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ABSTRACT

The recovery of trace DNA from non-porous surfaces is influenced by multiple factors, including substrate char-
acteristics, swabbing approach, and sampling conditions. Although non-porous substrates are frequently treated 
as a relatively uniform category in forensic DNA recovery studies, differences in surface morphology may influ-
ence the retention and accessibility of biological material during sampling. This study evaluated the influence of 
non-porous surface morphology on DNA recovery efficiency and STR profile quality using commonly employed 
forensic swabbing techniques and sampling durations. Controlled DNA deposition was performed on smooth 
glass, matte ceramic tile, and textured plastic surfaces. Samples were collected using wet single swabbing (W), 
moist–dry single swabbing (MD), and wet–dry double swabbing (WD) at sampling durations of 15 sec, 30 sec, 
and 45 sec. DNA extraction, quantification, and STR profiling were subsequently performed to evaluate DNA re-
covery efficiency, allele recovery, and profile quality. Surface morphology significantly influenced DNA recovery 
efficiency (p < 0.001), with smooth glass surfaces consistently producing the highest DNA recovery and STR pro-
file completeness, whereas textured plastic surfaces demonstrated lower and more variable recovery outcomes. 
The MD technique produced the highest overall recovery efficiency, while the W technique generally yielded 
lower recovery values, particularly on textured plastic surfaces (p < 0.001). 

Increasing swabbing duration from 15 sec to 30 sec significantly improved DNA recovery across all evaluated 
surfaces (p < 0.001), whereas extending duration to 45 sec produced limited additional benefit on smoother 
substrates but improved recovery from textured plastic surfaces. Significant interaction effects were observed 
between surface morphology, swabbing duration, and swabbing technique (p < 0.05). STR profiling demonstrat-
ed greater profile completeness and reduced allele dropout on smoother substrates compared with textured 
surfaces. Smooth glass surfaces produced the highest mean allele recovery (96.8% ± 4.1%), whereas textured 
plastic surfaces demonstrated lower and more variable profile recovery (79.6% ± 11.5%). The findings demon-
strate that non-porous surfaces should not necessarily be considered a homogeneous category in forensic DNA 
recovery studies or operational evidence collection protocols. Surface morphology may significantly influence 
biological material accessibility, DNA recovery efficiency, and downstream STR profile quality.
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Introduction
Trace DNA represents one of the most frequently encountered 

forms of forensic biological evidence and plays a critical role in link-
ing individuals to objects and environments associated with criminal 
activity [1-7]. Unlike visible biological fluids, trace DNA is typically 
deposited through routine or incidental contact with surfaces such as 
tools, door handles, weapons, and clothing, either during brief inter-
actions or repeated handling events [3,8-10]. Due to its often invisible 
nature and low quantity, trace DNA is particularly valuable in cases 
where no obvious biological material is present. Despite its evidential 
importance, trace DNA analysis remains inherently challenging, with 
recovery outcomes often exhibiting variability in both DNA yield and 
STR profile completeness. This variability is influenced by multiple 
factors, including the physicochemical properties of the substrate 
[11-14], environmental conditions that may promote degradation, 
redistribution, or loss of deposited DNA-containing material [15-18], 
and differences in sampling practices applied during evidence col-
lection and processing [11,19-22]. Substrate characteristics—such 
as porosity, surface microtopography, moisture retention capacity, 
and surface coatings—can influence the adhesion, persistence, and 
potential entrapment of trace biological material. In addition, proce-
dural variables, including the choice of wetting agent and the number 
of sampling passes, may significantly affect recovery efficiency and 
downstream profiling outcomes [23-30].

Interpretation is further complicated by variability introduced 
during downstream analytical workflows [2,4,12,31-35], the poten-
tial for contamination during handling and laboratory processing, 
and known inter-individual differences in DNA shedding and transfer 
dynamics [36-45]. Consequently, the effectiveness of DNA recovery 
is highly dependent on the nature of the substrate being examined. 
For example, cotton and nylon-flocked swabs have demonstrated 
effective recovery from smooth, non-porous surfaces such as glass 
and plastic [10,11,23-25], whereas adhesive tape-based methods 
often provide improved recovery from porous or fibrous materials, 
including textiles and fabrics [46-51]. These observations reinforce 
the importance of selecting recovery strategies according to substrate 
characteristics rather than applying a single approach across all evi-
dence types. In response to the limitations of conventional collection 
methods, a range of modified and hybrid approaches has been devel-
oped. These include combined cotton and microFLOQ® swabbing 
strategies integrated with direct amplification workflows, wet-vacu-
um systems designed for complex substrates, and chemical enhancers 

intended to improve cellular detachment and DNA recovery [28,51-
53]. Such developments reflect continued efforts to optimize trace 
DNA recovery under increasingly complex forensic conditions. The 
growing recognition of substrate-specific behaviour has further em-
phasized the need for adaptive sampling strategies that consider the 
physical and chemical properties of evidential materials rather than 
applying standardized methods indiscriminately [54-57].

Parallel advances in analytical sensitivity have enabled the de-
tection and analysis of increasingly low quantities of DNA [58,59]. 
Although silica-based extraction methods remain widely used, they 
may result in measurable sample loss, particularly when working 
with low-template or degraded material [1,60]. As a result, direct am-
plification approaches that bypass extraction and quantification have 
gained attention as potential strategies to preserve limited biological 
material and reduce analytical processing time [21,27,61]. Neverthe-
less, regardless of improvements in analytical sensitivity, successful 
DNA profiling remains fundamentally dependent on the efficient re-
covery of deposited DNA-containing material at the sampling stage. 
Given the inherent variability associated with touch DNA deposition, 
controlled DNA deposition provides a more robust framework for 
examining the influence of substrate properties on DNA recovery 
efficiency. By minimizing variability arising from donor differences, 
transfer mechanisms, and environmental interactions, controlled 
deposition enables a more precise assessment of how surface charac-
teristics and sampling strategies influence recovery outcomes.

