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Abstract
This review provides an overview on the current applications of dried blood spots (DBS) as matrices for therapeutic drug 
(TDM) and drug or disease response monitoring (DRM). Compared with conventional methods using plasma/serum, DBS 
offers several advantages, including minimally invasiveness, a small blood volume requirement, reduced biohazardous risk, 
and improved sample stability. Numerous assays utilising DBS for TDM have been reported in the literature over the past 
decade, covering a wide range of therapeutic drugs. Several factors can affect the accuracy and reliability of the DBS sampling 
method, including haematocrit (HCT), blood volume, sampling paper and chromatographic effects. It is crucial to evaluate 
the correlation between DBS concentrations and conventional plasma/serum concentrations, as the latter has traditionally 
been used for clinical decision. The feasibility of using DBS sampling method as an option for home-based TDM is also 
discussed. Furthermore, DBS has also been used as a matrix for monitoring the drug or disease responses (DRM) through 
various approaches such as genotyping, viral load measurement, assessment of inflammatory factors, and more recently, 
metabolic profiling. Although this research is still in the development stage, advancements in technology are expected to 
lead to the identification of surrogate biomarkers for drug treatment in DBS and a better understanding of the correlation 
between DBS drug levels and drug responses. This will make DBS a valuable matrix for TDM and DRM, facilitating the 
achievement of pharmacokinetic and pharmacodynamic correlations and enabling personalised therapy.

Key Points 

Dried blood spots have been studied extensively for 
therapeutic drug monitoring.

There are relatively less studies on applying dried blood 
spots on drug response monitoring.

With advances in analytical technology and identification 
of markers as drug responses utilising dried blood spots 
as matrices, dried blood spots can be used as a platform 
for pharmacokinetic and pharmacodynamic monitoring 
to achieve the aims of personalised therapy.

1 Introduction

Therapeutic drug monitoring (TDM) is a valuable tool in 
clinical care, involving the measurement of therapeutic drug 
concentrations in blood samples to ensure optimal dosing 
and therapeutic outcomes. It is particularly important for 
drugs with high variability between individuals, narrow 
therapeutic ranges, and potential for serious side effects [1]. 
TDM can also help assess patient adherence to prescribed 
regimens, providing valuable insights into treatment effec-
tiveness [2].

Traditionally, TDM assays have been performed using 
plasma or serum samples obtained through venous blood 
sampling. However, this approach has limitations. It requires 
visits to healthcare facilities, which can be burdensome for 
patients [3–5], and invasive blood sampling may be chal-
lenging for certain populations, such as children and criti-
cally ill patients [6, 7].

Dried blood spots (DBS) have emerged as a patient-
friendly alternative for TDM. DBS sampling offers several 
advantages, including minimally invasiveness and the use 
of small blood volumes [8]. It has lower contamination and 
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biohazardous risk compared with venous blood sampling. 
Moreover, DBS samples exhibit better stability, making stor-
age and transport more convenient [8]. One of the significant 
benefits of DBS sampling is the potential for home-based 
TDM. Using a finger prick, patients can collect blood sam-
ples themselves, reducing the need for frequent hospital vis-
its. With proper training, patients can perform the sampling 
procedure at home, improving convenience, especially for 
those who face challenges in travelling to healthcare facili-
ties [9, 10]. After sample collection, patients can simply 
send the DBS samples via regular mail to the laboratory for 
analysis. This streamlined process enhances convenience, 
particularly for individuals with limited mobility or difficulty 
accessing healthcare facilities. Overall, DBS sampling for 
TDM offers a patient-centred approach that improves acces-
sibility and simplifies the monitoring of drug concentrations, 
ultimately contributing to more effective and personalised 
treatment.

Despite the advantages, there are still uncertainties on 
whether whole blood is a comparable matrix to plasma/
serum for the purpose of TDM. The differences in the 
respective matrices along with the physicochemical proper-
ties of the target analytes (therapeutic drugs) necessitate the 
need for an extensive validation to render DBS a reliable 
sampling method that can replace plasma/serum sampling 
[11]. Few studies directly use DBS concentrations [12, 13] 
while most apply conversion factors [14–17] to estimate 
plasma/serum concentrations. Nevertheless, some studies 
do not approve DBS sampling to replace conventional sam-
pling [18, 19].

Another prominent challenge of DBS sampling is the 
influence of haematocrit (HCT) on the accuracy of DBS 
assays. HCT affects the spreading of blood on the sampling 
paper which in turn impacts factors such as the spot size, 
drying time and homogeneity [8]. Various studies have 
implemented correction factors for HCT [14, 20] and many 
do not recommend the use of DBS sampling for individuals 
with extreme HCT [4, 13]. Nonetheless, the influence of 
HCT on DBS assay needs to be further investigated.

Despite having a potential for application in routine 
clinical practice, the widespread use of DBS sampling for 
TDM remains limited and requires further assessment to be 
clinically validated. Factors that can influence the accuracy 
of DBS assay need to be thoroughly examined in method 
development and validation. This review aims to discuss the 
current application of DBS as matrices for TDM, focussing 
on existing DBS assays and their respective method valida-
tion. In addition, DBS has proven to be valuable in disease 
response monitoring (DRM), especially for conditions that 
require frequent monitoring biomarkers. For example, in the 
field of infectious diseases, DBS can be used to detect and 
monitor viral loads or antibodies in individuals infected with 
human immunodeficiency virus (HIV), hepatitis C or other 

viral pathogens [21–27]. With the applications of multi-omic 
analytical techniques [28, 29], DBS can be explored as a 
platform for both TDM and DRM. This review explores 
the benefits and challenges of DBS sampling, in addition 
to gaining insight into the future direction of DBS for TDM 
and both disease and drug response monitoring (DRM).

