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Multiple myeloma (MM) is a highly aggressive hematologic malignancy characterized by abnormal pro-
liferation of malignant plasma cells. CD38, a transmembrane glycoprotein, is highly expressed on the
surface of plasma cells and serves as a critical diagnostic and therapeutic target for MM. However, the
masking of CD38 epitopes caused by therapeutic interventions often leads to false-negative results in
clinical detection of CD38, compromising diagnostic accuracy and underscoring the urgent need for novel
Keywords: specific molecular tools. Herein, we reported a novel aptamer, CD38jd4a, specifically targeting CD38 with
Aptamer potential clinical applications. A series of high-affinity aptamers specifically binding CD38 were selected
SELEX and identified through a highly efficient aptamer selection method with CD38 as the target. Among
Diagnosis them, aptamer CD38jd4a exhibited the best performance, with a dissociation constant (Ky) value as low
D38 . as 5.4+ 0.6nmol/L. Through siRNA-mediated knockdown experiments, CD38jd4a was further validated
Flow analysis to specifically recognize native CD38 expressed on surface of cells. Furthermore, binding epitopes of
CD38jd4a were confirmed to be distinct from those recognized by any of current therapeutic antibod-
ies. This unique characteristic enabled the simultaneous application of CD38jd4a with therapeutic anti-
bodies for CD38 detection on CD38-positive Ramos cells by flow cytometry without cross-interference.
Importantly, clinical blood sample analysis revealed that CD38jd4a was capable of effectively detecting
CD38 despite epitope masking, thereby overcoming limitations of conventional antibody-based detection
methods. Given the small molecular size and excellent performance, CD38jd4a is expected to be a robust

diagnostic tool for CD38 detection, offering a promising alternative for clinical diagnostics of CD38.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Multiple myeloma (MM), characterized by abnormal prolifera-
tion of clonal plasma cells, is the second most common hema-
tologic malignancy with an increasing global incidence [1]. Al-
though the development of novel therapies such as immunomod-
ulatory drugs, proteasome inhibitors, and monoclonal antibodies
has significantly improved treatment outcomes in recent years [2],
MM remains a highly heterogeneous and challenging disease to
cure, and most patients continue to recur with a poor prognosis
[3]. CD38, a transmembrane glycoprotein, plays a pivotal role in
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various physiological processes, including immune response reg-
ulation, calcium signaling, and nicotinamide adenine dinucleotide
(NAD) metabolism [4]. CD38 is markedly overexpressed in nu-
merous malignancies, particularly in multiple myeloma, making
it a critical diagnostic biomarker and a key target for therapeu-
tic intervention [5]. Currently, CD38-targeting monoclonal antibod-
ies, such as Daratumumab [6] and Isatuximab [7], have demon-
strated significant therapeutic efficacy in MM by inducing tu-
mor cell apoptosis through immune-mediated mechanisms, in-
cluding antibody-dependent cell-mediated cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP) [8].

However, the application of monoclonal antibodies in therapy
has also caused new significant challenges for flow cytometry-
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based CD38 detection in the assessment of minimal residual dis-
ease (MRD) during treatment [9]. Studies have demonstrated that
flow cytometry-based CD38 detection on the surface of plasma
cells is often disturbed in patients treated with Daratumumab,
as the therapeutic antibody competitively binds to CD38 epi-
topes [10]. This binding mask the target epitopes of conventional
antibody-based CD38 detection Kkits, preventing effective interac-
tion with plasma cells and leading to false-negative results [10].
Notably, this interference can persist for 4-6 months, substan-
tially increasing the likelihood of false-negative MRD tests and po-
tentially compromising clinical decision-making [11]. To address
these limitations, researchers explored alternative approaches, in-
cluding the use of antibodies targeting other marker proteins
such as CD319 [12], or employing multi-phenotype antibodies and
nanobodies [13] for CD38 detection to minimize the risk of false
negatives [14]. However, none of them are optimal due to large
molecular size of traditional antibodies (greatly exceeded CD38)
[15], high production costs, and lack of stability (traditional anti-
bodies and nanobodies) [16]. These limitations underscore an ur-
gent need for more effective and cost-efficient molecular recogni-
tion tools to improve CD38 detection.