Various swabbing strategies have been explored to enhance DNA 
recovery from different substrates. The single wet swab technique re-
mains one of the most widely applied methods, whereby a moistened 
swab is used to collect cellular material from a surface [62-65]. Alter-
natively, the wet–dry double swab technique, originally described by 
Sweet, et al. [66], involves the sequential application of a damp swab 
to rehydrate and mobilize biological residues, followed by a dry swab 
to absorb residual moisture and recover additional cellular material. 
This approach is considered to enhance DNA recovery by maximiz-
ing the transfer of biological material from the substrate [66] and has 
been widely adopted in forensic practice [67,68]. Its effectiveness is 
particularly relevant in low-template scenarios and complex sample 
types, such as fingernail evidence, where biological material may 
accumulate and persist [69]. The efficiency of DNA recovery using 
swabbing techniques is influenced by several variables, including the 
type and volume of wetting agent, the swab material, and the pres-
sure and angle applied during sampling [70-74]. 
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Substrate type is also a key determinant of recovery efficiency. 
Non-porous surfaces generally yield higher DNA recovery than po-
rous substrates, as biological material remains on the surface rather 
than being absorbed into the substrate matrix [11], whereas porous 
materials, such as fabrics, can retain cellular material within their 
structure, reducing recovery efficiency [64]. However, within the 
category of non-porous substrates, surface characteristics can vary 
substantially. Materials may exhibit highly smooth finishes, such 
as glass, or more complex surface topographies, including matte or 
textured finishes commonly found in plastics and coated materials. 
These differences may influence both the retention of biological ma-
terial on the surface and its accessibility during swabbing, reflecting 
a balance between surface adherence and recoverability. Despite the 
recognized importance of substrate type, non-porous surfaces are of-
ten treated as a uniform category in forensic sampling protocols. In 
practice, however, variation in surface morphology and microtopog-
raphy may influence how biological material is deposited, retained, 
and subsequently recovered. While smooth surfaces may facilitate 
efficient transfer of material to the swab, textured or matte finishes 
may retain cellular material within surface irregularities, potentially 
altering recovery outcomes. 

Furthermore, although several factors affecting DNA recovery 
have been investigated, the influence of swabbing duration remains 
relatively underexplored. A sampling duration of approximately 15 
seconds per swab has been suggested as appropriate for certain tech-
niques [75], although it remains unclear whether extended durations 
improve recovery across different surface finishes and swabbing 
approaches. Understanding these effects is essential for optimizing 
evidence collection strategies and improving consistency in forensic 
DNA recovery from commonly encountered non-porous surfaces. The 
aim of this study is to evaluate how surface architecture and topogra-
phy influence DNA recovery efficiency from non-porous substrates, 
and to determine their effect on the performance of commonly used 
swabbing techniques.

Materials and Methods 
Selection and Preparation of Non-Porous Surfaces

Three commonly encountered non-porous substrates repre-
senting distinct surface finishes and topographical characteristics 
were selected for this study: smooth glass, matte ceramic tile, and 
textured plastic. These surfaces were selected due to their frequent 
occurrence in handled items encountered in forensic casework and 
to represent varying degrees of surface smoothness and microto-
pography. Smooth glass was included as a highly smooth reference 
surface and is commonly encountered in items such as mobile phone 
screens, windows, display panels, and glass tables. Matte ceramic tile 
represented a fine-finish non-porous substrate similar to surfaces en-
countered in household flooring, walls, and bathroom environments. 
Textured plastic was selected to represent surfaces with increased 
surface irregularities that may influence biological material retention 
and recovery and is commonly found in vehicle dashboards, steering 
wheel components, tool handles, electronic casings, and household 
appliances.

Glass substrates consisted of clear glass panels cut into standard-
ized sections measuring approximately 5 cm × 5 cm. Matte ceramic 
tiles of similar dimensions were obtained commercially, while tex-
tured plastic substrates were prepared from rigid plastic panels with 
a uniform textured finish. Prior to experimentation, all substrates 
were decontaminated to remove potential exogenous DNA. Surfaces 
were cleaned using 1% sodium hypochlorite followed by 70% etha-
nol and subsequently exposed to ultraviolet (UV) irradiation for 20 
min on each side. All sample preparation and swabbing procedures 
were conducted in a dedicated pre-PCR environment using appropri-
ate contamination prevention measures. All handling was performed 
using powder-free gloves and sterile forceps to minimize contamina-
tion. Experimental procedures were conducted under ambient labo-
ratory conditions. A schematic overview of the experimental work-
flow used throughout the study is presented in Figure 1.
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Figure 1: Schematic overview of the experimental workflow used to evaluate the influence of non-porous surface morphology, swabbing technique, 
and swabbing duration on DNA recovery efficiency. Controlled DNA deposition was performed on three non-porous substrates representing 
distinct surface finishes, followed by sampling using different swabbing techniques and durations prior to DNA extraction, quantification, STR 
profiling, and statistical analysis.
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DNA Preparation and Deposition

To prepare stock solutions of known DNA concentration for depo-
sition onto the substrates, DNA was extracted from multiple 40 μL al-
iquots of a single-source human blood sample using the PrepFiler Ex-
press™ Forensic DNA Extraction Kit (Thermo Fisher Scientific, USA), 
as described in Section 2.6. DNA extracts from the blood aliquots were 
pooled into a single tube to maximize homogeneity across all exper-
imental samples. To minimize repeated freeze–thaw exposure, the 
pooled DNA stock solution was subsequently divided into multiple al-
iquots and stored at −20°C until required for experimentation. A sep-
arate aliquot was used for each experimental day. Each aliquot was 
quantified in triplicate using the Quantifiler™ Trio DNA Quantification 
Kit (Thermo Fisher Scientific, USA) on the QuantStudio™ 5 Real-Time 
PCR System according to the manufacturer’s recommendations. Av-
erage DNA concentrations were calculated from the triplicate quan-
tification results prior to deposition onto the substrates to ensure 
consistency between experimental runs. For each experimental repli-
cate, 10 μL of the DNA stock solution was deposited within a defined 
2 cm × 2 cm area at the centre of each prepared substrate surface. 
Deposited samples were allowed to air dry at room temperature for 
approximately 40 min prior to sampling to simulate dried biological 
material commonly encountered in forensic casework. Each prepared 
substrate was subsequently sampled using one of the swabbing tech-
niques described in Section 2.3 and one of the swabbing durations 
described in Section 2.4. The overall experimental design is summa-
rized in Table 1.