2  Methods

This paper was prepared through a review of available lit-
erature found using keywords such as “dried blood spots” 
or “DBS”, “drug response” or “disease response”, “thera-
peutic drug monitoring” or “TDM”. Several websites were 
used for this search, including Pubmed, Embase, and Sci-
ence Citation Index. We focussed on articles published in 
the last 10 years, and search was limited to publications in 
the English language.

3  DBS Sampling

To better understand the topic, a brief background of DBS 
sampling is described in this section. DBS sampling was first 
introduced by Robert Guthrie in 1963 for the screening of 
newborns, specifically in the measurement of phenylalanine 
to detect phenylketonuria [30]. Since then, the use of DBS 
has been increasing and its spectrum of analytes is continu-
ously expanding due to advances in analytical techniques 
[31]. As DBS sampling only uses a small volume of blood, 
a more sensitive and specific analytical method is required 
for the measurement of analyte in DBS [8].

This sampling method is prominent in the screening and 
detection of numerous biological markers including amino 
acids, enzymes, hormones, vitamins and antibodies. Other 
important applications include quantitation and genotyp-
ing of viruses, toxicokinetic and pharmacokinetics studies, 
TDM, forensics and more [32]. In this paper, we will be 
looking into the use of DBS for TDM and DRM that will 
give another dimension of DBS in clinical application.

The general DBS sampling procedure is composed of 
three main stages. The first stage involves blood sample 
collection, in which capillary blood is obtained from the 
patient through finger or heel prick by single-use automatic 
lancet. This is followed by spotting of the blood sample, 
approximately 10–50 μl, onto the sampling paper. Then, the 
samples are dried for a minimum of 2 h before being trans-
ported to laboratories for sample preparation and analysis. 
During sample preparation, sample area of appropriate size, 
usually around 3–6 mm, is punched before extraction of the 
analyte. Finally, the samples are subjected to the respective 
assay for analysis. This process is briefly illustrated in Fig. 1.
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4  Current Application of DBS for TDM

Over the last decade, assays using DBS for TDM have been 
reported in literatures for a wide range of therapeutic drugs 
[8, 33, 34]. Some classes of therapeutic drugs for which DBS 
assay has been reported include antiepileptics, immunosup-
pressants, antimicrobials and antihypertensives. Though 
minimal, assays have also been published on antipsychotics 
and antidiabetics. Tables 1, 2, 3, 4, 5 and 6 provide a sum-
mary of the reported DBS assay for each class, respectively.

The concentration of therapeutic drug in DBS is measured 
by various quantitative analytical methods, mainly LC–MS/
MS, HPLC–UV and GC–MS. Out of all of them, LC–MS/
MS was observed to be the most preferred analytical method 
of choice, as it is applied in almost half of the listed stud-
ies. The choice of biological matrix used for DBS sampling 
includes whole blood from venous sampling and capillary 
blood from finger prick. Studies that utilise capillary blood 
from finger prick mostly spotted few drops of blood directly 
onto the sampling paper. Only one study, however, collects 
capillary blood into an appropriate blood tube, after which it 
is spotted onto the sampling paper using a pipette [35]. This 

procedure is also applied to studies that use venous whole 
blood to produce the blood spot. The punch size, blood vol-
ume and sampling paper used are also presented in Tables 1, 
2, 3, 4, 5 and 6. The stability of various therapeutic drugs in 
DBS samples was also demonstrated in most of the studies, 
where various temperatures in which the drug is considered 
stable were specified accordingly.

5  Benefits of DBS Sampling for TDM

In contrast to venous blood sampling, DBS sampling offers 
a more patient-friendly experience due to its minimally inva-
sive procedure. This is especially preferred for paediatrics, 
as venous blood sampling is often challenging in such popu-
lation [36]. Additionally, the low volume of blood required 
in DBS sampling allows for practical blood collection from 
populations such as the paediatrics, the elderly and critically 
ill patients [37]. The simple procedure of DBS sampling also 
enables patients to perform sampling at home. The feasibil-
ity of self-sampling will be further discussed in Sect. 7.

Furthermore, the adsorption of blood onto sampling 
paper makes DBS samples less reactive as compared with 
any liquid specimen [37]. As a result, DBS often displays 
good stability in ambient conditions for several days or 
months. This allows for the possibility of DBS to be trans-
ported conveniently from the site of sample collection to 
the analysing laboratory, as long as necessary precautions 
are taken into consideration [37]. This is opposed to venous 
blood sampling, as liquid venous samples need to be trans-
ported under specific conditions. As such, this particular 
advantage of DBS is attractive for TDM in remote sites and 
resource-limited areas [14, 38]. Additionally, DBS has lower 
biohazardous risk, which can protect laboratory personnel 
from various infectious agents present in the blood samples 
during sample preparation [39].

6  Relationship Between DBS Concentration 
and Plasma/Serum Concentration

To aid in the interpretation of therapeutic drug concentra-
tion, reference ranges have been established on the basis of 
plasma/serum concentration, as these biological matrices are 
the gold standard for the measurement of most therapeutic 
drugs. Since DBS involves the measurement of drug con-
centration in whole (capillary) blood, it is thus necessary 
to assess the relationship between DBS concentration and 
plasma/serum concentration before correlating the values to 
the established reference range.

