in which 

a rapid comparison of a series of runs in 

an injection sequence can quickly identify 

general trends and outliers (i.e. high and 

low abundance peaks) within a sample 

set. For example, MISER has been used to 

rapidly compare the amount of hop-derived 

components in different varieties of beer 

[11], caffeine concentration in beverages 

[12], and capsaicin content in peppers and 

hot sauces [13]. It is also a powerful strategy 

for the enantiopurity monitoring and other 

high-throughput screening needs within 

the pharmaceutical industry [1, 14]. The key 

drawback in MISER is the increased difficulty 

in peak quantification compared to collecting 

individual chromatograms for each unique 

run. Many software algorithms for quantitation 

use area comparisons between analyte 

and internal standard peaks at a specific 

retention time (and/or m/z value, depending 

on the detection mode), which can be more 

difficult to incorporate when a number of 

individual separations are all plotted on 

a single chromatogram. While it can still 

be accomplished through chromatogram 

splitting programs [9] or manual processing, 

these strategies require more user interaction 

to ensure all the peaks are properly matched; 

the overall workload increases significantly 

as the number of runs grows in a high-

throughput screening experiment. Therefore, 

it is important to consider the overall purpose 

of the high-throughput experiments being 

conducted, more specifically whether they 

are qualitative or quantitative, in order 

to determine which approach is most 

appropriate in efforts to reduce cycle time. 

A modified version of the synchronous 

autosampler cycle approach is to actually 

inject the subsequent sample during a 

preceding run rather than to just prepare 

for injection. This approach is often used 

when performing ‘stacked injections’ for 

chiral purifications in preparative-scale HPLC 

or SFC. When isocratic elution conditions 

are used and the peak elution window 

is short relative to the total peak elution 

time, stacked injections reduce solvent 

consumption and improve production rates 

[15]. The approach is also effective with non-

retentive chromatography modes (i.e. size 

exclusion chromatography, hydrodynamic 

chromatography) [16, 17], where the finite 

elution window of the peaks is known based 

on the volume difference between analytes 

at the high and low ends of the size range 

for a given stationary phase. Because of the 

initial delay between sample injection and 

the first eluted peak, an additional injection 

can be performed during this time gap so 

that this same first peak from the second 

injection elutes closely to the final peak from 

the initial sample. This was demonstrated 

for a preparative-scale hydrodynamic 

chromatography separation used to reduce 

the particle size distribution of a silica packing 

material [18,19]. Because multiple injections 

were needed to obtain the amount of purified 

sample that was required, this strategy 

eliminated any added time between runs 

used to deliver the sample to the injection 

loop [20] (Figure 2). A similar approach 

has also been described for aggregate 

characterisation of monoclonal antibodies 

[21, 22]. Although these examples included 

slightly longer runs and the added time would 

have been only a fraction of the overall cycle 

time, the technique would have an impact on 

high-throughput size-based separations [23]. 

A similar process has been developed for 

retentive chromatography modes with more 

complex mixtures, but it can be much more 

difficult to implement due to the optimisation 

required to avoid peak co-elutions [24]. In 

those instances, the previously described 

strategies may be preferred.

Considerations for Injector-
Related Broadening Effects
The use of columns with smaller 

dimensions, and thus volumes, has made 

the consideration of instrument-based 

broadening effects a critical aspect of high-

throughput LC. The most basic description of 

broadening due to the injection cycle is based 

solely on the volume of sample injected [25]:

Figure 2. Ten replicate injections in a hydrodynamic chromatography size refinement of 1.0 µm fully porous 
bridged-ethyl hybrid particles (peak 1) with urea (peak 2) used as a void volume marker. Adapted with 
permission from [20].
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However, this is a simplification that 

assumes a rectangular injection band profile 

and is not a true estimation of the actual 

broadening that occurs due to the injection 

process [26]. A number of studies have 

identified additional causes of broadening 

in the injection process, many of which 

are flow-dependent and can grow as the 

separation speed is increased. In one 

experiment, a miniaturised electrochemical 

detector was used to track injector band 

profiling in a nano-volume internal loop 

design coupled a variety of tubing diameters 

and lengths. It was determined that the 

eluted peaks contained both a Gaussian and 

exponential component, the exponential 

component of which grew with increasing 

flow rate (Figure 3) [27]. The likely source of 

this broadening was the abrupt changes in 

channel diameter that existed between the 

stator, rotor, and connected tubing, where 

each channel mismatch created a ‘mixing 

chamber’. This experimental observation 

was further supported through fluid dynamic 

modelling of a computational reconstruction 

of the injector flow path. To reduce this 

broadening contribution, the tailed portion 

of the peak can be removed from the 

injection profile by performing a partial loop 

‘timed pinch injection’ with rapid actuation 

of the valve back to the ‘load’ position 

after injection (Figure 3), although this can 

reduce injection repeatability compared to 

traditional full loop injection [27].

Commercial autosamplers in analytical-

scale systems have also been studied to 

determine the broadening effects due to 

injection. In systems that contain a capillary 

connection between the needle seat and 

the injector (common for flow-through 

needle designs), smaller-diameter tubing 

is critical to minimise broadening [25, 28]. 

There was also an observable increase in the 

injector-based broadening with increasing 

flow rates, which levelled off around 0.8 mL/

min [28]. For loop-based injectors that are 

more similar to those that were investigated 

in the preceding paragraph, the impact 

of both injection volume and flow rate on 

the observed broadening were both lower 

than with the flow-through needle injector. 

However, with larger inner diameter loops, 

added contributions at high flow rates 

were also observed in this format [28]. 

Fluid dynamic modelling was also used to 

further explore these observations, and 

the presence of two regimes within the 

injector were identified: the convective 

regime and the diffusion regime [29]. The 

dominant regime depends on a number of 

variables, including the injection volume, 

needle diameter (specifically for flow-

through needle injectors), analyte diffusion 

coefficient, and chromatographic flow rate. 

Under typical LC operating conditions that 

would be used for chromatographic analysis, 

loop-based injectors produce narrower 

injection bands than flow-through designs 

[29]. These various studies all indicate 

that band broadening contributions due 

to injection are usually underestimated 

and that there is typically an increase in 

this broadening at the higher flow rates 

used in high-throughput LC. Thus, further 

optimisation of channel structure and overall 

injector design are still needed to ensure 

high chromatographic performance in rapid 

LC separations. 

Potential Directions for 
High-Throughput Sample 
Injection
As described above, the modern injection 

process has been improved significantly, 

with the fastest autosampler cycle times 

now down to 7 s [17]. However, as ultrafast 

subsecond separations become more 

feasible [30], 7 s will still be far too slow to 

achieve high-throughput screening rates 

that compare to MS-based techniques which 

can now exceed 30 samples per second [31]. 