Table 1: Summary of the experimental design used to evaluate the 
effect of surface finish, swabbing technique, and swabbing duration 
on DNA recovery from non-porous substrates.

Variable Experimental Conditions

Experimental Design 3 surfaces × 3 swabbing techniques × 3 
swabbing durations × 5 replicates

Surface type / Finish Smooth glass, matte ceramic tile, tex-
tured plastic

Example Forensic Items
Mobile phone screens, windows, 

flooring, dashboards, tool handles, and 
electronic casings

Swabbing Techniques Single wet (W), moist–dry (MD), wet–
dry double (WD)

Wetting Volumes W = 150 μL; MD = 100 μL; WD = 150 
μL wet swab followed by dry swab

Swabbing Durations 15 sec, 30 sec, and 45 sec

DNA Deposition Volume 10 μL

Replicates Per Condition 5

Total Experimental Samples 135 (excluding controls)
Note: Abbreviations: W = single wet swabbing; MD = moist–dry single 
swabbing; WD = wet–dry double swabbing.

Swabbing Techniques

Three commonly used swabbing techniques were evaluated in 
this study: single wet swabbing (W), moist–dry single swabbing (MD), 
and wet–dry double swabbing (WD). Sterile cotton swabs (Copan, It-
aly) were used throughout the study, and sterile molecular-grade wa-
ter was used as the wetting agent. For the single wet swab technique, 
a sterile cotton swab was moistened with 150 μL of sterile molecu-
lar-grade water prior to sampling. The swab was then applied to the 
deposited area using a continuous diagonal back-and-forth motion 
across the entire sampling area. For the moist–dry single swab tech-
nique, one side of the swab head was moistened using approximately 
100 μL of sterile molecular-grade water while the opposite side re-
mained relatively dry. The moistened side was first applied to the sub-
strate followed immediately by the drier side of the same swab. For 
the wet–dry double swab technique, the deposited area was initially 
sampled using a wet swab prepared with 150 μL of sterile molecu-
lar-grade water, followed immediately by a second dry swab applied 
to the same area. All swabbing procedures were performed using con-
sistent pressure and diagonal sampling motions to ensure uniform 
coverage of the deposition area. To minimize inter-operator variabil-
ity, all sampling was conducted by the same examiner throughout the 
study. The selected wetting volumes were chosen to provide sufficient 
moisture for substrate rehydration while minimizing excessive liquid 
spreading or sample dilution on non-porous surfaces.

Swabbing Duration

Each swabbing technique was evaluated using three sampling du-
rations: 15 sec, 30 sec, and 45 sec per swab. Swabbing durations were 
selected to assess whether increasing sampling time improved DNA 
recovery efficiency across different non-porous surface finishes and 
swabbing approaches. The 45 sec duration was additionally includ-
ed to evaluate whether prolonged swabbing improves recovery from 
more complex non-porous surface finishes, particularly textured 
substrates that may retain trace biological material within surface 
irregularities. Swabbing was performed using continuous diagonal 
back-and-forth motions with approximately equal coverage of the 
deposition area maintained between samples.

Impact of Swabbing Technique and Duration on DNA Re-
covery

To evaluate the influence of surface finish, swabbing technique, 
and swabbing duration on DNA recovery, each substrate was sampled 
using the three swabbing techniques described above: single wet 
swabbing (W), moist–dry single swabbing (MD), and wet–dry double 
swabbing (WD). Each technique was evaluated using three swabbing 
durations: 15 sec, 30 sec, and 45 sec per swab. The study design incor-
porated three non-porous substrates representing different surface 
finishes, three swabbing techniques, and three swabbing durations. 
Five independent replicates were performed for each experimental 
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condition, resulting in a total of 135 experimental samples excluding 
controls (Table 1). To minimize procedural variability, all swabbing 
procedures were conducted by the same examiner using consistent 
diagonal back-and-forth motions and approximately equal pressure 
across all samples. Swabbing durations were controlled using a digital 
timer to ensure consistency between replicates. Although efforts were 
made to standardize swabbing pressure, sampling motion, and sam-
pling duration, minor examiner-dependent variability may still occur 
during manual forensic sampling procedures. Negative substrate con-
trols were prepared for each surface type by swabbing cleaned sub-
strate surfaces without DNA deposition. In addition, extraction blank 
controls consisting of unused sterile swabs were processed alongside 
experimental samples to monitor for potential contamination during 
extraction and downstream processing.

Processing of DNA Samples

The PrepFiler Express™ Forensic DNA Extraction Kit (Thermo 
Fisher Scientific, USA) was used for DNA extraction from both the 
blood sample used to prepare the stock DNA solution and all swab 
samples using the “Body Fluids” protocol on the AutoMate Express™ 
Nucleic Acid Extraction System according to the manufacturer’s in-
structions. For preparation of the stock DNA solution, 40 μL aliquots 
of blood were extracted using a final elution volume of 100 μL. For 
swab samples, depending on the swabbing technique employed, ei-
ther one swab or two swabs were added to each column/tube assem-
bly prior to extraction. A total of 500 μL of lysis buffer was added to 
each sample, and all swabs were processed according to the manufac-
turer’s protocol. A final elution volume of 50 μL was used for all swab 
extractions. An extraction blank was included with each extraction 
batch and consisted of a single unused sterile swab processed through 
the complete extraction workflow. In addition, a negative control was 
generated for each substrate type by swabbing a cleaned substrate 
surface using a wet swab which was subsequently processed along-
side experimental samples. No detectable DNA was observed in ex-
traction blanks or negative controls.