The difference between whole blood and plasma/serum 
concentration essentially depends on the blood-to-plasma 
concentration ratio of respective therapeutic drugs. To better 

Blood 
Collection

Children Adults

≤ 6 months ≥ 6 months

Heel prick Finger prick

Blood spotted onto 
sampling paper 

Dried for a sufficient
period of time

Transported to 
laboratories

Sample 
analysis 

Sample area 
punched

Analyte extracted, 
impurities removed

Subjected to 
assay

LC-MS GC-MS HPLC-UV

Sample 
preparation

Fig. 1  Flowchart of general dried blood spot sampling procedure
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understand the issue, it is useful to first study the relation-
ship between total whole blood, total plasma and unbound 
concentration as demonstrated in Fig. 2. It is seen from the 
figure that therapeutic drugs can partition into the blood cell, 
in which the permeability of cell membrane and the affin-
ity of drugs to bind to constituents in plasma or blood cell 
can influence the extent of distribution. At equilibrium, the 
distribution of a drug in the blood are interpreted using three 
equations [8] as follows:

where Cp is plasma concentration, Cu is unbound concentra-
tion, Cb is blood concentration, fu is unbound fraction in 
plasma, HCT is haematocrit and � is blood cell partitioning. 
Equation (3) represents blood-to-plasma concentration ratio 
and is obtained by dividing Equation (2) by Equation (1).

On the basis of the equations above, we can directly infer 
that blood-to-plasma concentration ratio depends on fu , � 
and HCT. According to Rowland and Emmons, variability 
in fu will be a concern for estimating plasma concentration 
from DBS concentration for therapeutic drugs with blood-to-
plasma ratio of around 0.55, which indicates greater fraction 
of drug present in plasma. Conversely, for therapeutic drugs 
with blood-to-plasma ratio of more than 2, which indicates 
high affinity for red blood cells (RBC), the variability in � 
becomes a greater concern instead. If small variability is 
observed for both fu and � , then there is minimal concern 
if DBS is used [11]. In essence, it is important to conduct 
validation studies to translate DBS to plasma/serum concen-
tration accurately and confidently. Some guidelines such as 
the EMA guideline on bioanalytical method validation [40] 
and the CLSI guideline for Method Comparison and Bias 
Estimation Using Patient Samples [41] specify the need for 
method comparison to determine the agreement between 
DBS and plasma/serum concentrations.

Referring to Table  1 (antiepileptics) as an example, 
various studies have demonstrated different approaches to 
determine estimated plasma/serum concentration from DBS 
concentration for antiepileptic drugs. One approach used by 
Linder et al. [9] and Rhoden et al. [17] is known as the ratio 
approach where DBS concentration is simply multiplied by 
the average ratio of plasma/serum concentration to DBS 
concentration. Another approach adopted by Kong et al. is 
known as the theoretical approach where blood-to-plasma 

(1)Cp =
Cu

fu

(2)Cb =

[

1 − HCT

fu
+ HCT × �

]

× Cu

(3)
Cb

Cp

= (1 − HCT) + HCT × � × fu
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ratio (denoted as K in equation) and HCT are considered 
in estimating plasma concentration through the following 
equation: Cplasma = CDBS∕[1 − HCT(1 − K)] . This equation 
is then further adjusted on the basis of linear regression to 
obtain the final equation [42]. Linder et al. compared the two 
different approaches and reported minimal difference [13]. 
Furthermore, La Marca et al. [43] and Shokry et al. [20] 
only corrected for HCT in the estimation of plasma/serum 
concentration from DBS concentration.

To see how blood-to-plasma concentration ratio plays a role 
in the relationship between DBS concentration and plasma/
serum concentration, we will look at two examples of antiepi-
leptic drugs: carbamazepine and valproic acid. Carbamazepine 
has a blood-to-plasma ratio of 1.06 [42], which implies a similar 
fraction of the drug partitions between RBC and plasma. Vari-
ous studies displayed good correlation of DBS concentration 
to plasma concentration, although some found that DBS con-
centration of carbamazepine was slightly higher than plasma 
concentration, hence utilising conversion factors ranging from 
0.83 to 0.89 [9, 14, 42]. Furthermore, plasma concentration of 
valproic acid was found to be significantly higher than DBS 
concentration, and thus conversion factors ranging from 0.92 to 
1.88 were applied [4, 9, 13, 17, 42]. Valproic acid has a blood-
to-plasma ratio of 0.64 [44], which indicates low partitioning 
into the RBC. Therefore, the RBC in DBS may act as a diluent 
and ultimately results in lower DBS concentration measured. 
Additionally, Kong et al. highlights that the lipophilicity of val-
proic acid, which can lead to the dissolvement and detachment 
from RBC during centrifugation, can be another reason for the 
higher plasma concentration measured [42].