Aptamers are single-stranded DNA or RNA oligonucleotides,
typically consisting of 15-100 nucleotides and generated by Sys-
tematic Evolution of Ligands by Exponential Enrichment (SE-
LEX) [17]. Aptamers are capable of folding into stable three-
dimensional structures, such as stem-loops, hairpins, and G-
quadruplexes, through which aptamers achieve specific binding to
target molecules via weak interactions [18]. Aptamers are charac-
terized by their small molecular weight, high stability, and excel-
lent specificity. The small size and structural flexibility allow ap-
tamer to bind smaller targets [19] or hidden epitopes [20] that are
inaccessible to antibodies, thereby reducing steric hindrance. These
properties make aptamers an ideal alternative to traditional anti-
bodies, particularly in applications where conventional antibodies
face limitations [21]. For example, aptamers have shown great po-
tential for application in precision medicine, especially in the ar-
eas of diagnostics and targeted therapies [22]. By integrating with
biosensors [23] and fluorescence labeling technologies, aptamers
can efficiently recognize disease biomarkers and are widely used
for early detection and dynamic monitoring of diseases such as
cancer [24] and infectious diseases [25]. In tumor-targeted therapy,
aptamers can be engineered to deliver chemotherapeutic drugs
[26,27] or nucleic acids, thereby achieving precise, efficient, and
low-toxicity therapeutic effects [28].

In this study, we performed an aptamer selection against
CD38 protein and obtained a high-affinity aptamer, CD38jd4a,
specifically targeting CD38. We demonstrated that binding epi-
topes of CD38jd4a was distinct from that of monoclonal antibody
drugs. Importantly, CD38jd4a-based detection was not disturbed by
CD38 monoclonal antibody drugs, effectively mitigating the risk of
false-negative results in CD38 detection during MRD assessment.
As a validation, we demonstrated through flow cytometry that
CD38jd4a can be used simultaneously with CD38 monoclonal anti-
body for the detection CD38-positive cells in blood samples. These
findings suggest that CD38jd4a has the potential to address the
limitations of existing molecular tools, improve current diagnos-
tic methods, and provide a novel solution for the precise diagnosis
and treatment of multiple myeloma.

To obtain aptamers specifically targeting CD38, we performed
a protein-SELEX using purified human recombinant extracellular
domain of CD38 protein as the target according to previously es-
tablished protocol [29] with modifications (Fig. 1a). A total of 6
rounds of screening were carried out and the detailed conditions
of SELEX process are listed in Table S1 (Supporting information).
To obtain high-performance aptamers with potential for clinical
application, we employed a complex solution system for screen-
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Fig. 1. Selection of aptamers targeting CD38. (a) The schematic diagram of selec-
tion. Binding of enriched libraries to target protein CD38 (b) and negative protein
EGF (c) by flow cytometry.

ing from the first round, incorporating fetal bovine serum (FBS)
and surfactant (Tween 80). In addition, CD38 protein was immo-
bilized on Sepharose beads to facilitate separation of enriched li-
brary, more efficiently removing non-specifically bound or weakly
bound sequences by using large amounts of wash buffer. To im-
prove the specificity of aptamers against CD38, we introduced a
negative selection step starting from the third round, employing
epidermal growth factor (EGF) as negative protein to eliminate se-
quences bound to EGF or beads. The progression of SELEX process
was monitored by assessing the binding of enriched libraries to
CD38 via flow cytometry, measuring changes in fluorescence in-
tensity as an indicator of aptamer binding.

As shown in Fig. 1b, the enriched library from the third round
exhibited strong binding to CD38, while exhibiting no detectable
binding to negative protein EGF (Fig. 1c). The fluorescence inten-
sity of the enriched library binding to CD38 from the sixth round
showed no significant improvement compared to the third round
(Fig. 1b), indicating that the enrichment of ssDNA sequences spe-
cific to CD38 had reached saturation. Notably, the entire SELEX
process was surprisingly efficient, with considerable enrichment
and relative saturation of CD38-bound sequences in only three se-
lection rounds. This may be attributed to the stringent pressure of
SELEX process, which effectively facilitated the rapid enrichment
of CD38-specific high-affinity sequences, minimized non-specific
binding, and improved the overall efficiency of SELEX. Therefore,
the SELEX process was terminated after six rounds of selection.