All extracted samples were quantified using the Quantifiler™ Trio 
DNA Quantification Kit (Thermo Fisher Scientific, USA) on the Quant-
Studio™ 5 Real-Time PCR System according to the manufacturer’s 
recommendations. The total quantity of DNA recovered from each 
sample was calculated by multiplying the quantified DNA concentra-
tion by the corresponding elution volume. The quantity of DNA ini-
tially deposited onto each substrate was determined by multiplying 
the concentration of the relevant stock solution by the deposited vol-
ume (10 μL). DNA recovery efficiency was subsequently calculated by 
comparing the quantity of DNA recovered with the quantity initially 
deposited onto the substrate surface and expressed as a percentage 
recovery value. Percentage DNA recovery was calculated based on the 
quantity of total human DNA quantified using the Quantifiler™ Trio 
system relative to the known quantity of deposited DNA. A subset of 
samples representing the median DNA recovery value within each 

experimental group was selected for STR profiling to evaluate down-
stream profile quality and allele recovery. These included representa-
tive experimental samples, the stock DNA extract used for deposition 
as a reference profile, and negative substrate controls for each surface 
type.

DNA amplification was performed using the GlobalFiler™ PCR 
Amplification Kit (Thermo Fisher Scientific, USA). Amplification reac-
tions were carried out on the Applied Biosystems™ GeneAmp® PCR 
System 9700 thermal cycler using 29 amplification cycles with an in-
put of approximately 0.7 ng DNA in a total reaction volume of 15 μL, in 
accordance with internal laboratory validation procedures. Amplified 
products were separated and detected using capillary electrophoresis 
on the Applied Biosystems™ 3500 Genetic Analyzer (Thermo Fisher 
Scientific, USA) using an injection voltage of 1.2 kV and an injection 
time of 24 sec according to manufacturer recommendations and in-
ternal laboratory validation parameters. DNA profiles were analysed 
using GeneMapper™ ID-X Software Version 1.6 (Thermo Fisher Scien-
tific, USA) using an analytical threshold of 175 RFU and a homozygous 
threshold of 700 RFU.

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics Ver-
sion 29 (IBM Corp., USA) and R statistical software. Data distribution 
was assessed using the Shapiro–Wilk test for normality. Depending 
on data distribution, either parametric or non-parametric statistical 
analyses were applied. Differences in DNA recovery between sub-
strate types, swabbing techniques, and swabbing durations were as-
sessed using analysis of variance (ANOVA) or the Kruskal–Wallis test, 
where appropriate. Pairwise comparisons were conducted using post 
hoc analyses with Bonferroni correction. Statistical significance was 
set at p < 0.05. In addition to DNA quantity and percentage recovery, 
STR profile completeness and allele recovery were assessed descrip-
tively to evaluate the practical impact of substrate topography and 
sampling strategy on downstream DNA profiling performance.

Results
DNA Recovery Across Different Non-Porous Surface Fin-
ishes

Differences in DNA recovery efficiency were observed between the 
three non-porous substrates evaluated in this study. Overall, smooth 
glass surfaces demonstrated the highest mean percentage DNA re-
covery, followed by matte ceramic tile, whereas textured plastic sur-
faces generally yielded the lowest and most variable recovery values 
across the tested swabbing conditions. When data from all swabbing 
techniques and swabbing durations were combined, smooth glass 
surfaces produced a mean DNA recovery of 71.8% ± 8.4%, compared 
with 63.5% ± 9.7% for matte ceramic tile and 52.1% ± 11.3% for tex-
tured plastic surfaces. Statistical analysis demonstrated a significant 
overall effect of surface type on DNA recovery efficiency (ANOVA, p < 
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0.001). Post hoc pairwise comparisons revealed significantly greater 
DNA recovery from smooth glass surfaces compared with textured 
plastic surfaces (p < 0.001). Matte ceramic tile surfaces also demon-
strated significantly higher recovery than textured plastic surfaces (p 
= 0.004). Although smooth glass surfaces consistently yielded higher 
mean recovery values than matte ceramic tile surfaces, this difference 
was less pronounced and did not reach statistical significance under 
all experimental conditions (p = 0.071).

In addition to lower overall recovery, textured plastic substrates 
demonstrated increased variability between replicates compared 

with the smoother substrates. Greater dispersion of recovery values 
was particularly evident at shorter swabbing durations, suggesting 
that surface irregularities may influence both the retention of cellu-
lar material and the consistency of swab-mediated recovery. These 
findings indicate that non-porous surfaces should not necessarily 
be treated as a uniform substrate category in forensic DNA recovery 
studies. Surface morphology and microtopography appeared to influ-
ence DNA recovery efficiency, with smoother surfaces generally facil-
itating more efficient and consistent recovery of deposited biological 
material. The distribution of percentage DNA recovery values across 
the three non-porous surface finishes is presented in Figure 2.

Figure 2: DNA recovery (%) across different non-porous surface finishes. Smooth glass surfaces demonstrated the highest overall DNA recovery, 
followed by matte ceramic tile surfaces, whereas textured plastic surfaces yielded the lowest and most variable recovery values. Boxes represent 
the interquartile range (IQR) with the median shown as the center line, while whiskers represent 1.5 × IQR. Each dot represents an individual 
replicate measurement combined across all swabbing techniques and swabbing durations (n = 45 per surface morphology). Mean DNA recovery 
± standard deviation is displayed above each group. Statistical comparisons between surface finishes are shown with corresponding p-values.
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Effect of Swabbing Technique on DNA Recovery

Differences in DNA recovery efficiency were observed between 
the three swabbing techniques evaluated across the non-porous 
substrates. Overall, the moist–dry single swabbing technique (MD) 
demonstrated the highest mean DNA recovery across all tested sur-
face types, followed closely by the wet–dry double swabbing tech-
nique (WD), whereas the single wet swab technique (W) generally 
produced lower recovery values, particularly on textured plastic 
surfaces. When recovery data from all substrate types and swabbing 
durations were combined, the MD technique yielded a mean DNA re-
covery of 67.9% ± 9.2%, compared with 65.8% ± 10.1% for the WD 
technique and 58.6% ± 11.8% for the W technique. Statistical analy-
sis demonstrated a significant overall effect of swabbing technique on 
DNA recovery efficiency (ANOVA, p < 0.001). Pairwise comparisons 
indicated that both MD and WD techniques produced significantly 
greater DNA recovery compared with the W technique (p < 0.01). Al-
though MD demonstrated consistently higher mean recovery values 
than WD across most experimental conditions, the differences be-
tween these two techniques were comparatively small and were not 
statistically significant under all substrate conditions (p > 0.05).