In contrast to many therapeutic drugs, the routine 
assay of immunosuppressants are mostly performed in 
venous whole blood due to their high affinity to RBC [11]. 
Although both capillary and venous blood are essentially 
whole blood, minor differences in drug concentration may 
be seen between the two [45] due to the presence of arterial 
component as well as intracellular and interstitial fluid in 
capillary blood [34]. On the basis of the recently reported 
DBS assay for tacrolimus as an example, only one study Ta
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[46] introduced a conversion factor as higher concentration 
in DBS was observed. Although other studies have reported 
similar findings [15, 47–51], they concluded that the dif-
ference between the two methods is still within acceptable 
limits. Noticeably, since capillary and venous blood are 
more similar in terms of matrix components, fewer studies 
reported the use of conversion factor for immunosuppres-
sants as compared with antiepileptics.

Nevertheless, the examples discussed above prove that 
case-by-case-based evaluation is necessary to determine the 
validity of using DBS for TDM. Depending on the physico-
chemical properties of each therapeutic drug, as well as the 
physiological difference between biological matrices, the 
relationship between DBS concentration and plasma/serum 
concentration, or venous concentration in the case of immu-
nosuppressants, can differ significantly. Although the use of 
conversion factors or equations seems to suggest that DBS 
can be a possible alternative to plasma/serum, further valida-
tion still has to be performed for it to be widely accepted in 
clinical practice.

Additionally, it is also important to note that some studies 
use venous blood spotted DBS to perform the method valida-
tion. Considering that the true matrix of DBS sampling is cap-
illary blood, there are concerns in which the results obtained 
from such studies may not hold true in the clinical applica-
tion of DBS. Vu et al. compared between venous blood spot-
ted DBS (Vdbs) and capillary blood spotted DBS (CAdbs) 
for linezolid and moxifloxacin in separate studies [52, 53]. 
They found that Vdbs gives a higher drug concentration than 
CAdbs for linezolid, whereas Vdbs and CAdbs concentra-
tion for moxifloxacin is comparable. As such, for studies that 
use venous blood spotted DBS, additional analysis has to be 
performed before applying the method to clinical practice. 
Perhaps standardising and establishing a set of reference range 
solely on the basis of DBS capillary blood can be considered 
to help in the interpretation of DBS concentration without 
correlating to plasma/serum concentration. Until such ranges 
are established, the conversion to estimated plasma/serum 
concentration can be applied for the use of DBS for TDM.

7  Factors that Can Affect DBS Sampling 
Method

There are four key factors that can affect DBS sampling 
method: HCT, blood spot volume, sampling paper and chro-
matographic effect.

7.1  HCT

On the basis of the previous section, it is apparent that 
HCT also plays a significant role in the translation of DBS 

concentration to plasma/serum concentration. HCT refers to 
the volume or fraction of blood occupied by the RBC and it 
is known to be a prominent parameter that can influence the 
validity of DBS method results [8]. Normal values of HCT 
range from 40% to 50% for men and 35–45% for women, 
while paediatrics have higher HCT values ranging from 42% 
to 65% [37]. Patients with certain diseases such as anaemia 
may deviate from the normal HCT values.

HCT contributes to blood viscosity, which in turn affects 
the spreading of blood on the sampling paper. As a result, 
the spot size, drying time and homogeneity may vary with 
different HCT values [8]. High HCT values would result 
in poorer distribution of blood and thus smaller but denser 
blood spots produced. This would then lead to a higher 
concentration of therapeutic drug measured. The opposite 
applies to low HCT values, where lower concentration may 
be measured instead [54]. Consequently, the effect of HCT 
highlights the need to introduce strategies that can minimise 
its influence on the accuracy of DBS sampling method.

One way to tackle HCT effect is to avoid it entirely by 
analysing the entire DBS instead of punching a specific spot 
size [8]. The rationale behind this strategy is that the varia-
tion in spreading and homogeneity caused by varying HCT 
can be eliminated when the entire spot is analysed. Zheng 
et al. investigated this technique for the analysis of apixa-
ban in DBS [55]. The results obtained showed that whole 
spot approach can increase the accuracy for all HCT levels, 
and is hence effective in avoiding HCT effect. Similarly, Li 
et al. performed perforated dried blood spot microsampling, 
which essentially also involves the extraction of the entire 
blood spot, and concluded the same [56]. Nonetheless, this 
strategy is only possible if a fixed and known blood volume 
is spotted onto the sampling paper. Since DBS in TDM are 
targeting the use of capillary blood from finger prick, this 
strategy may not be suitable, especially when patient self-
sampling is utilised.

As such, a more popular strategy practised involves the 
preparation of calibration standards at an HCT level that 
corresponds to the expected HCT level of the study samples 
[8]. In addition, the effect of HCT is evaluated through a 
range of HCT levels, and depending on the results, HCT 
correction may or may not be required. This was performed 
in a handful of studies where they establish the range in 
which minimal effect of HCT was seen and whether HCT 
correction is required (as presented in Tables 1, 2, 3, 4, 5 
and 6). This strategy, however, would mean that it is essen-
tial to know the HCT value of each sample before analysis 
[57], and hence appears to be a prominent disadvantage for 
DBS sampling. As HCT values are usually measured in liq-
uid whole blood [58], it is thus challenging to determine 
the HCT level of a sample if home sampling is intended. 
Surely, an ideal approach is if HCT can be determined from 
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DBS sample itself. Rufail et al. investigated this possibility 
through the detection of potassium in DBS since it was pos-
tulated that potassium corresponds well with RBC fraction 
[59]. Nevertheless, further assessment of this method needs 
to be performed before its use in routine clinical practice.