Subsequently, six sequencing libraries were sequenced accord-
ing to the previously established protocol [30]. The sequencing
data from each enriched library of six rounds were analyzed, and
the copy numbers of each sequence were precisely identified by
unique molecular identifiers (UMIs). The top 100 sequences from
enriched library of the sixth round were ranked based on their
relative abundance (Fig. S1 and Table S2 in Supporting informa-
tion). Recently, we achieved a one-round DNA and RNA aptamer
selection of targeting to cells based on UMI [30,31]. In fact, the ap-
tamer selection targeting CD38 in this study also required only one
round according to the sequencing results. Although the first round
of enriched library showed no binding to CD38, sequences possibly
binding CD38 (sequences of high abundance) were already present
in the first round and showed a clear difference in copy number
(Table S2 in Supporting information).

To identify aptamers with specific binding to CD38 from the
enriched library, we performed a detailed analysis of the top se-
quences and ultimately selected five sequences for preliminary
truncation and synthesis (Table S3 in Supporting information). The
secondary structures of five aptamer candidates were predicted us-
ing the mFold web server [32], with one possible structure shown
in Fig. 2a. Subsequently, we assessed the binding of five aptamer
candidates to target protein CD38 and negative protein EGF us-
ing flow cytometry. All five aptamers exhibited significant bind-
ing to CD38 while no binding to EGF was observed (Fig. S2 in
Supporting information). We further evaluated binding affinity of
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Fig. 2. Identification and characterization of aptamers. (a) Possible secondary structures of five aptamer candidates. (b) Bindings and Ky values of five aptamers to CD38

recombinant protein determined by SPR.

five aptamers to CD38 by directly measuring their equilibrium dis-
sociation constants (Ky) using surface plasmon resonance (SPR).
As shown in Fig. 2b, all five aptamers demonstrated high bind-
ing affinities to CD38, with Ky values in nanomolar range. Among
them, CD38jd1a exhibited the highest binding affinity, with a Ky
value of 4.8 + 0.2 nmol/L, which was consistent with the results ob-
tained from flow cytometry. Interestingly, CD38jd4a, despite show-
ing the lowest binding signal in flow cytometry assay, also dis-
played strong affinity in the SPR analysis, with a Ky value of
5.4+ 0.6 nmol/L. The remaining three aptamers showed Ky values
of 12.2+0.3, 11.9£0.2, and 37.24+0.4nmol/L, respectively. Given
their superior binding affinities, CD38jd1a and CD38jd4a were se-
lected for further investigation.

Subsequently, we attempted to truncate and mutate aptamers
CD38jd1a and CD38jd4a to improve their binding affinity. Based on
predicted secondary structures, we designed a series of truncated
and mutant sequences (Fig. S3a and Table S2 in Supporting infor-
mation). We then evaluated the binding ability of all sequences
to CD38 by flow cytometry. However, compared to the parent ap-
tamer CD38jd1a, the binding ability of CD38jd1b decreased, while
CD38jd1c and CD38jd1d almost completely lost their binding abil-
ity (Fig. S3b in Supporting information). Similarly, compared to the
parent aptamer CD38jd4a, CD38jd4b exhibited a complete loss of
binding, and CD38jd4c showed a significant reduction in binding
ability (Fig. S3c in Supporting information). Their K; values were
all significantly larger, also indicating a weaker binding compared
to parent aptamers (Fig. S4 in Supporting information). These re-
sults indicated that all altered nucleotides of truncated and mutant
sequences appeared to play critical roles in maintaining the high-
affinity structures of parent aptamers. Consequently, CD38jd1a and
CD38jd4a were continued to be selected for subsequent further in-
vestigation.