The effect of swabbing technique was most pronounced on tex-
tured plastic surfaces, where the W technique demonstrated the low-
est recovery values and the greatest variability between replicates. 
In contrast, both MD and WD techniques appeared more effective at 
recovering cellular material from the textured substrate, likely due to 
improved interaction between the moist swab surface and the sub-
strate irregularities. On smooth glass surfaces, differences between 
the three swabbing techniques were less substantial, with all tech-
niques demonstrating relatively high recovery efficiency. Across the 
tested non-porous surfaces, the MD technique demonstrated a favor-
able balance between recovery efficiency and sampling consistency. 
The improved performance observed with MD may be associated 
with the combined effect of substrate rehydration and immediate re-
covery using the relatively drier region of the same swab, potentially 
reducing redistribution or excessive spreading of trace biological ma-
terial during sampling. The distribution of DNA recovery values for 
each swabbing technique across the three non-porous surface finish-
es is presented in Figure 3.

Figure 3: Effect of swabbing technique on DNA recovery (%) across different non-porous surface finishes. DNA recovery obtained using wet 
single swabbing (W), moist–dry single swabbing (MD), and wet–dry double swabbing (WD) is shown for smooth glass, matte ceramic tile, and 
textured plastic surfaces. Across all surface finishes, the MD technique demonstrated the highest overall DNA recovery, whereas the W technique 
generally produced lower recovery values, particularly on textured plastic surfaces. Boxes represent the interquartile range (IQR) with the median 
shown as the center line, while whiskers represent 1.5 × IQR. Each dot represents an individual replicate measurement combined across all 
swabbing durations (n = 45 per technique within each surface morphology). Statistical comparisons between swabbing techniques are shown 
with corresponding p-values.
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Effect of Swabbing Duration

Swabbing duration influenced DNA recovery efficiency across the 
evaluated non-porous substrates, although the magnitude of this ef-
fect varied according to surface finish. Overall, increasing swabbing 
duration from 15 sec to 30 sec resulted in a measurable improvement 
in DNA recovery across all surface types and swabbing techniques. In 
contrast, extending the swabbing duration from 30 sec to 45 sec gen-
erally produced only minimal additional improvement on smoother 
substrates, while a more noticeable benefit was observed for textured 
plastic surfaces. When all swabbing techniques were combined, the 
mean percentage DNA recovery across all substrates increased from 
56.4% ± 11.2% at 15 sec to 64.9% ± 10.4% at 30 sec. Extending the 
swabbing duration to 45 sec resulted in a smaller overall increase to 
67.1% ± 10.1%. Statistical analysis demonstrated a significant over-
all effect of swabbing duration on DNA recovery efficiency (ANOVA, p 
< 0.001). The influence of prolonged swabbing was most evident on 
textured plastic surfaces. On this substrate, extending the swabbing 
duration from 30 sec to 45 sec produced a measurable improvement 
in recovery efficiency and reduced variability between replicates. In 
contrast, smooth glass and matte ceramic tile surfaces demonstrated 
only modest gains beyond 30 sec, suggesting that additional swabbing 

time may provide limited benefit on smoother non-porous substrates 
where biological material remains more accessible to collection.

Pairwise comparisons demonstrated significant differences be-
tween 15 sec and 30 sec sampling durations across all surface types 
(p < 0.01). However, differences between 30 sec and 45 sec durations 
were comparatively smaller and did not reach statistical significance 
for smooth glass and matte ceramic tile surfaces under all experimen-
tal conditions (p > 0.05). On textured plastic surfaces, the increase 
observed at 45 sec remained more pronounced, indicating that pro-
longed swabbing may enhance recovery from surfaces containing 
greater microtopographical irregularities. These findings suggest 
that the effect of swabbing duration is substrate-dependent and that 
prolonged sampling may be particularly advantageous for textured 
non-porous surfaces where deposited DNA-containing material may 
be retained within surface irregularities. In contrast, smoother sub-
strates may reach near-maximal recovery efficiency at shorter sam-
pling durations.

The relationship between swabbing duration and DNA recov-
ery across the different non-porous surface finishes is presented in  
Figure 4.

Figure 4: Effect of swabbing duration on DNA recovery (%) across different non-porous surface finishes. Mean DNA recovery values are shown 
for 15 sec, 30 sec, and 45 sec swabbing durations across smooth glass, matte ceramic tile, and textured plastic surfaces. DNA recovery increased 
substantially between 15 sec and 30 sec swabbing durations across all surface finishes. Extending swabbing duration to 45 sec produced only 
modest additional improvement on smooth glass and matte ceramic tile surfaces, whereas textured plastic surfaces demonstrated a more 
pronounced increase in recovery efficiency. Values represent mean DNA recovery (%) combined across all swabbing techniques.
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Interaction Between Surface Finish and Swabbing Vari-
ables

Interaction effects were observed between substrate topogra-
phy, swabbing technique, and swabbing duration, indicating that the 
effectiveness of sampling strategies was influenced by the physical 
characteristics of the non-porous substrates. Significant interaction 
effects were observed between surface finish and swabbing duration 
(two-way ANOVA, p = 0.012), as well as between surface morphology 
and swabbing technique (p = 0.019), indicating that the effectiveness 
of sampling strategies varied according to substrate topography. In 
particular, the benefit associated with prolonged swabbing duration 
varied according to surface architecture and was most evident on tex-
tured plastic surfaces. Across smooth glass surfaces, all three swab-
bing techniques demonstrated relatively high DNA recovery efficien-
cy, and extending swabbing duration beyond 30 sec produced only 
limited additional improvement. The MD and WD techniques consis-
tently yielded slightly higher recovery values than the W technique; 
however, differences between techniques became less pronounced on 
the smoother substrate surface, where biological material appeared 
readily accessible for collection regardless of sampling duration.