Above all, assessing the influence of HCT in DBS sam-
pling method should be made mandatory for method devel-
opment and validation. Since DBS uses whole (capillary) 
blood, the effect of HCT cannot be ignored. Referring to 
Tables 1, 2, 3, 4, 5 and 6, it is noticeable that HCT effect was 
not evaluated in some studies. In addition, capillary blood 
was shown to have a higher HCT value than venous blood 
[54]. Therefore, for studies that use venous blood to deter-
mine sample HCT [18], caution in extrapolating the HCT 
value to capillary blood is to be considered if capillary blood 
is used for DBS sampling.

7.2  Blood Spot Volume

As DBS uses capillary blood from finger prick, it is not 
possible to control the amount of blood spotted onto the 
sampling paper. This would lead to variation in spot size 
between patients. Blood spot size was said to be propor-
tional to blood volume on cellulose-based cards such as 
Whatman 903 [60]. This would mean that a fixed spot size 
punched would contain the same about of blood, regardless 
of the amount blood volume spotted initially [37]. However, 
extreme differences in blood volume (> 20 μl) can still result 
in different concentrations of the analytes [37].

The effect of blood volume is typically investigated by 
spotting increasing volume of blood onto the sampling paper 
after which the analyte concentration is measured. For exam-
ple, Lawson et al. investigated the effect of blood volume for 
the quantitation of atenolol by preparing 20 μl, 30 μl and 
40 μl blood spots at three different concentrations [61]. A 
fixed spot size was then punched and evaluated. They con-
cluded that the effect of blood volume is considered accept-
able within the 20–40 μl range. However, this assumes that 
blood spot size increases linearly with blood volume. The 
same may not be observed for patients with HCT level out-
side of the normal range. Additionally, as the assumption 
applies for cellulose-based cards, non-cellulose-based cards 
may need to undergo further assessment on the effect of 
blood volume.

7.3  Sampling Paper

Various types of sampling paper differ by its physical char-
acteristic such as thickness, pore size and particle retention 
[60]. Referring to Tables 1, 2, 3, 4, 5 and 6, the most used fil-
ter papers include Whatman FTA, Whatman 903 and What-
man 31 ET CHR. The Whatman FTA cards are designed 
for nucleic acid analysis [37]. There are various types of 

Whatman FTA cards: Whatman FTA Elute, Whatman FTA 
DMPK-A, Whatman FTA DMPK-B and Whatman FTA 
DMPK-C. Whatman FTA Elute, DMPK-A and DMPK-B 
are treated with chemicals that can lyse cells and denature 
proteins, whereas DMPK C is untreated filter paper [37]. As 
a result, Whatman DMPK-C is more commonly used in DBS 
method as it would not interfere with the measurement of the 
drug concentration. Only one study used DMPK-A card for 
the validation of DBS sampling [49]. The CLSI guideline 
recommends the use of untreated filter papers, namely What-
man 903 and Ahlstrom 226 [31]. However, it is apparent that 
Whatman 903 is generally more preferred, as only one study 
[62] used Ahlstrom 226. The use of alternative non-DBS-
specific papers such as Whatman 31 ET CHR and Whatman 
no. 3 were also seen in some studies [50, 52, 53, 63].

Comparison test for various sampling paper types were 
conducted in some studies. Koster et al. compared What-
man 31 ET CHR and Whatman FTA DMPK-C cards to 
conclude that no significant differences between the two 
were found in the analysis of immunosuppressants [50]. 
However, it was observed that most studies performed com-
parison tests between cellulose- and non-cellulose-based 
filter paper. One popular example of a non-cellulose-based 
filter paper is Agilent Bond Elut DMS, which was claimed 
to perform better and minimise the influence of HCT [8]. 
For instance, Enderle et al. compared Agilent Bond Elut 
DMS card with Whatman FTA DMPK-C card and revealed 
that Agilent Bond Elut DMS card has lower sensitivity and 
a larger volume of blood was needed to create the same spot 
size [64]. The same was also concluded by Meister et al. 
[65] and Lawson et al. [61]. As such, Agilent Bond Elut 
DMS card may not be the ideal sampling paper for DBS, 
and certain consideration should be taken if used. Addition-
ally, Meister et al. also compared Whatman FTA DMPK-C 
card with Whatman 903 card. As both are cellulose-based 
cards, the two filter papers are comparable. Interestingly, 
Lawson et al. reported that the concentration measured from 
Whatman 903 was lower than the other two sampling papers 
(Ahlstrom 226 and Agilent Bond Elut DMS card). As the 
thickness of paper increases from Whatman 903 to Agilent 
Bond Elut DMS card, this suggest that paper thickness can 
impact the results of DBS sampling method. All in all, dif-
ferent sampling papers have different properties, and thus 
testing for the most appropriate type of sampling paper to 
measure a certain analyte is a good strategy to optimise DBS 
sampling method.

7.4  Chromatographic Effects

In addition to the factors discussed above, chromatographic 
effect also plays a part in DBS sampling method. Chroma-
tographic effect refers to the interaction of blood and analyte 
with the materials of the sampling paper [54]. This may 
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lead to different concentration measured between central 
and peripheral areas within a spot. Certainly, this effect 
relates closely to HCT, blood volume and type of sampling 
paper used. Investigation of this effect can be performed 
by measuring concentration from different locations of the 
same blood spot. Among the reported DBS sampling method 
for TDM, only Ippolito et al. investigated this effect on the 
assay of lumefantrine and revealed minimal impact [66]. 
Since chromatographic effect may vary depending on the 
physicochemical properties of the analyte, method validation 
for each therapeutic drug should include the assessment of 
chromatographic effect.