Currently, CD38-targeting monoclonal antibody drugs, such as
Daratumumab [6] and Isatuximab [7], have shown promising ther-
apeutic efficacy in the treatment of multiple myeloma (MM). How-
ever, both also cause new challenges in clinical diagnostics, as both
interfere with the detection of CD38 by masking the epitopes rec-
ognized by antibody-based detection kits [9]. We next explored
whether the binding epitopes of aptamers CD38jd4a and CD38jd1a
binding CD38 are the same as two CD8-targeted monoclonal anti-
body drugs. As shown in Fig. 3a, CD38 was first immobilized using
either Daratumumab or Isatuximab, and the ability of CD38jd4a
and CD38jd1a to bind CD38 was subsequently assessed by flow
cytometry. The results, presented in Figs. 3b and c, revealed that
both CD38jd4a and CD38jd1a exhibited significant binding to CD38
immobilized by both monoclonal antibodies. These findings in-
dicated that CD38jd4a and CD38jdla all recognize distinct epi-
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Fig. 3. Binding epitopes of aptamers against CD38. (a) Schematic diagram of ap-
tamer binding to CD38 immobilized by antibodies. (b) Binding of aptamers to CD38
immobilized with Daratumumab by flow cytometry. (¢) Binding of aptamers to
CD38 immobilized with Isatuximab by flow cytometry.

topes on CD38, separate from those targeted by Daratumumab and
Isatuximab. Owing to small molecular weight (<19 kDa), aptamer-
based detection of CD38 would not be hindered by the presence of
monoclonal antibody drugs, thereby avoiding false-negative results
in clinical assays. The property highlights the potential of CD38-
specific aptamers as reliable tools for CD38 detection in patients
undergoing therapy of monoclonal antibody drugs.

Next, we evaluated bindings of CD38-specific aptamers to nat-
ural CD38 expressed on cell surfaces, as the structure of purified
recombinant human CD38 protein may differ from its natural con-
formation. CD38 is highly expressed in cancer cell lines associated
with lymphoma, myeloma, and leukemia, as previously reported
and summarized on website of ProteinAtlas (Fig. S5 in Support-
ing information) [33]. Based on these findings, we selected three
CD38-positive cell lines (CCRF-CEM, RPMI8226, and Ramos) and
one CD38-negative cell line (K562) to assess the binding of ap-
tamers CD38jd1a and CD38jd4a by flow cytometry. As shown in
Fig. 4a, both aptamers exhibited significant binding to all three
CD38-positive cell lines but showed no binding to CD38-negative
cell K562, consistent with the binding patterns observed for the
validated monoclonal antibodies Daratumumab and Isatuximab
(Fig. S6 in Supporting information). Unexpectedly, despite demon-
strating the highest fluorescence intensity in protein-binding as-
says, aptamer CD38jd1a exhibited lower fluorescence intensity in
cell-binding assays compared to CD38jd4a. This discrepancy may
result from differences in protein’s conformation or microenviron-
ment on the cell surface compared to the purified protein, which
can affect epitope accessibility and aptamer binding [34]. These
findings highlight the importance of assessing aptamer perfor-
mance in more physiologically relevant settings and suggest a di-
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Fig. 4. Binding profiles of aptamer CD38jd4a to CD38 on cell surface. (a) Binding of aptamers with K562, CCRF-CEM, RPMI8226, and Ramos cell lines characterized by flow
cytometry. Binding of CD38jd4a (b), Daratumumab (c) and Isatuximab (d) to Ramos cells treated with siCD38 or siControl (siCtr) RNA by flow cytometry. (e) Histogram with
statistical analysis of (b, ¢ and d). Co-staining of AF647-labbled CD38jd4a with FITC-labeled Daratumumab (f) and Isatuximab (g) respectively by flow cytometry on Ramos

cells.

rection for further optimization. Therefore, CD38jd4a was selected
for our further studies.