A similar pattern was observed for matte ceramic tile surfaces, 
although overall recovery values were modestly lower than those 
observed for smooth glass. Increasing swabbing duration from 15 
sec to 30 sec improved recovery across all techniques, whereas ex-
tending duration to 45 sec resulted in comparatively smaller gains. 
The MD technique demonstrated the most consistent recovery per-
formance across the tested durations on matte ceramic tile surfaces. 

In contrast, textured plastic surfaces demonstrated a stronger inter-
action between swabbing duration and swabbing technique. On this 
substrate, the W technique produced substantially lower recovery 
values at shorter durations and exhibited greater variability between 
replicates. Extending swabbing duration to 45 sec produced a more 
noticeable improvement in DNA recovery on textured plastic surfaces 
compared with the smoother substrates, particularly for the MD and 
WD techniques. These findings suggest that prolonged swabbing may 
facilitate improved access to cellular material retained within surface 
irregularities and microtopographical features.

Among the evaluated techniques, the MD approach demonstrat-
ed the most balanced performance across all surface finishes and 
swabbing durations. The combined use of a moist region followed 
immediately by a relatively drier region of the same swab may have 
improved both mobilization and recovery of biological material while 
limiting redistribution of moisture across the substrate surface. Con-
versely, the W technique appeared more sensitive to surface irreg-
ularities, particularly at shorter sampling durations. Overall, these 
findings indicate that non-porous surface architecture influences not 
only the efficiency of DNA recovery but also the relative effectiveness 
of swabbing strategies and sampling durations. The interaction be-
tween substrate topography and swabbing variables was particularly 
evident on textured plastic surfaces, where prolonged swabbing and 
moisture-assisted sampling approaches produced greater improve-
ments in recovery efficiency than those observed on smoother sub-
strates. The interaction between surface finish, swabbing technique, 
and swabbing duration on DNA recovery efficiency is summarized in 
Figure 5.

Figure 5: Proposed mechanism illustrating the influence of surface finish, swabbing duration, and swabbing approach on DNA recovery efficiency. 
Smooth glass surfaces allow biological material to remain readily exposed and accessible for collection, resulting in efficient recovery at shorter 
swabbing durations with limited additional benefit from prolonged sampling. Matte ceramic tile surfaces exhibit moderate microtopographical 
irregularities that may partially retain cellular material, resulting in moderate improvement in DNA recovery with increased swabbing duration. 
In contrast, textured plastic surfaces contain greater surface irregularities and recessed features capable of retaining trace biological material 
within crevices, thereby reducing accessibility during brief sampling. Prolonged and moisture-assisted swabbing approaches, particularly moist–
dry single swabbing (MD) and wet–dry double swabbing (WD), may improve recovery from textured surfaces by enhancing contact with retained 
biological material and facilitating mobilization from surface irregularities. The figure summarizes the proposed interaction between substrate 
topography, swabbing duration, and swabbing technique on DNA recovery efficiency observed in this study.
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STR Profile Quality and Allele Recovery

Differences in DNA recovery efficiency between the evaluated 
non-porous surfaces were reflected in downstream STR profile qual-
ity and allele recovery outcomes. Overall, samples recovered from 
smooth glass surfaces generated the most complete and balanced 
STR profiles, whereas textured plastic surfaces demonstrated great-
er variability in profile quality and increased occurrence of allele 
dropout. Across the evaluated samples, smooth glass surfaces pro-
duced the highest mean profile completeness, with an average allele 
recovery of 96.8% ± 4.1%. Matte ceramic tile surfaces demonstrated 
slightly lower but generally consistent profile recovery, with a mean 
allele recovery of 91.4% ± 6.7%. In contrast, textured plastic surfaces 
yielded lower and more variable profile completeness, with a mean 
allele recovery of 79.6% ± 11.5%. Samples recovered from smooth 
glass and matte ceramic tile surfaces generally produced balanced 
electropherogram peak heights with minimal stochastic effects. In 
comparison, profiles generated from textured plastic surfaces exhib-
ited greater peak height variability, occasional inter-locus imbalance, 
and an increased frequency of partial allele dropout, particularly 
among samples recovered using shorter swabbing durations and the 
W technique.

The influence of swabbing duration on profile quality was also 
evident. Samples collected at 15 sec demonstrated a greater fre-

quency of reduced peak heights and partial profiles, particularly on 
textured plastic surfaces. Increasing swabbing duration to 30 sec im-
proved both allele recovery and overall profile completeness across 
all surface types. Extending swabbing duration to 45 sec produced 
only modest additional improvement for smooth glass and matte ce-
ramic tile surfaces, whereas textured plastic surfaces demonstrated 
a more noticeable reduction in allele dropout and increased profile 
completeness at the prolonged duration.

Among the evaluated swabbing techniques, the MD and WD ap-
proaches generally produced more complete profiles and higher aver-
age peak heights than the W technique, particularly on textured plas-
tic surfaces. These findings are consistent with the quantitative DNA 
recovery results and support the proposed role of moisture-assisted 
swabbing in improving access to biological material retained within 
surface irregularities. Overall, the STR profiling results demonstrat-
ed that differences in DNA recovery efficiency between non-porous 
surface finishes translated directly into differences in forensic pro-
file quality and interpretability. Although complete or near-complete 
profiles were commonly obtained from smooth surfaces, textured 
substrates demonstrated greater susceptibility to stochastic effects 
and variable profile recovery under less optimal sampling conditions. 
The mean allele recovery percentages obtained across the different 
non-porous surface finishes are presented in Figure 6.