One approach is to use parallel sampling 

that introduces multiple samples into the 

flow stream simultaneously [32]. To some 

degree, this has already been incorporated 

into modern autosamplers that contain 

dual needle designs [33, 34], although 

this multiplex approach would need to be 

increased significantly to accommodate 

more rapid separations. The potential to 

use segmented flow droplets in a multiplex 

array to further increase sample throughput 

was described in a presentation at Pittcon 

2020 [35]. The highest analysis rates 

that have been achieved when coupling 

droplets to a separation technique thus 

far rely upon microchip electrophoresis 

[36, 37, 38], as there are many successful 

approaches to injecting droplet streams 

into an electrophoretic separation channel 

[39]. This process can be more challenging 

with pressure-driven LC separations. A swan 

probe approach has been used to collect 

sample from spatial droplet arrays and 

deliver it to an in-line monolithic column [40], 

although it relies upon a channel sealing 

technique that limits operating pressure to 

25 bar and is no faster than state-of-the-art 

commercial LC autosamplers. In a reaction 

optimisation platform that included on-line 

LC-MS analysis, droplet streams segmented 

with an inert gas were coupled directly to 

an injection loop with an additional vacuum 

port used to clear remaining liquid in the 

loop and reduce carryover [41]. This latter 

technique may have the best capacity for 

increased throughput, but it is critically 

important to precisely time the valve 

actuation so that only sample is injected and 

not the carrier phase. This may only cause 

minor issues if the droplets are segmented 

with inert gas, but could be much more 

detrimental when a fluorinated oil that could 

Figure 3. Comparison of the exponential decay ‘tau’ broadening for full loop (full squares) and timed pinch 
(open squares) injections when the injector is coupled to a ~1 m segment of 50 µm i.d. capillary. Adapted 

with permission from [27]. 
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interfere with the separation and/or cause 

carryover problems is used. 

As the need for fast screening methods 

that rely upon chromatographic separations 

continues to increase, the speed of every 

aspect of the analytical technique must be 

examined. Novel strategies that employ 

higher throughput sample introduction will 

be a critical aspect of the next generation 

of rapid measurement tools. Whether the 

next generation of sample injection is 

based upon parallel sampling, segmented 

flow, or some other technique is yet to be 

identified, most practitioners of ultrafast 

chromatography agree that it is a major 

bottleneck to be overcome. For now, the 

advances that have brought autosampler 

cycle times below 10 seconds still represent 

an outstanding improvement from previous 

instrument generations and can still facilitate 

higher throughput analysis in nearly any lab 

that relies upon LC. 
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New Liquid Chromatography Solution Redefines Laboratory Science

Waters Corporation has introduced the Waters™ ACQUITY™ PREMIER Solution, the next generation in liquid chromatographs featuring 

Waters’ breakthrough MaxPeak™ High Performance Surface (HPS) technology. The solution leverages HPS to vastly 

improve analytical data quality and eliminate the need for time-consuming and costly passivation.

The Waters ACQUITY PREMIER Solution combines the power of the ACQUITY PREMIER System with ACQUITY 

PREMIER Columns to improve detection sensitivity and assay-to-assay reproducibility for chromatographic 

separations of metal-sensitive analytes like organic acids, organophosphates, oligonucleotides, phosphopeptides, 

acidic glycans and phospholipids.

ACQUITY PREMIER is a universal liquid chromatograph (LC) solution that combines the ACQUITY PREMIER System 

with ACQUITY PREMIER Columns with MaxPeak HPS technology. It is designed to alleviate the problem of analyte/

metal surface interactions when analysing organic acids, organophosphates, oligonucleotides, phosphopeptides, 

acidic glycans and phospholipids by reversed phase and hydrophilic interaction chromatography. For these analyses, 

the new ACQUITY PREMIER solution cuts the time from sample to results, improves analyte recovery and assay-

to-assay reproducibility, to give separation scientists greater assurance in the integrity of their qualitative and 

quantitative analytical results.

MaxPeak HPS technology is a hybrid organic/inorganic surface technology that forms a barrier between the sample 

and the metal surfaces of both the system and column. By mitigating, or eliminating altogether, non-specific 

adsorption, the ACQUITY PREMIER Solution offers many benefits, among them: increased analyte recovery with 

10-100X improvement in detection sensitivity for low-level phosphorylated and carboxylated analytes reducing the 

risk of unseen analytes going undetected; sharper peak shapes and greater peak capacity for more accurate analyte 

identification and data interpretation; greater reproducibility for separations prone to adsorptive losses meaning less 

re-work or troubleshooting, and more confidence in results; no more system passivation to waste valuable sample material or tie up instrument 

cycles; eases the transfer of methods from site-to-site and from company-to-company; offers UPLC performance for the analysis of both metal-

sensitive and non-metal-sensitive analytes making it a truly universal liquid chromatography solution.

The ACQUITY PREMIER System and ACQUITY PREMIER columns are now available worldwide from Waters.

More information online: ilmt.co/PL/Kg2G