8  Volumetric Absorptive Microsampling 
Approach

Initially, dried blood spot (DBS) sampling was a minimally 
invasive strategy primarily employed for newborn screening, 
where small volumes of blood were sampled and analysed 
using automated or manual hole punches with fixed area sub-
punches. However, this approach introduced a bias related 
to haematocrit (HCT) as described earlier. The viscosity 
of blood changes with the concentration of red blood cells, 
causing variations in the total area of a DBS from the same 
blood volume. Specifically, increased HCT concentrations 
result in smaller DBS areas, whereas low HCT concentration 
lead to larger DBS areas. To overcome challenges related to 
the haematocrit effect, spot inhomogeneity and sample vol-
ume bias, a volumetric absorptive microsampling (VAMS) 
approach was developed [67]. The VAMS technique utilises 
a specialised device consisting of a spherical hydrophilic tip 
that is securely attached to a plastic holder. The hydrophilic 
tip is designed with small pores that enable controlled sample 
collection, ensuring a consistent and fixed volume of sample 
is absorbed by the device. The innovative sampling method 
has been successfully employed for blood collection and 
TDM in individuals receiving various drugs, such as par-
acetamol, thiamine, therapeutic monoclonal antibody and 
hydroxychloroquine, among others [68–71]. VAMS has also 
been explored for metabolomics studies [72, 73]. A recent 
study compared conventional DBS with the VAMS approach 
for tacrolimus and mycophenolic acid determination [74]. 
The results revealed that HCT levels did not have a signifi-
cant impact on the quantification of the analysis of tacrolimus 
and mycophenolic acid. Both VAMS and DBS demonstrated 
favourable analytical performance for both tacrolimus and 
mycophenolic acid analysis. However, DBS exhibited supe-
rior characteristics compared with VAMS in terms of sample 
quality, cost and clinical performance. These findings sug-
gest that DBS remained the preferred approach for TDM in 
subjects with HCT levels within the normal range.

9  Guideline for Development and Validation 
of DBS‑Based Methods for TDM

The general guideline for development and validation of 
DBS-based methods for TDM aligns with the guidelines 
established by the Food and Drug Administration (FDA) 
and the International Council for Harmonisation of Techni-
cal Requirements for Pharmaceuticals for Human Use (ICH) 
[75, 76]. For specific details on the validation of DBS-based 
bioanalytical methods, the article by Capiau et al. provides 
relevant guidance [77].

To establish the validity of a DBS-based method, a 
comparison with the conventional plasma- or blood-
sample-based method is essential. Differences and rela-
tionship between the two methods are assessed using 
Passing–Bablok regression analysis [77]. Predictive per-
formance is evaluated by calculating the median percent-
age predictive error (MPPE) and the median absolute per-
centage predictive error (MAPE). The acceptance criteria 
for the fit performance are that MPPE and MAPE values 
should be below 15%. The correlation between the meth-
ods is determined using the intraclass correlation coefficient 
(ICC) [78].

Agreement between the methods is analysed using the 
Bland–Altman plot [77], which allows for the evaluation of 
the agreement results. The analytical requirements state that 
the difference between the two methods should be ≤ 20% for 
at least 67% of the paired samples [75, 76].

The impact of haematocrit (HCT) levels on the results 
is assessed through linear regression analysis [77]. The 
concentration difference between the two methods (%) is 
expressed as a function of HCT levels, and the slope of this 
regression is examined to determine if it significantly differs 
from 0. This is determined by calculating its 95% confidence 
interval (CI) and conducting a t-test.

10  Feasibility of Home Sampling

TDM can be a burden to some families as frequent travels 
to medical facilities are required for blood sample col-
lection. Moreover, for cases in which patients have to be 
present at a medical facility at a specific time, such as for 
timed trough drug concentration level [38], inconvenience 
may be imposed. The collection of capillary blood from 
finger prick is simple to perform [8], such that any indi-
vidual who has received proper education and training 
on the sampling procedure can adequately perform the 
procedure. Despite it being a promising option, feasibil-
ity of home-based TDM using DBS still requires further 
evaluation.
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One major concern with regard to home sampling is 
the ability of patients or guardians to produce blood spots 
of acceptable quality that can allow for accurate measure-
ment of the therapeutic drug concentration. Linder et al. 
conducted a comparison on the quality between samples 
created by guardians and samples created by trained 
nurses [9]. Prior to sample collection, guardians watched 
an instructional video with the same sampling kit to be 
used for the actual blood collection. Interestingly, it was 
found that smaller number of samples (8.3%) collected 
by guardians were rejected as compared with samples 
collected by nurses (8.0%). The study also concluded that 
guardians managed to sample satisfactory blood spot of 
appropriate size and volume. Additionally, Leichtle et al. 
reported that after training for self-sampling, 91% of the 
patients were able to sample blood without any help and 
83% of the blood spots were adequate [79]. The same 
was also found by Sakhi et al., in which 93% of blood 
spots sampled by patients were valid, although there are 
a small number of people who highlighted issues with 
regard to lack of blood (5.79%) and difficulties in sam-
pling (1.29%) [10]. Nevertheless, there is strong evidence 
that blood spots of acceptable quality can be produced by 
patients or guardians as long as proper training is given. 
Hence, home-based TDM using DBS is highly feasible.