Figure 6: STR allele recovery (%) across different non-porous surface finishes. Smooth glass surfaces produced the highest overall STR profile 
completeness and allele recovery with relatively low variability, whereas textured plastic surfaces demonstrated lower and more variable allele 
recovery with a greater spread of replicate values. Matte ceramic tile surfaces demonstrated intermediate profile recovery characteristics. Boxes 
represent the interquartile range (IQR) with the median shown as the center line, while whiskers represent 1.5 × IQR. Each dot represents an 
individual replicate profile (n = 45 per surface morphology). Mean allele recovery ± standard deviation is displayed above each group. Statistical 
comparisons between surface finishes are shown with corresponding p-values.
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Discussion
Influence of Surface Finish on DNA Recovery

The findings of this study demonstrate that non-porous surface 
finish can significantly influence DNA recovery efficiency and down-
stream STR profile quality. Smooth glass surfaces consistently yield-
ed the highest DNA recovery and the most complete STR profiles, 
whereas textured plastic surfaces demonstrated lower and more 
variable recovery outcomes. These findings support the hypothesis 
that surface microtopography influences both the retention and ac-
cessibility of trace biological material during forensic sampling. Simi-
lar substrate-dependent differences in trace DNA recovery have been 
reported previously in studies evaluating glass, fabrics, and other 
handled surfaces [10-12,64,75]. The observed differences between 
surface finishes may be explained by the interaction between deposit-
ed DNA-containing material and substrate surface characteristics. On 
smooth surfaces, cellular material remains largely exposed and acces-
sible to swab contact, facilitating efficient transfer during sampling. 
In contrast, textured surfaces contain recessed features and surface 
irregularities that may physically retain cellular material within mi-
crostructures, reducing direct swab contact and increasing recovery 
variability. Previous studies have similarly demonstrated that phys-
icochemical substrate properties and surface morphology can influ-
ence biological trace retention and recovery efficiency [6,11,12].

These findings suggest that DNA recovery from non-porous sur-
faces is influenced by a balance between cellular material adherence 
and accessibility during sampling. Although textured surfaces may 
promote retention of trace biological material, retention does not 
necessarily equate to improved recoverability, particularly when bi-
ological material becomes inaccessible within recessed surface struc-
tures and microtopographical irregularities. Such surface features 
may reduce direct swab contact and limit efficient transfer of biologi-
cal material during sampling. This mechanistic interpretation is sup-
ported by the increased recovery variability and greater frequency 
of partial STR profiles observed for textured plastic surfaces in the 
present study. The findings are also consistent with previous studies 
demonstrating that substrate type and environmental interactions 
can substantially influence trace DNA recovery and profile quality 
[15-18,63,64]. However, unlike many previous studies that evalu-
ated limited substrate categories or treated non-porous surfaces as 
relatively uniform, the present study specifically demonstrates that 
differences in surface morphology within non-porous substrates may 
significantly influence DNA recovery performance.

Influence of Swabbing Technique and Duration

Swabbing technique and swabbing duration both influenced DNA 
recovery efficiency across the evaluated surface finishes. Overall, the 
moist–dry single swabbing (MD) technique demonstrated the high-
est and most consistent recovery performance, while the wet single 
swabbing (W) technique generally yielded lower recovery values, 
particularly on textured plastic surfaces. The improved performance 

observed with moisture-assisted techniques may be associated with 
enhanced mobilization of biological material from the substrate sur-
face. Moistening may facilitate rehydration of dried biological resi-
dues and improve transfer efficiency during sampling [66,67]. In the 
MD approach, the sequential contact between the moist and relatively 
drier regions of the same swab may have improved both mobilization 
and collection of cellular material while minimizing excessive spread-
ing across the substrate surface. Similar observations regarding the 
influence of wetting strategies and swab performance on DNA recov-
ery have previously been reported [19,21-25,70-74].

The influence of swabbing duration was particularly evident on 
textured plastic surfaces. Increasing sampling duration from 15 sec 
to 30 sec substantially improved DNA recovery across all surface fin-
ishes, whereas extending duration to 45 sec produced comparatively 
limited improvement on smooth glass and matte ceramic tile surfac-
es. In contrast, textured plastic surfaces continued to demonstrate 
measurable recovery improvement at prolonged durations. 

These findings suggest that additional swabbing time may im-
prove access to biological material retained within surface irregular-
ities and recessed features. Previous studies have demonstrated that 
swab type, wetting solution, and sampling strategy can significantly 
influence touch DNA recovery [12,19,21-25,70-74]. However, rel-
atively limited attention has been given to the interaction between 
swabbing duration and substrate surface architecture. The present 
findings indicate that prolonged swabbing may be particularly bene-
ficial when sampling textured non-porous surfaces, whereas smooth-
er substrates may reach near-maximal recovery efficiency at shorter 
sampling durations.

Re-Evaluating “Non-Porous” as a Single Category

Non-porous surfaces are frequently grouped together within fo-
rensic sampling protocols and experimental studies. However, the 
findings of the present study suggest that non-porous substrates 
should not necessarily be considered a homogeneous category with 
respect to DNA recovery behavior. Despite all evaluated substrates 
being classified as non-porous, substantial differences in DNA recov-
ery efficiency, profile completeness, and recovery variability were 
observed between smooth, matte, and textured surface finishes. This 
distinction may have important implications for both forensic re-
search and operational evidence collection. Many previous studies 
investigating trace DNA recovery have relied on a limited number of 
representative substrates, often using smooth glass or similarly uni-
form surfaces as model non-porous substrates [10-12,31,75]. While 
such surfaces provide useful experimental consistency, the present 
findings suggest that conclusions derived from a single non-porous 
substrate may not necessarily be generalizable to other commonly 
encountered non-porous surfaces with different surface finishes and 
microtopographical characteristics. The findings of this study there-
fore support a more nuanced interpretation of non-porous substrates 
in forensic DNA recovery research. Surface morphology and topog-
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raphy may influence the accessibility of deposited DNA-containing 
material during sampling, even when substrate absorption character-
istics remain minimal. Consequently, future forensic sampling stud-
ies may benefit from considering surface finish as an independent 
experimental variable rather than grouping all non-porous surfaces 
together.