To confirm that the cellular target of CD38jd4a binding was
indeed CD38, we next performed siRNA knockdown experiments
and antibody co-staining analysis. CD38 expression on the surface
of Ramos cells was knocked down using small interfering RNA
(siRNA), followed by staining with AF647-labeled CD38jd4a and
FITC-labeled CD38 antibodies. As shown in Figs. 4b-e, the fluores-
cence intensities of both CD38jd4a and CD38 antibodies were sig-
nificantly reduced in Ramos cells treated with siCD38 compared
to cells treated with the control siRNA (siCtr), indicating that the
target protein bound by CD38jd4a on cells was indeed CD38. Ad-
ditionally, antibody co-staining analysis revealed that CD38jd4a
could still bind CD38 on Ramos cells without competing with
Daratumumab or Isatuximab (Figs. 4f and g). These results demon-
strate that the selected aptamers, particularly CD38jd4a, are capa-
ble of recognizing CD38 independently of monoclonal antibodies
and would be more suitable as a superior detection tool for CD38.

Subsequently, we evaluated the ability of CD38jd4a to detect
CD38-positive cells of cell mixtures to investigate its potential
for clinical applications. Prior to incubation of cell mixtures with
CD38jd4a, Ramos cells were labeled with CFSE dye so that the dif-
ferent cell populations could be clearly distinguished after mix-
ing with K562 cells. As shown in Fig. 5a, CD38jd4a was capable
of specifically recognizing and binding to Ramos cells, even in cell
mixtures containing only 10% Ramos cells, while not binding at
all to CD38-negative cells. To further investigate the clinical di-
agnostic potential of CD38jd4a, we assessed its ability to detect

CD38-positive cells in clinical blood samples by flow cytometry.
CD38jd4a with two monoclonal antibody drugs (Daratumumab and
[satuximab) were added directly to the blood samples individually
or jointly to bind CD38-positive cells. As shown in Figs. 5b and c,
CD38jd4a was still capable of efficiently recognizing and detecting
CD38-positive cells in the complex environment of blood samples,
performing comparably to Daratumumab and Isatuximab. Notably,
even in the presence of Daratumumab and Isatuximab, CD38jd4a
maintained its ability to specifically recognize CD38, successfully
co-labeling CD38-positive cells alongside Daratumumab (Fig. 5b) or
[satuximab (Fig. 5c) without interference. These findings highlight
CD38jd4a as a novel molecular probe with significant potential for
clinical diagnostics and therapeutics, particularly in detecting and
monitoring CD38-related diseases.

In summary, we successfully identified a series of high-affinity
aptamers targeting CD38 through oligo rounds of selection against
CD38 protein. SPR analysis revealed that aptamers CD38jd1a and
CD38jd4a exhibited the highest binding affinities, with Ky val-
ues as low as 4.8+0.2nmol/L and 5.4+ 0.6 nmol/L, respectively.
Moreover, binding analysis using antibody-immobilized CD38 con-
firmed that the binding epitopes of both aptamers were distinct
from both monoclonal antibody drugs of CD38. At cellular level,
CD38jd4a still exhibited strong and specific binding to CD38 pos-
itive cells. siRNA knockdown experiments further validated that
protein CD38jd4a binds was indeed CD38 naturally expressed
on the cell surface. Additionally, CD38jd4a was capable of co-
staining CD38-positive cells alongside both monoclonal antibody
drugs without mutual interference. CD38jd4a also showed robust
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performance in distinguishing CD38-positive cells in mixed popu-
lations of positive and negative cells. Importantly, CD38jd4a effi-
ciently detected CD38 in clinical blood samples, even in the pres-
ence of daratumumab or isatuximab, avoiding interference caused
by these therapeutic antibodies. Due to the relatively limited num-
ber of clinical samples used in this study, further expansion of
sample size is needed in the future to validate the stability and
broad applicability of CD38jd4a in different clinical settings. Nev-
ertheless, given its excellent specificity and high affinity, CD38jd4a
holds great promise as a molecular probe for precision diagnosis
and treatment of multiple myeloma, as well as other diseases re-
lated to CD38 [35]. Moreover, with the advent of the era of tumor
targeted therapy [36], the aptamer selection and detection strategy
will provide new recognition molecules and detection methods for
monitoring targeted therapy.
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