Aside from that, another concern involves the stability 
of DBS in envelopes and essentially through the whole 
mailing process, as these samples have to be transported 
to the laboratory. As long as there is protection from 
moisture and humidity, such as using low gas permeable 
bag, the DBS samples can be transported through normal 
mail [54]. The stability of DBS samples has been inves-
tigated by various studies as presented in Tables 1, 2, 3, 
4, 5 and 6. Heijden et al. demonstrated that everolimus 
is stable for 3 days in the mailbox at 60 °C and 32 days 
at 4 °C [80]. Hoogtanders et al., meanwhile, investigated 
the stability of DBS in postal transport by measuring 
drug concentration immediately after sampling and in a 
duplicate sample sent by the patient from home by mail 
[81]. There is agreement between the two methods, indi-
cating stability of DBS during mail delivery. Ultimately, 
on the basis of the variation of temperature reported sta-
ble for DBS, there is a possibility that different therapeu-
tic drugs may have different stabilities. Hence, it is of 
utmost importance to evaluate the stability of each drug, 
especially through the mailing process. Until stability is 
proven, home-based TDM may not be feasible.

It is also important to understand any logistical and 
psychosocial barriers that may impact the effectiveness of 
home-based TDM. This includes issues such as difficulty in 
sending the DBS samples to the analysing laboratory within 
the specified time frame [82].

11  DBS as a Matrix for Monitoring Drug 
Responses

DBS was first proposed to be used for neonatal screening 
for congenital disorders [30]. In the last decades, there are 
emerging numbers of studies reporting the use of DBS as a 
matrix for gauging drug responses and disease status.

11.1  DBS as a Matrix to Monitor Inflammatory 
Responses

It has been employed for measurement of inflammatory 
markers and neurotrophins using a multiplexed sandwich 
immunoassay on the basis of flowmetric  Luminex® xMAP 
technology [83]. The assay methodology was validated and 
improved in further studies [84–86]. A high-frequency lon-
gitudinal tracking of inflammatory markers over periods of 
up to 9 years using DBS as matrix was carried out [87]. In 
their study, proteins and peptides of the inflammatory mark-
ers on the DBS were detected and quantified by a stable iso-
tope standard and captured by anti-peptide antibodies mass 
spectrometric method (SISCAPA) [88]. The acute phase 
response proteins of the inflammatory markers related well 
to major infections, vaccination, surgery, extreme exercise 
and Crohn’s disease [87]. The study shed light that DBS can 
be a novel approach to track multi-markers of inflamma-
tion and could be used in clinical trials of anti-inflammatory 
biologics, antibiotics and cancer therapeutics to relate the 
pharmacodynamic response to the drug treatment and/or to 
the disease states. Aabye et al. reported a simple method to 
quantitate IP-10 in DBS and DPS (dried plasma spots), a 
small proinflammatory molecule and an established marker 
for infection with M. tuberculosis [83, 89, 90]. The authors 
proposed that this approach can be combined with DBS-
based therapeutic drug monitoring in clinical practice [89]. 
This approach can also be used to monitor other inflam-
matory conditions including viral and bacterial infections, 
immune dysfunction and tumour development [90] and 
their responses to treatment. In a study by Tonby et al., they 
detected a significant decline of IP-10 in both plasma and 
DPS in response to anti-tuberculosis (anti-TB) therapy [91].

11.2  DBS as a Matrix to Monitor Viral Load

DBS has been employed extensively and successfully for 
viral load testing, especially for monitoring HIV infection 
[22, 92, 93]. Patients with HIV require lifelong treatment, 
and viral load monitoring is required to monitor treatment 
compliance and efficiency over a lifetime period. Lippman 
et al. used DBS as a platform to monitor HIV viral load, 
levels of antiretroviral therapy (ART) drugs, and presence 
of drug resistance mutation (DRM), the latter through 
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genotyping [94]. Patients with high viral loads (≥ 5000 cop-
ies/mL) but negative ART results had higher prevalence of 
DRM. These patients likely took ART inconsistently or had 
interrupted treatment.

DBS has also been used to detect and quantify the respec-
tive hepatitis B virus (HBV) [26, 95–97] and hepatitis C 
virus (HCV) [25, 27, 98, 99]. These studies indicated that 
DBS can provide a very accurate detection of the viruses 
and be utilised as point-of-care testing for patients. HCV 
infection is curable in most patients. The timely diagnosis 
of all infected patients will be paramount for the treatment 
of these patients.

11.3  DBS as a Matrix to Monitor Other Diseases

Gaucher disease (GD) is an inherited metabolic disorder 
caused by impaired catabolism of the glycosphingolipid, 
glucosylceramide [100]. The deacetylated derivative, glu-
cosylsphingosine (GluSph), is a biomarker for GD, which is 
also a pharmacodynamic biomarker in response to enzyme 
replacement therapy. A robust assay was developed for the 
detection and quantification of Glusph on DBS.

In a preclinical study by Kong et al., they demonstrated 
that DBS approach can be used to monitor an anti-epileptic 
drug levels of valproate and the immediate and delayed 
metabolic changes after treatment, indicating that DBS is 
a powerful tool to monitor pharmacokinetic/pharmacody-
namic changes [101].