Implications for Forensic Sampling Protocols

The findings of the present study have practical implications for 
forensic evidence collection strategies involving non-porous sur-
faces. The results suggest that sampling protocols may benefit from 
considering surface finish characteristics when selecting swab-
bing approaches and determining sampling duration. For smoother 
non-porous surfaces, such as glass, relatively efficient DNA recovery 
was achieved across all swabbing techniques and durations, indicat-
ing that prolonged sampling may provide limited additional benefit 
under certain conditions. In contrast, textured surfaces demonstrat-
ed greater sensitivity to both swabbing duration and swabbing ap-
proach, suggesting that additional sampling effort may be beneficial 
when recovering trace biological material from irregular or textured 
substrates. The MD and WD approaches demonstrated improved re-
covery performance compared with the W technique, particularly 
on textured plastic surfaces. These findings support the use of mois-
ture-assisted sampling approaches when targeting low-template bi-
ological material on surfaces containing greater microtopographical 
complexity. Similar benefits associated with optimized swabbing 
strategies and collection approaches have been reported previously 
[21-25,71,73]. Importantly, the findings do not suggest that a sin-
gle swabbing strategy should universally replace existing collection 
protocols. Rather, the results indicate that adapting sampling ap-
proaches according to substrate surface characteristics may improve 
recovery efficiency and downstream STR profile quality in selected 
forensic scenarios. Such considerations may be particularly relevant 
in low-template DNA casework where minor differences in sampling 
efficiency may influence evidential outcomes [1,31].

Casework and Operational Relevance

The findings of this study are relevant to a wide range of foren-
sic evidence types commonly encountered in operational casework. 
Many handled items recovered during investigations, including mo-
bile phones, plastic packaging, vehicle interior components, lami-
nated materials, and ceramic surfaces, exhibit substantial variation 
in substrate topography despite all being broadly categorized as 
non-porous. The present findings suggest that textured or irregular 
non-porous surfaces may require greater sampling effort to maxi-
mize DNA recovery compared with smoother substrates. This may be 
particularly important in low-template DNA scenarios where recov-
ery efficiency can directly influence the generation of interpretable 
STR profiles. The increased variability observed on textured plastic 
surfaces also highlights the potential for stochastic effects and par-
tial profiles when sampling more complex non-porous substrates. 

Reduced allele recovery and increased stochastic effects on textured 
surfaces may influence evidential interpretation by increasing the 
likelihood of partial profiles, allelic dropout, and profile imbalance in 
low-template forensic casework scenarios. 

Similar recovery challenges and operational considerations have 
been described in previous casework-oriented studies involving vehi-
cle interiors, door handles, handled consumer items, and skin-contact 
surfaces [2,13,29,30,59]. The findings may therefore contribute to 
improved understanding of recovery variability encountered in prac-
tical forensic examinations. From an operational perspective, the bal-
ance between sampling efficiency and recovery optimization remains 
important. While prolonged swabbing may improve recovery on cer-
tain textured surfaces, particularly when using moisture-assisted ap-
proaches, such strategies may also increase processing time during 
large-scale evidence examinations. Consequently, the selection of 
sampling strategies may require consideration of both evidential val-
ue and operational practicality.

Limitations and Future Directions

Several limitations should be considered when interpreting the 
findings of the present study. First, controlled DNA deposition was 
used to reduce variability associated with donor shedding charac-
teristics, transfer mechanisms, and environmental exposure. While 
this approach provided a more standardized framework for evaluat-
ing substrate-related recovery differences, it may not fully replicate 
the complexity of real touch DNA deposition encountered in foren-
sic casework [4,31,45]. Second, only a limited number of non-porous 
surface finishes were evaluated. Although the selected surfaces repre-
sented commonly encountered smooth, matte, and textured substrate 
categories, additional materials with varying chemical compositions 
and microtopographical properties may exhibit different recovery be-
haviors. Similarly, only one swab type and a limited number of swab-
bing approaches were evaluated.

Future studies may benefit from extending this work to additional 
substrate types, alternative swab materials, environmentally exposed 
biological deposits, and true touch DNA scenarios [16-18,52,53,63,64]. 
The influence of surface morphology on persistence, secondary trans-
fer, and direct amplification workflows may also represent valuable 
areas for future investigation [21,27,32,33,36,61]. Furthermore, eval-
uating the interaction between substrate surface characteristics and 
emerging forensic collection technologies may improve understand-
ing of how surface topography influences downstream DNA recovery 
and interpretation in operational forensic casework [52,54-56].

Conclusion 
The findings of the present study demonstrate that non-porous 

surface architecture can significantly influence DNA recovery efficien-
cy, STR profile quality, and the effectiveness of commonly used foren-
sic swabbing approaches. Although non-porous substrates are fre-
quently treated as a relatively uniform category in forensic sampling 
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studies and operational protocols, the results indicate that substan-
tial differences may exist between smooth, matte, and textured sur-
face finishes. Smooth glass surfaces consistently produced the highest 
DNA recovery and STR profile completeness, whereas textured plastic 
surfaces demonstrated lower and more variable recovery outcomes. 
These differences appear to be associated with variations in surface 
microtopography, which may influence both the retention and acces-
sibility of biological material during swabbing. The findings further 
demonstrate that moisture-assisted swabbing approaches, particu-
larly moist–dry single swabbing and wet–dry double swabbing, may 
improve DNA recovery from textured non-porous surfaces compared 
with wet single swabbing alone.

Swabbing duration also influenced recovery efficiency, with pro-
longed sampling producing more pronounced benefits on textured 
surfaces than on smoother substrates. These findings suggest that 
sampling strategies may benefit from considering surface finish char-
acteristics when recovering trace cellular material from non-porous 
evidence items. Overall, the present study highlights the importance 
of surface topography as a contributing factor in forensic DNA recov-
ery and supports a more nuanced interpretation of non-porous sub-
strates in forensic sampling research and operational evidence col-
lection. The findings may contribute to the optimization of trace DNA 
recovery strategies and improve understanding of recovery variabil-
ity encountered in forensic casework involving commonly handled 
non-porous surfaces.
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