Scherf-Clavel et al. used DBS for analysis of anti-diabetic 
drugs metformin, sitagliptin and blood creatinine levels 
simultaneously [102, 103]. The DBS creatinine levels were 
converted to the conventional plasma creatinine levels by 
multiplying with a correction factor. The calculated plasma 
creatinine levels were then used to estimate the creatinine 
clearance. With their approach, they were able to iden-
tify how the co-administered drugs, namely the diuretics, 
NSAIDs and renin-angiotensin system blockers decrease 
renal function and their influence on the elimination of 
metformin.

12  Future Direction

Moving forward, the prospect of DBS is focussed on auto-
mating the sampling process. For example, fully automated 
extraction system for DBS analysis has been demonstrated 
by Duthaler et al. and Velghe et al. using DBS-MS 500 
autosampler [104, 105]. The system involves the use of a 
robotic arm to move samples between different worksta-
tions and incorporates built-in cameras to allow for blood 
spot examination, after which the extraction head can 
adjust to the centre of each spot. Inadequate blood spot can 
be recognised by the software and hence excluded from the 

analysis [105]. Subsequent process in DBS analysis, such 
as the addition of internal standards and the extractions of 
analytes, were all performed automatically by the system.

Sample preparation for DBS can be laborious and thus 
the development of automated DBS analysis is expected 
to expand further. However, a drawback to the automated 
system is its high cost, which will impose an additional 
toll to the relatively low cost of DBS sampling [106]. This 
would be impractical for the application of DBS sampling 
especially in resource-limited settings. Nevertheless, more 
research has to be done to investigate feasibility of DBS 
automation. In actual clinical practice, DBS samples can 
vary in terms of shape, volume and HCT level, and thus 
it is important to ensure that the automation system are 
able to tackle such deviations. Perhaps development of 
advanced devices to minimise such variation during sam-
ple collection can be considered in the future as well.

The application of DBS for pharmacokinetic and phar-
macodynamic monitoring is most successful in viral load 
testing. It has been applied extensively in longitudinal stud-
ies. DBS is a convenient and economical approach for moni-
toring viral infections and their treatment in continents with 
large populations where people are scattered wide across the 
continents. With measurement of the viral loads and anti-
viral drug levels, clinicians will be able to examine therapy 
efficiency and patient compliance to treatment. However, 
to date DBS is less commonly applied to monitor drug 
responses in other diseases. With establishment of more 
suitable biomarkers in DBS for diseases and their treatment 
responses, DBS could become a conventional platform for 
therapeutic drug levels and drug response monitoring.

13  Conclusions

Clearly, the use of DBS for TDM as an alternative to con-
ventional plasma/serum seems to be very promising. At 
present, there are already many assays reported and vali-
dated for various therapeutic drugs. It is apparent that the 
main hurdle in the implementation of DBS sampling for 
TDM is due to plasma/serum being the golden standard for 
many years. In addition, various factors discussed that can 
affect DBS sampling method also pose a challenge in the 
widespread implementation of DBS sampling in clinical 
practice. It is thus recommended that extensive validation 
addressing all the various factors should be made manda-
tory to ensure reliability of the method. Nevertheless, the 
benefits of DBS over conventional methods are so valuable 
that it is worthwhile to advance the method as a viable 
choice for TDM and DRM.

DBS sampling has made significant contributions to 
improving patient outcomes in various areas of healthcare. 
One notable application is in newborn screening programs 
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worldwide, whereas DBS sampling is routinely used for the 
early detection of congenital disorders such as phenylketonu-
ria, sickle cell disease and hypothyroidism [30, 107–110].

In the field of HIV testing and viral load monitoring, DBS 
offers several advantages. It allows for easy sample collec-
tion and transportation, particularly in resource-limited set-
tings, making it a valuable tool for expanding access to test-
ing and monitoring services [21, 22, 93, 111, 112].

DBS has also been instrumental in TDM for patients 
receiving antiepileptic drugs [9], immunosuppressants [74], 
direct oral anticoagulants [113] and antiretroviral agents 
[114, 115]. By using DBS samples, healthcare professionals 
can conveniently monitor drug levels in patients and opti-
mise treatment regimens.

Furthermore, DBS has shown promise for genetic testing, 
especially in the context of inherited disorders [116, 117]. 
DBS enables the extraction of DNA from the dried blood 
spots, allowing for subsequent analysis of specific genes or 
genetic markers. Overall, DBS has played a crucial role in 
enhancing patient care and outcomes, facilitating early diag-
nosis, monitoring treatment and carrying out genetic testing 
across various healthcare domains.

The small sample volume (30 µl) inherent to DBS pre-
sents challenges in detection and analysis. Due to the limited 
amount of samples available on a DBS card, sensitive detec-
tion methods are required to accurately measure and quantify 
analytes of interest. Analytical techniques with high sensitiv-
ity and specificity such as mass spectrometers, are commonly 
employed for DBS analysis. To date, mass spectrometers 
with improved sensitivity and specificity can measure ana-
lytes, ranging from small molecules to biomacromolecules. 
Therefore, mass spectrometers can be applied in the respec-
tive areas, such as therapeutic drug monitoring, pharmacog-
enomics, pharmacomicrobiomics, pharmacoepigenomics 
and immuopeptidomics [118]. In the context of TDM and 
DRM, mass spectrometers can be particularly valuable when 
combined with surface analysis techniques for the analysis of 
DBS [37]. By utilising DBS as matrices, these applications 
facilitate the achievement of pharmacokinetic and pharmaco-
dynamic correlations, contributing to the realisation of per-
sonalised therapy.
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